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Preface

The dictum Primum non nocere (First, do no harm) and the dictum “Primum

Succurrere” (First, hasten to help) as the prime directives of ethics in medicine

may dictate two orthogonal approaches of practicing medicine, both of which are

aimed to provide the best health care to the patient. The conservative approach

relies on decades of evidence-based practice and clinical experience with a specific

medical or surgical approach. However, every now and then, a scientific, techno-

logical, or clinical breakthrough occurs (alone or in combination) which leads to a

paradigm shift along with disruptive new approach to health care. To some extent,

this progressive approach is regulated by rigorous clinical trials as dictated by the

Federal and Drug Administration (FDA) aimed at demonstration of safety and

effectiveness. Although the progressive treatment approach results in a relativity

high risk, there is a concomitant high reward in terms of healing and regaining a

high quality of life.

Surgical robotics is a recent and very significant breakthrough in surgery. The

introduction of a surgical robot into the operating room (OR) combines a techno-

logical breakthrough with a clinical breakthrough in developing new surgical

techniques and approaches to improve the quality and outcome of surgery. As

significant as these breakthroughs are, it is not surprising that they occurred because

they are based on more than a decade of innovation in field of robotics in both

academia and industry. The promise of surgical robotics is to deliver high levels of

dexterity and vision to anatomical structures that cannot be approached by the

surgeon’s fingers and viewed directly by the surgeon’s eyes. Making this technolo-

gy available to surgeons has led to new surgical techniques that could not be

accomplished previously. It is likely that clinical knowledge accumulated using

these new systems or even by simply realizing their capabilities will lead to the

development of new surgical robotic systems in the future. The surgical robot and

various imaging modalities may be viewed as mediators between the surgeon’s

hands and eyes and the surgical site, respectively; however, these two elements are

part of a larger information system that will continue to evolve and affect every

aspect of surgery and healthcare in general. Archived medical history, preoperative
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scans, preplanning, quantitative recording of the surgical execution, follow-up and

outcome assessment are all part of feed forward and feedback mechanisms that will

improve the quality of healthcare.

As product of a rapidly evolving research field, this assembly of monographs

aimed to capture a wide spectrum of topics spanning from ambitious visions for the

future down to today’s clinical practice. The book is divided into four sections:

1. The vision and overviews section reviews the field from the civilian and military

perspectives. It includes chapters discussing the Trauma Pod concept – a vision

of an OR without humans. The importance of the trauma pod project was that it

demonstrated the capability of automating all the services in the OR – services

that are currently provided today by a scrub nurse and a circulation nurse that

have been demonstrated to be translates to services by a robotic cell – robotic

arms and information systems. Whether this concept of automation will be

extended into clinical practice and thereby emphasizing even more the role of

a surgeon as a decision maker while the operation is executed by the surgical

robot automatically is yet to be seen.

2. The systems section is divided into two subsections including chapters describ-

ing key efforts in systems development and integration of macro- (first section)

and micro- (second section) surgical robots in both academia and industry.

Developing a macro-surgical robotic system is challenging in part due to the

difficulties in translating qualitative clinical requirements into quantitative engi-

neering specifications. Moreover, a successful system development as a whole is

often a result of multidisciplinary and interdisciplinary efforts including all the

subdisciplines of engineering and surgery – efforts that should not be taken

lightly. In addition to challenges of macro-systems development, developing

surgical robotics on a micro-system level introduces a significant reduction in

scale. Forces, torques, pressures, and stresses do not scale down linearly with the

geometrical dimensions. These interesting scaling properties challenge many

engineering and surgical concepts. Inspired by the film “Fantastic Voyage,” the

promise of a micro-robotic system is the capability to travel in the human body

and provide local treatment. This concept is still in its infancy, and the academic

research currently conducted in this field is focused on fundamental aspects of

the system such as propulsion, navigation, energy source, manipulation, and

control.

3. The engineering developments section covers technologies, algorithms, and

experimental data to enhance and improve the current capabilities of surgical

robotics. Topics of chapters in this section include tactile and force feedback,

motion tracking, needle steering, soft tissue biomechanics of internal organs,

and objective assessment of surgical skill. All of these will be incorporated into

different layers of the surgical robotic systems in the future and will eventually

put a superior robotic system in the hands of the surgeon for improving the

outcome.

4. The clinical applications section includes chapters authored by surgeons who

use surgical robotic systems clinically and describe the current clinical
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applications of surgical robotics in several subdisciplines of surgery including

urology, cardiology, neurosurgery, pediatric surgery gynecology, and general

surgery as well as telesurgery. Most of these chapters also provide some

thoughts about future applications of surgical robots in surgery. The generic

nature of the surgical robotic system allows the surgeon to explore many

surgical procedures that were not targeted by the robot’s original developers.

Moreover, today’s growing vast array of clinical applications of surgical robot-

ics demonstrates that the clinical community can adopt new surgical approaches

once a capable tool such as a robot is made available.

Jacob Rosen

Blake Hannaford

Richard M. Satava
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Visions and Overviews



Chapter 1

Future Directions in Robotic Surgery

Richard M. Satava

Abstract Robotic surgery has become an established part of clinical surgery.

The advantages of using a robot have been enumerated by many clinicians, however

the true potential has yet to be realized. In addition, the systems available today are

extraordinarily simple and cumbersome relative to the more sophisticated robotic

systems used in other industries. However more important is the fact that

the fundamental principles underlying robotics have yet to be exploited, such as

systems integration, feedback control, automatic performance, simulation and

rehearsal and integration into healthcare enterprise. By looking at robotic imple-

mentation in other industries, and exploring the new robotic technologies in the

laboratories, it is possible to speculate on the future directions which would be

possible in surgical robotics.

1.1 Introduction

A robot is not a machine – it is an information system. Perhaps it has arms, legs,

image capture devices (eyes) or various chemical or biologic sensors. However the

primary functions are threefold – to acquire information about the world, to ‘process’

that information and to perform an action in the world. Simply put, robotics can be

reduced to input, analysis and output. Some robotic systems interpose a human

(instead of a computer) between the input and output – these are tele-manipulation

(or for surgery, tele-surgical) systems. The complexity (and benefits) arise as each
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component is developed. On the input side, there are an enormous number of devices,

from mechanical, chemical and biologic sensors to imagers of all portions of

the electromagnetic spectrum. The ‘processor’ or analyzer of the information from

the various sensors and/or imagers can be either a human, or a computer system, the

former for human control while the latter is for ‘autonomous’ or semi-autonomous

control, depending upon the level of sophistication of ‘artificial intelligence’ which is

incorporated. Finally, on the output side there is likewise a wide variety of devices to

interact with the world, including manipulators (instruments) and directed energy

devices (electrocoagulation, lasers, etc.), all of which can be on a macro-scale of

organs and tissues, or micro- and nano-scale for cells and intracellular structures.

However the most important concept is that robotic systems are nothing more

than tools – admittedly very sophisticated tools – but tools nevertheless. The

species Homo sapiens began with only teeth and fingernails to manipulate the

world, progressing to sticks and stones, metal and finally energy. Over hundreds

of thousands of years (though recently, only a few thousand years), the ability to

interact and shape our world has provided the opportunity to free us from the

vagaries of nature and to actually control our environment to a greater extent than

ever before. Healthcare has always been a straggler, rarely inventing a new tech-

nology, but rather succeeding by adopting technologies from other disciplines and

industries. Robotics is but one of the many areas where success has been achieved –

to the greater benefit of our patients.

There is a new opportunity for medical and surgical robotics, one in which

healthcare (or biomedical science) can take the lead – and that is in bio-inspired (or

bio-mimicry) devices, whereby observing living systems, new robotic devices and/

or systems can be developed. The fertile creativity of the physical and engineering

sciences will continue to provide remarkable new ideas and systems, and together

with biologic systems, will take robotics well beyond any of the possible projec-

tions of today. However, it must be kept in mind that the fundamental purpose is to

extend human performance beyond the limitations of the human body, just as stone

ax, metal scissor or microscope extended human capabilities in the past, with the

stated intent to improve the surgeon’s ability to provide higher quality and safer

patient care.

1.2 Systems Integration

A capability that is unique to robotic surgery systems (as opposed to open, flexible

endoscopy, laparoscopy and Natural Orifice Transluminal Endoscopic Surgery

(NOTES)) is systems integration, a characteristic which is emphasized in engineering

science. One of the principle advantages of the robotic surgical system is the ability to

integrate the many aspects of the surgical care of a patient into a single place (the

surgical console) and at a single time (just before or during performing surgery)

(Fig. 1.1). At the console the surgeon can perform open or minimally invasive surg-

ery, remote tele-surgery, pre-operative planning or surgical rehearsal, pre-operative
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warm-up, intra-operative navigation and tele-mentoring (if a dual-console is used). In

addition, training can be performed “off line” in a simulation laboratory or on the

actual console.

Today’s robotic surgical systems are stand alone, usually moved into the

operating room (or for some image-guided systems, mounted on a boom or sta-

tioned in a part of the room with a CT or MRI scanner). Then surgeons, radiologist,

cardiologists, etc. must operate together with their team of nurses, technicians, etc.

When an instrument or catheter needs to be replaced, a scrub nurse is needed; when

a new supply such as suture or gauze is needed, the circulation nurse is needed. This

is not the case in industry – robotic systems incorporate multiple robots into a single

‘robotic cell’. When a different tool is needed, the robotic tool changer performs the

function; when a new supply (like a nut, bolt, etc.) needs to be inserted, this is

provided by the robotic supply dispenser. The military has developed the ‘Trauma

Pod’ surgical system [1], a prototype system of an “operating room without people’

in which the scrub nurse is replaced by a robotic tool changer, and the circulation

nurse is replaced with an automatic supply dispenser – modified from a standard

pharmacy medication dispenser (Fig. 1.2). When the surgeon needs to change an

instrument, the voice command is given (for example, scalpel for right hand) and

the robotic tool changer automatically performs the function. When a supply is

needed, a voice command (for example, 2–0 chromic catgut on a GI needle) is

given and one of the 120 different sterile trays with supplies is chosen and ‘handed’

to the surgeon (robotic manipulator) to remove the supply and use it. The accuracy

Fig. 1.1 Integration of operative procedures using the surgical work station (Courtesy of the

author)
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is 99% and the speed is approximately the same as the corresponding scrub or

circulating nurse, which is about 17 s. The advantage is that this frees up the nurses

to perform more intellectually demanding tasks, rather than standing around for

hours, simply handing instruments or supplies to the surgeon.

As indicated above, because the robot is truly an information system, it can be

incorporated into the entire hospital information enterprise. The information

encoded into the robotic instruments or the supply trays can be collected, analyzed

and distributed (in real-time) beyond the operating room to the other hospital

support functions. When a disposable instrument or used supply is discarded, that

information can be instantly sent to the Central Supply department, where a

replacement can be automatically ordered and the inventory adjusted. This allows

the hospital to not only accurately track all the instruments and supplies, but can

also decrease the amount of inventory which is stored or goes out of date because of

tracking and immediate re-ordering. This is standard practice in most industries,

and referred to as asset-tracking and supply-chain management. Efficiency and cost

savings are realized by decreased supplies on the shelf and decreased personnel

needed to inventory and order all the supplies. Incorporating these capabilities

directly into the robotic system functioning simply extends the efficiency and

cost saving all the way into the operating room.

Another unique aspect of the robotic systems is the ability to store the video of the

procedure and track hand motions [2]. These data can be stored in a ‘black box’ like

the aircraft flight recorder and can lead to automatically generating the operative note

(from analysis of video and hand motions) as well as mining the data for errors. As in

Fig. 1.2 Prototype ‘surgical robotic cell’ – the ‘operating room without people’ (Courtesy of

Pablo Garcia, SRI International, Menlo Park, CA 2008)
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inventory control, this data could automatically be sent to the quality improvement

and risk management systems, greatly reducing the amount of time and effort to

collect and analyze the data to improve patient care and safety while decreasing the

time required by the surgeon to dictate operative reports, review quality assurance

reports, etc. Such documentation could also be used by the hospital credentialing and

privileging committee when the surgeon requests annual review of hospital operating

procedures. Whether such an implementation of the robotic systems will occur is a

different matter – it is no longer a technical issue but rather one of policy, privacy, cost

or practicality. Thus, using the perspective that the surgical robot is just onemore node

of the hospital information enterprise demonstrates the value added of robotic systems

beyond their mechanical and operative value.

For direct patient care, the importance of integrating the entire ‘process’ of

surgery into operative procedures can be facilitated by a surgical robotic system.

The current practice of surgery includes the pre-operative evaluation f the patient,

with the result decision to operate and a plan for the surgical procedure. However,

the ‘plan’ is in the surgeon’s head, based upon the diagnostic information which

has been gathered, and must be executed in real time during the surgical procedure,

without complete information about the anatomy, anatomical variations due to

the disease process, congenital anomalies, or other variations from the ‘normal’

and expected anatomy. The result is that the surgeon will encounter unexpected

variations, hopefully recognize them in time tomodify the procedure for a successful

completion. All other industries use a 3-D model of their ‘products’ (Computer

Aided Design/Computer Aided Manufacturing or CAD/CAM models) to rehearse

a procedure through simulation before performing the procedure. In a non-pejorative

way, the patient is the ‘product’ for healthcare, so when surgical procedures

are performed without previous planning or rehearsal on a model, there frequently

are resultant errors. There is the beginning of computer-based pre-operative

planning and surgical rehearsal on patient-specific 3-D models, derived from

the patient’s own CT or MRI scan. Marescaux et al. [3] have reported pre-operative

planning and surgical rehearsal for complex liver resections for hepatic cancer, with

a result of a significant decrease in operating time, blood loss and errors. In the future

for difficult surgical procedures, it will become commonplace for a surgeon to

import the patient-specific 3-D image from the patient’s CT or MRI scan, plan and

rehearse the operation directly on the surgical console, repeat the difficult parts of

the operation until no mistakes are made, and thereafter conduct a near perfect

performance during the procedure. In the more distant future, the operation will be

recorded while being rehearsed and errors will be ‘edited out’ of the stored perfor-

mance of the procedure; when the surgeon is satisfied with the edited operation, it

will be sent to the robot to perform under ‘supervisory control’ of the surgeon, with

many times the precision and speed, and virtually error free.

One final component that will be integrated into the surgical console will be

specific exercises for pre-operative warm-up. It is a priori that all professionals

(soccer, basketball, symphony, dance, etc.) improve their performance by warming

up before performing their professional skill, yet surgeons have not accepted this

obvious advantage. Initial data has demonstrated that performing 15 min of pre-op

warm-up exercises on a virtual reality simulator is able to decrease operative time and
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errors [4]. Soon these exercises will be incorporated into the surgical workstation and

become a required preliminary part of every operation. This is yet one more way of

incorporating simulation into daily clinical practice.

1.3 Automatic and Autonomous Surgery

Surgeons pride themselves on being completely in control of a surgical procedure,

being able to deal with unexpected anatomy or events during a surgical procedure in

order to complete a safe operation. Yet other industries use automatic (i.e. specifi-

cally executed pre-programmed ‘steps’ or tasks) or autonomous (i.e., perform a task

in an unstructured environment rather than according to a pre-programmed

sequence) robotic systems to perform procedures. With the exception of the

LASIK procedure in ophthalmology [5], there are no automatic or autonomous

systems in surgery. The closest analogy would be the surgical stapling devices,

which can clamp, seal (staple) and cut bowel or other structures with a single

application – but these are hand held and have no sensors to detect proper position,

strength of application, etc. Yet looking at the clothing industry, an automatically

sewn seam is far superior to a hand-sewn garment. Likewise, autonomous sorting

robotic systems (pick and place robots) far exceed human performance both in

accuracy and speed in identifying objects and moving them to a specific position,

such as sorting different candies into box. The basic principles behind these actions

are very well known and well proven, the challenge is to be able to adapt such

systems or tasks to an unstructured environment in living systems for surgical

procedures. While this is very hard, due to the large variability from patient to

patient, continuous motion due to heart beat, breathing, etc., the problem is not

intractable. It is computationally intense and requires micro-second adaptation to

the dynamic situations, including such tasks as image recognition, analysis, regis-

tration (without fiducials), adaptive control, etc., however it theoretically could be

achieved with known technology. It is likely that the first steps will be automatic

tasks, such as an anastomosis, in which the surgeon performs a resection and then

sets up the severed ends, and issues a “connect” command for the robotic system to

automatically sew the ends together. Beyond this initial task, multiple other auto-

matic tasks could be sequenced in such a fashion to have a simple autonomous

procedure. Combined with a previously ‘rehearsed’ and ‘saved’ surgical procedure,

there will eventually be the option to rehearse the operative procedure, edit out the

errors, and then send the completed procedure to the robotic system to complete

faster and with greater accuracy.

1.4 Intelligent Instruments

Today’s surgical instruments are very simple mechanical devices, controlled

directly by the surgeon’s unaided hand. The surgeon proceeds to dissect, transect

and other maneuvers with the instruments, unaware of what may lie just below the

surface and depends upon the subjective ‘sense of touch’ to assist when visualization
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of the structures is not possible. Various haptic sensors and displays have been

investigated, however there are no mechanical sensors for the sense of touch that are

integrated into current surgical instruments.

Using ‘information science’, instruments can become intelligent. Within the area

of ‘information’ the use of energy (rather than mechanical) systems should be

included, since most energy systems are reliant upon some form of information

(computer) control. Both information and energy are ‘intangible’ and thus are

complimentary parts of the Information Age, and the combination of the two is

creating the next generation of intelligent surgical (robotic) instruments.

There are a number of prototype laparoscopic instruments with various sensors,

such as force reflecting graspers [5]. But future instruments will go beyond sensing

and they will be energy directed rather than mechanical instruments. The advantage

of using intelligent surgical instruments is that they can provide both diagnosis

and therapy, in real-time, in a single instrument. One current example is combining

diagnostic ultrasound with High Intensity Focused Ultrasound (HIFU) [6], in which

both Doppler imaging for diagnosis and HIFU for therapy are combined to both

detect internal hemorrhage with the Doppler, and instantly stop the bleeding with the

HIFU, and then recheck with the Doppler to insure hemostasis is complete. This is

performed transcutaneously, without any incisions, rather than the standard method

of a full surgical procedure with large (or even laparoscopic) incisions and direct

control of the bleeding. Bymoving into the energy spectrum (rather than mechanical

instruments) it is possible to move from minimally invasive to non-invasive thera-

pies. There are many such opportunities by incorporating biophotonics, ultrasonics

and other energy-based systems into the instruments of a robotic surgery system,

since they can be controlled by the surgical console. Such integration goes well

beyond the scope of human performance, not only physical but cognitive. Using

closed loop feedback, the therapeutic modality (laser, ultrasound, etc.) can be

monitored and when a specific quantitative threshold has been reached, the instru-

ment can be shut off in milliseconds, even before the threshold is perceived by the

surgeon. Healthcare has just begun to exploit the potential of the energy spectrum; in

spite of having a number of different energy-based systems, such as X-ray, ultra-

sound, lasers, ultraviolet, near-infrared, etc., less than 5% of the electromagnetic

spectrum has been investigated. The utilization of energy to diagnose, treat, and

monitor with closed-loop feedback will lead to the next generation of surgical and

robotic devices and systems.

1.5 Molecular Surgery (Biosurgery) with Micro-Systems

and Nano-Systems

The era of molecular biology, genetic engineering and other micro/nano scale

procedures has been in the laboratory for decades and is finally emerging into

clinical practice. Instruments and devices have been developed to both sense/

diagnose as well asmanipulate/treat cellular and intracellular structures. Byworking

at the molecular level, the results are changing the biology of the patient, but not
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necessarily the anatomy – changing function, not structure. Cellular biologists and

other basic science researchers are now using new tools, such as femtosecond lasers,

optical tweezers, micro-electro-mechanical systems (MEMS), atomic force micro-

scopes, etc. tomake incisions into individual cells, andmanipulate themitochondria,

Golgi apparatus and even to into the nucleus and ‘operate’ upon individual chromo-

somes. In the future, such systems will begin performing ‘genetic engineering’ by

directly removing specific defective genes and replacing them with normal func-

tioning genes. Yet, manipulation at the micro and nano-scale is not possible with

human hands – it requires a sophisticated tele-operated work station, which is not

different from the current surgical workstation. But what the surgeon ‘sees’ on the

monitor at the cellular level is radically different from looking at organs or tissues.

In viewing cells, the structures are caused to fluoresce – auto-fluorescence, induced

fluorescence, or with molecular marker fluorescent ‘probes’ – in order to follow the

progress of the procedure. For a cellular surgical procedure, the surgeon will be

looking at the colors of the individual proteins within the cell which will change as

they are treated. Working on the surface of the cell membrane will present a view

similar to looking at a mountain range, where large craters (ion channels) will be the

entry ports for various proteins that need to be inserted into the cell. Given such

powerful new tools and an unfamiliar ‘landscape’, the surgeon will need to retrain

not only their psychomotor skills, but also need to develop new cognitive skills.

1.6 From Soldiers to Generals

All of the surgical tools and systems, including robotic systems, are designed for the

surgeon to directly operate upon the organ or tissues, with an assistant or two to help

retract. It is quite literally the surgeon battling the disease one-on-one. There are

interesting new robotic systems being developed at the micro level. Beginning with

the endoscopic capsule [7], which is a video system in a pill that is swallowed with

sequential photos taken as it passively is propelled by peristalsis through the GI tract,

new concepts in surgical robotics are being investigated. Micro-robots, which go

beyond simple visualization systems, are attempting to add locomotion to the cap-

sules, and include various types ofmicro-manipulators to perform surgery. There are a

number of very difficult challenges, nevertheless progress has been made and tiny

robots are in the experimental laboratory. However at this small scale, it is very

difficult for a single robot to perform all of the necessary functions of light source,

visualization, locomotion, manipulating, etc. The concept has been raised that this

level of micro-robots may require that each robot perform a single function, such as

camera, light source, grasper, scissor, etc.; therefore it will be necessary to use a group

of function-specific micro-robots in order to perform an operation. After inserting

many micro-robots into the abdomen (through a tiny umbilical incision), the surgeon

will then need to control a dozen or so of these at a time – much like a commander

controlling a squad of soldiers. The surgeon will need to radically change perspective

and behavior, and will need to begin acting like a general in charge of a squad of

soldiers, rather than behaving like an individual soldier attacking a specific target
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(disease). This would be an extremely radical way of conducting a surgical procedure,

but may well provide a revolutionary new way of performing “surgery”.

1.7 Conclusion

Robotic and computer aided systems have finally brought surgery into the Information

Age. Current instruments will continue to evolve and new systems, especially energy

based and those systems on a much smaller scale, will be added to the surgical

armamentarium. In general, the instruments and systems will becomemore intelligent

and integrated, not only in the operating room but throughout the entire hospital

information enterprise. The purpose for the speculative nature of this chapter is to

create a vision of what is possible, and to offer a challenge to the biomedical

engineering community as a whole. Surely many of these will not be realized, others

will materialize even beyond these modest predictions, and then there will be the

outliers, the “unknown unknowns”, that will be the game-changers to disrupt the

predictable progress and take surgery into a completely new direction. However,

there is one thing which is certain: The future is not what it used to be.
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Chapter 2

Military Robotic Combat Casualty

Extraction and Care

Andrew C. Yoo, Gary R. Gilbert, and Timothy J. Broderick

Abstract Buddy treatment, first responder combat casualty care, and patient

evacuation under hostile fire have compounded combat losses throughout history.

Force protection of military first responders is complicated by current international

and coalition troop deployments for peacekeeping operations, counter terrorism, and

humanitarian assistance missions that involve highly visible, politically sensitive,

low intensity combat in urban terrain. The United States Department of Defense

(DoD) has significantly invested in autonomous vehicles, and other robots to support

its Future Force. The US Army Telemedicine and Advanced Technology Research

Center (TATRC) has leveraged this DoD investment with augmented funding to

broadly focus on implementing technology in each phase of combat casualty care.

This ranges from casualty extraction, physiologic real-time monitoring, and life

saving interventions during the “golden hour” while greatly reducing the risk to first

responders.

The TATRC portfolio of projects aims to develop, integrate, and adapt robotic

technology for unmanned ground and air battlefield casualty extraction systems that

operate in hostile environments that include enemy fire. Work continues on multiple

ground extraction systems including a prototype dynamically balanced bipedal Bat-

tlefield Extraction Assist Robot (BEAR) capable of extracting a 300–500 pound

casualty from a variety of rugged terrains that include urban areas and traversing

stairs. The TATRC and the Defense Advanced Research Projects Agency (DARPA)

are collaborating to investigate the use of Unmanned Aircraft Systems (UAS) to

conduct casualty evacuation (CASEVAC) missions. TATRC has also sponsored

research in robotic implementation of Raman and Laser-Induced Breakdown Spec-

troscopy (LIBS) to detect and identify potential chemical and biological warfare

agents and explosive hazards to casualties and first responders during the extraction
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process, and patient monitoring equipment with sophisticated telemedicine and

patient monitoring equipment such as “smart stretchers” that allow for real-time

physiologic monitoring throughout the combat casualty care process, from extraction

to definitive care. Other projects are intended to build upon these monitoring systems

and incorporate telerobotic and near autonomous casualty assessment and life saving

treatment to the battlefield. These have included the DARPA Trauma Pod and several

TATRC efforts to integrate robotic arms with the Life Support for Trauma and

Transport (LSTAT) litter for robotic implementation of non-invasive technologies

such as acoustic cauterization of hemorrhage via High Intensity Focused Ultrasound

(HIFU). Several projects have explored the essential telecommunication link needed

to implement telesurgery and telemedicine in extreme environments. UAS were

leveraged to establish a telecommunication network link for telemedicine and tele-

surgery applications in extreme situations. Another collaborative telesurgery research

project at the NASA Extreme Environment Mission Operations (NEEMO) included

performing telesurgery in an undersea location.

Research into identification and solutions of the limitations of telecommunica-

tion and robotics that prevent robust casualty interventions will allow future

medical robots to provide robust casualty extraction and care that will save the

lives and limbs of our deployed warfighters.

Keywords Surgical robotics � Military robotics � da Vinci � Zeus � BEAR
� Battlefield Extraction Assist Robot � LSTAT � Life Support for Trauma and

Transport � TAGS-CX � UAS � Unmanned Aircraft Systems � Trauma Pod � M7

� RAVEN � HIFU � High Intensity Focused Ultrasound � Tissue Welding � RAMAN

Spectroscopy � Golden Hour � Hemorrhage � Telesurgery � Telemedicine � Tele-
operator � Combat Casualty Care � Casualty Extraction � Trauma � DoD � Depart-

ment of Defense � DARPA � Defense Advanced Research Projects Agency

� TATRC � Telemedicine and Advanced Technology Research Center

� NASA � NEEMO �MRMC �Medical Resarch and Material Command � Army

� Military � Computer Motion � Intuitive Surgical

2.1 Introduction

Advancement in telecommunication and robotics continue to shift the paradigm of

health care delivery. During the 1980s, the nascent field of telemedicine developed

and allowed for increasing distribution of medical knowledge to large populations

with limited local medical infrastructure and capabilities. Despite technologic

strides, telemedicine has been primarily used in diagnostic applications such as

radiology and pathology. However, telemedicine continues to evolve and will soon

incorporate the full spectrum of medicine from diagnosis to treatment.

The United States military has provided significant impetus, focus and funding for

telemedicine and medical robotics. The U.S. Army Medical Research and Materiel

Command (MRMC), Telemedicine and Advanced Technology Research Center
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(TATRC), and the Defense Advanced Research Projects Agency (DARPA) have

spurred innovation in areas such as surgical robotics and the emerging field

of “telesurgery.” Telecommunication and robotic limitations that prevent robust

intervention at a distance are areas of continued military research and development.

Medical robots are forcemultipliers that can distribute expert trauma and subspecialty

surgical care across echelons of care. This chapter provides a historical context of and

future opportunities in military robotic casualty extraction and care that will save the

lives and limbs of our deployed warfighters.

Military robotic combat casualty care has three primary goals: safely extracting

patients from harm’s way; rapidly diagnosing life threatening injuries such as non-

compressible hemorrhage, tension pneumothorax and loss of airway; and delivering

life-saving interventions. For optimum effect, medical robots must robustly operate

in extreme environments and provide effective combat casualty care as close as

possible to the point and time of injury. Robotic tactical combat casualty care

begins with the extraction of casualties from the battlefield. In the short term,

extraction robots will decrease the risk to the soldier and combat medic by safely

moving wounded warfighters out of the line of fire. In the longer term, teleoperated

and autonomous surgical robots will deliver expert surgical care within the “golden

hour” on the battlefield as well as during transport to military treatment facilities.

DARPA and MRMC/TATRC partnered to develop the Digital Human Robotic

Casualty Treatment and Evacuation Vision with robotic systems targeted on these

priorities:

1. Mobility

2. Plan/execute search in unmapped interior environments, find and identify

wounded soldiers

3. Track, record, transmit and act upon real-time physiological information

4. Conduct both remote and real-time diagnosis using heuristic algorithms

integrated with pattern recognition imaging systems and physiological sensors

5. Perform semi-autonomous and autonomous medical procedures and interven-

tions

6. Evacuate casualties from the battlefield using semi-autonomous and autono-

mous evacuation platforms and patient support systems like LSTAT

2.2 Assessment of Current State and Future Potential

for Robotic Combat Casualty Care Within the Army

The Training and Doctrine Command (TRADOC) is the Army’s organization for

developing new doctrine on how the Army will fight in the future and what

capabilities will be needed to support that operational doctrine. In 2009, TATRC

contributed to TRADOC’s assessment of the state of medical robotics and their

potential application to combat casualty care. Currently only a few Warfighter

Outcomes are involved with robotics use in medical and surgical tasks. The U.S.

Department of Defense Uniformed Joint Task List suggests several topics for
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improvements in the areas of field medical care and force health protection through

robotics. Areas of focus in combat casualty care and surgery are faster casualty

recovery and evacuation by fewer personnel, faster and more certain recognition of

injuries, and communications supporting remote telemedicine. TRADOC’s desired

future “Force Operating Capabilities” publication states that: “Future Soldiers will

utilize unmanned vehicles, robotics, and advanced standoff equipment to recover

wounded and injured soldiers from high-risk areas, with minimal exposure. These

systems will facilitate immediate evacuation and transport under even the harshest

combat or environmental hazard conditions; medical evacuation platforms must

provide en route care,” and TRADOC’s “Capability Plan for Army Aviation Opera-

tions 2015–2024,” states that “unmanned cargo aircraft will conduct autonomous.....

extraction of wounded.” Followingwas are assessment of the current state and future

potential for the combat casualty care robotic applications cited by TRADOC:

1. Perform battlefield first aid (tourniquets, splints, shots, IV drips, etc.): Self-
assistance by the soldier or the availability of buddy care cannot be assumed in all

combat situations; likewise, there are never enough combat medics or combat life

savers (combat arms soldier with additional medical training) to treat and extract

all casualties, especially during intense close combat or in contaminated or

otherwise hostile environments. The Army Institute for Soldier Nanotechnology

at MIT has ongoing basic research in uniform-based diagnostics and emergency

injections. Further, sewn-in tourniquet loops on uniforms are under consideration

for fielding, with Soldier-actuation required. Autonomous and robotic first aid

treatment may dovetail well with robotic recovery and evacuation tasks. Slow

progress is being made in the development of sophisticated sensors, autonomous

analysis of sensory input, and autonomous application of intervention and treat-

ment procedures, but deployment of such robots is years away. Likewise, local

cultural concerns or confusion among the wounded may complicate acceptance

of close contact by a first aid robot.

2. Recover battlefield casualties: As with battlefield first aid, universal availability

of combat medics, combat life savers, or other soldiers assigned to perform

extraction and recovery of casualties under fire or in otherwise hostile environ-

ments cannot be assumed. Therefore, a means to autonomously find, assess,

stabilize, then extract casualties from danger for further evacuation is needed.

This may be complicated by the unknown nature of injuries, which may com-

plicate or confound a rote mechanical means of body movement. For example, a

compound fracture or severed limb might not be gripped or gripping may

increase injury. As part of several ongoing research and development efforts

in both unmanned ground and air systems for casualty evacuation (CASEVAC),

the MRMC is actively addressing the potential complications of robotic casualty

extraction. Discussed further below, the tele-operated semi-autonomous Battle-

field Extraction Assist Robot (BEAR) represents a developing casualty extrac-

tion capability which can carry a 300–500 pound load while traversing rough

and urban terrain with dismounted soldiers. A fully autonomous version of the

BEAR would need significant additional artificial intelligence programming and

a transparent hands-free soldier-robot interface to integrate and perform this
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mission in combat while keeping the soldier-operator focused on their primary

mission. Research in autonomous flight control and navigation technologies

needed for CASEVAC via Unmanned Air Systems (UAS) is ongoing (described

below) but actual employment of operational systems is probably years away

because of the current immaturity of autonomous en route casualty care systems.

3. Robotic detection and identification of force health protection threats: Detection
and identification of chemical and biological threats to which combat casualty

patients may have been exposed, along with segregation and containment of

contaminated casualties prior to receiving casualties in forward medical and

surgical treatment facilities are critical capability needs. The MRMC has several

completed and ongoing research projects in robotic detection and identification

of chemical and biological agents and chemical contaminants. The goal is to

produce modular threat detection and identification systems that can be imple-

mented on robots performing other missions, such as casualty extraction. These

efforts utilize robotic enabled Raman spectroscopy, florescence, and Laser

Induced Breakdown Spectroscopy (LIBS) as well as antigen-based technologies.

One of these projects is discussed below.

4. Perform telemedicine/surgery: Remote tele-operated medicine is feasible, but

with limitations. Visual examination information is planar and may lack depth

and full five-sense information (e.g. tactile feedback). As a human assistant will

likely be required, a question arises as to the feasibility of doing better than having a

trained human assistant, local to the patient, relaying information back to the

remotely located surgeon. However, vital signs (e.g. skin temperature, pulse,

blood pressure) may be available via biomonitors contained on a simple robotic

platform arm. Proof of concept projects have demonstrated the feasibility of remote

robotic diagnosis and treatment of patients. The DARPA ‘Trauma Pod’ project

discussed below was an attempt to leverage emerging advanced imaging technol-

ogies and robotics to enable autonomous casualty scan, diagnosis and intervention,

MRMC also has several physiological sensor and image-based robotic casualty

assessment and triage research projects underway. However, these capabilities are

currently only experimental and are non-ruggedized, teleoperated component

capabilities at best. The idea of far forward combat telesurgery in combat is

compelling; a surgeon controlling a robot’s movements in a distant location to

treat an injured soldier could serve as a force multiplier and reduce combat

exposure to highly trained medical personnel. At first glance, remote tele-operated

surgery capability appears to already exist since minimally invasive operations

have been remotely performed using dedicated fiber optic networks, the Zeus

and da Vinci surgical robots have been and are currently used in civilian hospitals

and many other telesurgery demonstrations and experiments have been conducted

around the world. Military funded research as discussed below has demonstrated

that surgical robotic systems can be successfully deployed to extreme environ-

ments and wirelessly operated via microwave and satellite platforms. However,

significant additional research is required to develop supervisory controlled auton-

omous robots that can overcome the operational communication challenges of

limited bandwidth, latency, and loss of signal in the deployed combat environment.

Addressing acute and life threatening injuries such as major non-compressible
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vascular injury requires development of new surgical robots that move beyond

stereoscopic, bimanual telemanipulators and leverage advances such as autono-

mous imaging analysis and application of directed energy technologies already

used in non-medical military robotic systems.

2.3 Robotic Casualty Extraction, Evaluation

and Evacuation

The USmilitary has fundedmultiple robotic projects focused on casualty extraction,

evaluation and evacuation. Robotic casualty extraction research is focused on the

development of semi-autonomous systems that will safely extract the casualty from

the line of fire, deliver the casualty to medical care, and limit risk to care providers.

Representative systems are briefly described below.

TAGSCX (TacticalAmphibiousGroundSupport system–CommonExperimental).

The Army Medical Robotics Research through the Army’s SBIR (Small Busi-

ness Innovation Research) Program through TATRC contracted Applied Percep-

tions Inc. (Cranberry Township, PA) as the primary research entity for an extraction

and evacuation vehicle. A tele-operated semi-autonomous control system capable

of maneuvering a marsupial robotic vehicle was developed with a three module

concept. The initial novel dual design prototype vehicle consisted of a small,

mobile manipulator Robotic Extraction (REX) robot for short-range extraction

from the site of injury to the first responder and a larger faster Robotic Extraction

Vehicle (REV), which would deliver the wounded soldier to a forward medical

facility. The smaller vehicle resided within the larger REV, which was equipped

with two L-STAT stretchers and other life support systems. The TAGS platform

provides a modular and interoperable ground robot system that could be modified

for multiple purposes. The Joint Architecture for Unmanned Systems (JAUS)

control platform was used to enable a standardized C2 interface for the OCU

(Operational Control Unit) along with standardized mechanical, electrical, and

messaging interfaces capable of supporting multiple unique “plug and play” pay-

loads. This prototype robotic extraction vehicle also integrated other control tech-

nologies. These include GPS-based autonomous navigation, search and rescue

sensing, multi-robot collaboration, obstacle detection, vehicle safe guard systems,

autonomic vehicle docking and telemedicine systems (Fig. 2.1).

Subsequent to completion of the initial REV and REX prototypes, the US

Army’s TARDEC (Tank-Automotive Research, Development, and Engineering

Center) developed a ground mobility, robotics systems integration and evaluation

laboratory, TARDEC’s Robotic SkunkWorks facility. This laboratory’s goal is to

assess and integrate novel unmanned systems technologies to support efficient

conversion of these technologies to PM/PEO (program managers/program execu-

tive officer) and ATO (Advanced Technology Office) programs. The first

unmanned system evaluated was the TAGS-CX, an enhanced version of the

original TAGS designed to support multiple modular mission payloads. The most
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significant identified issue during the trials of the original REV vehicle was that the

REV was designed to be completely unmanned and as a dedicated MEDEVAC

vehicle. Currently and for the foreseeable future the US Army would not allow

wounded soldiers to travel without a human medic or attendant. Based on this

feedback the TAGS-CX concept was redesigned to incorporate a removable center

module for an on-board medic and would allow for manual operation of the vehicle.

Additionally the patient transport bays were designed and constructed as modular

“patient pods” which would enable the TAGS-CX to be used for multiple combat

support missions, CASEVAC being just one (Fig. 2.2).

2.4 BEAR: Battlefield Extraction Assist Robot

The BEAR (Vecna Technologies Cambridge Research Laboratory, Cambridge,

MA) prototype was initially started with a TATRC grant in 2007 with the

objective of creating a powerful mobile robot, which was also highly agile. It

Fig. 2.1 Robotic extraction (REX) and Robotic evacuation vehicle (REV) prototypes (left); REX
towing casualty on litter in snow (right)

Fig. 2.2 Tactical amphibious ground system – common experimental (left); CX with patient

transport & attendant modules (Right)
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would have the capability to find and then lift and carry a combat casualty from a

hazardous area in varying terrain. Vecna Technologies Inc. initially produced a

proof of concept prototype (BEAR Version 6), which was featured in Time

Magazine’s Best Inventions of 2006. This machine was intended to be capable

of negotiating any general hazardous terrain and not be limited only to the

battlefield. The BEAR robot is extremely strong and agile approximately

the size of an adult male. The original prototype was composed of an upper

torso with two arm actuators and a lower body built around the Segway RMP

base with additional tank tracks on its analogous thighs and calves. It is designed

to lift 300–500 lbs (the approximate weight of a fully equipped soldier) and move

at �10 miles/h. It utilizes gyroscopic balance that enables it to traverse rough and

uneven terrain (Fig. 2.3).

The latest iteration of the BEAR (version 7) has several redesigned components.

These include a sleeker, stronger, and more humanoid appearing upper torso,

integration of NASA’s Actin software for coordinated control of limbs and upper

torso, and a lower body with separately articulating tracking leg subsystems, a

novel connection and integration of the lower body and upper torso components,

completion of the “finger-like” end effectors, and a Laser Induced Breakdown

Spectroscopy (LIBS) detector for chemical, biological, and explosive agents. The

system will incorporate a variety of input devices including multiple cameras and

audio input. The initial control of the BEAR is via a remote human operator but

work is underway for more complicated semi-autonomous behaviors in which the

robot understands and carries out increasingly higher-level commands. Other

planned inputs include pressure sensors that will allow it to have sensitivity to a

human cargo. Another milestone is the completion of the first phase of continuing

BEAR characterization and operational simulation and assessment at the Army

Infantry Center Maneuver Battle Lab (MBL). The humanoid form enables the robot

to access most places that a human would, including stairs. The versatility of this

robot includes applications within hospitals and nursing homes where infirmed

patients with limit mobility could be easily moved.

Fig. 2.3 Battlefield extraction assist robot (BEAR) prototype (left); BEAR extracting casualty

with foldable litter (right)
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2.5 Combat Medic UAS for Resupply and Evacuation

TATRC has also provided support for aerial robotic systems. This project focused

on autonomous UAS (Unmanned Aircraft Systems) takeoff, landing, navigation

in urban and wooded environments and the coordination and collaboration

between UAS ground controllers and human combat medics so that proper care

and evacuation can be performed during the golden hour. Five Phase I SBIR

grants were given out to identify notional concepts of operation as well as develop

technical models that recognize requirements in implementable UAS system

designs. Phase II grants went to Dragon Fly Pictures Inc. and Piasecki Aircraft

both of Essington, PA. Phase II focuses on navigation through urban/wooded

terrain to combat site of injury, selection of a suitable autonomous landing and

takeoff site with minimal human input, autonomous safe landing and takeoffs,

communication with a human medical team, and carrying a payload of medical

supplies including a Life Support for Trauma and Transport (L-STAT) system.

Phase II concludes with live demonstrations of these capabilities using real

aircraft.

2.6 Raman Chem/Bio/IED Identification Detectors

Research interest exists in providing these unmanned ground vehicles (UGV)

extraction platforms with chemical, biological, and explosive (CBE) detection

systems based on Raman spectroscopy so that they have the operational ability to

identify environmental toxins and provide force protection. Currently UGVs are

unable to provide any early information as to the possible toxic hazards in the

environment. TATRC along with MRMC and other governmental agencies have

funded development of several JAUS compliant robotic CBE identification systems

that could be placed on unmanned extraction vehicles.

The Raman detection technological advantages are that it is reagentless, which

simplifies deployability and can detect a broad range of CBE threats in a single

measurement cycle. Reagent based detection methods must start with some assump-

tion as to the possible threat. The Raman Effect has been used for years and depends

on the phenomenon that when a photon encounters a molecule it imparts vibrational

bond energy to this molecule. This exchange creates a slight disturbance in the

frequency in a small amount of scattered light. Each chemical bond has its own

unique frequency shift, which allows for creation of the Raman spectrum and the

identification of chemicals. Further research sponsored by the Army Research

Laboratory (ARL) has shown that concurrent deployment of both Raman and

LIBS systems results in a significant improvement in sensitivity and accuracy of

agent detection when the results are merged through a fusion algorithm developed

by ChemImage Corporation, designer of the proximity RAMAN detector shown in

Fig. 2.4a.
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The overall concept of this technology is to integrate a Raman sensor head

onto a manipulator arm on the UGV, which is then coupled to an onboard or

self contained spectrometer analyzer. When integrated with a robot, Raman

spectroscopy detectors contain a video camera and fine positioning system that

will allow for targeting of the head, laser illumination of the sample to induce

the Raman Effect, optics to collect and focus the scattered light, and a fiber optic

bundle to transport the scattered light to a spectral analyzer. In proximity applica-

tions, the Raman detector needs to be close but not necessarily touching the

object; in stand-off applications the laser, spectroscope, and analysis computer

can operate from a distance. Once the materials unique Raman effect has been

detected it can then be compared to a spectra library of known materials to provide

robust identification of whether the chemical is a threat. Several TATRC funded

proximity and stand-off prototypes have been developed and integrated with

robots.

Fig. 2.4 (a) Chemimage proximity robotic Raman spectroscopy chem/bio/explosive detector on

ARES robot; (b) Transparent model (enlarged) of photon systems stand-off robotic Raman

florescence chem/bio/explosive detector on Talon robot; (c) Photon systems stand-off robotic

Raman florescence chem/bio/explosive detector on packbot
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2.7 L-STAT

The L-STAT system (Life Support for Trauma and Transport, Integrated Medical

Systems Inc., Signal Hill, CA) was developed by a DARPA funded grant in 1999 in

conjunction with the United States Marines. This system has seen deployed to the

28th and 31st Combat Support Hospitals (CSH) in Iraq and Afghanistan, Navy

amphibious assault ships, national guard units in Alaska and Hawaii, special opera-

tions teams in the Philippines and Cambodia, and also domestically at select United

States trauma centers (University of Southern California and the Navy Trauma

Training Center both in Los Angeles, CA). L-STAT could be used to integrate

components of intensive care monitoring and life support functions during

unmanned CASEVAC (Fig. 2.5). This platform acts as a force multiplier and allows

for patients to be cared for with less direct attention by medical personnel during

transport to Combat Support Hospitals or Battalion Stations. As stated before focus

on the golden hour of trauma is due to the fact that 86% of all battlefield mortality

occurs within the first 30 mins. The majority of which are due to hemorrhage

(�50%) followed by head trauma which leads to seizures and ischemic reperfusion

injuries and these are the focus of L-STAT. The original version of L-STAT was

Fig. 2.5 Life support for trauma and transport (L-STAT): (a) integrated with REV; (b) L-STAT

mounted in TAGS-CX patient transport pod;(c) L-STAT with Carnegie Mellon University ser-

pentine robotic arm casualty assessment prototype
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extremely cumbersome and weighed 200 lbs which severely limited its utility. Some

more recent systems are much more mobile and include the L-STAT Lite, MOVES,

and Lightweight Trauma Module.

A review of L-STAT identified possible future technologies for the next genera-

tion L-STAT (NG-LSTAT) and concluded there were multiple areas of potential

improvement in diagnostic and therapeutic capabilities. The possible diagnostic

additions included digital X-ray, portable ultrasound, medical image display and

telediagnosis via remote controlled camera. Prospective therapeutic additions

included the utilization of serpentine robotic manipulators for performing intuba-

tion, ultrasound catheterization for intravenous access and assisting in the applica-

tion of HIFU (High Intensity Focused Ultrasound) for treating hemorrhage. The

addition of bioinformatics, wireless data communication, additional imaging cap-

abilities, robotic manipulators, and increased mobility would move the NG-LSTAT

further toward the goal of an autonomous field deployable surgical platform.

A lightweight version of the LSTAT called the MedEx-1000 which weighs less

than 40 lbs and can be used independently of a litter was developed and released for

sale in 2009.

2.8 Robotic Combat Casualty Care

The definition of telesurgery varies but in general practice it is the “use of telecom-

munication technology to aid in the practice of surgery.” This commonly used

broad based definition of telesurgery encompasses the entire gamut of surgical

practice from ancillary guidance or evaluation to direct patient interventions.

The initial roll of telesurgery focused on the supplementary or instructive compo-

nents include: pre-, intra, and postoperative teleconsultation and teleevaluation, to

intraoperative telementoring and teleproctoring. Recently a more limited view of

telesurgery focuses on telecommunication and a distributed surgeon performing

direct patient interventions through robotic telemanipulation and telepresent

robotic surgery. This revolutionary idea was borne from the combination of

advances in communication and robotic technology and the explosion in minimally

invasive surgery in the 1990s. There are two components of telesurgery, first is the

“teleoperator” which encompasses the insertion of technology between the surgeon

and the patients so that the surgeon never directly touches the patient, and the

second is the use of telecommunication technology to allow for the geographic

distribution of surgical care. The idea of teleoperators is not a new phenomenon, but

built upon ideas developed much earlier in the twentieth century. Ray Goertz of

Argonne National Labs in the late 1940s and early 1950s coupled mechanical

effectors with a mechanical system of cables and pulleys, which allowed for

manipulation of objects at a distance. Though extremely effective and still in

contemporary use this technology was fundamentally limited to short distances

and similar size scales. The modern surgical teleoperator arose from the
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technologic advances that established the potential platform for technical feasibility

while the laparoscopic context provided the surgeon the skill set needed to manip-

ulate and master this new potential surgical schema. These fields developed syner-

gistically with surgical demand driving a critical mass of technology in the form of

optical cameras and manipulators which allowed the surgeon better visualization

and dexterous manipulation of tissue in minimally invasive surgery. The physical

disconnection of the surgeon from the patient created surgical telemanipulators, the

first component of telesurgery.

In the early 1990s, Stanford Research Institute International (SRI, Menlo Park,

CA) developed a two-handed teleoperated surgery unit through a DARPA (Defense

Advanced Research Projects Agency) funded project. This provided the direct

progenitor for the development of surgical robots currently in use. Two start-up

companies were created to address the civilian surgical market: Computer Motion

Inc. (Goletta, CA) and Intuitive Surgical Inc. (ISI), which was spun off of SRI in

1995. Both of these companies subsequently produced FDA approved surgical

robot platforms, Computer Motion’s Zeus and ISI’s da Vinci system. These com-

panies merged in 2003 effectively eliminating private surgical robotic competition.

The da Vinci system is used around the world with more than 1,000 systems used

currently.

2.9 Telesurgery

Strides toward the realization of the widespread application of telesurgery have

been made with several historic procedures. The seminal event in telesurgery was

Project Lindberg. On September 7, 2001, Jacques Marescaux in conjunction with

his team at the European Institute of Telesurgery (EITS)/Universite Louis Pasteur

in Strasbourg, France established the feasibility of telesurgery by performing the

first transatlantic telerobotic laparoscopic cholecystectomy. Marescaux performed

this successful operation with the Zeus robot (Computer Motion, Inc., Goleta, CA

now operated by Intuitive Surgical, Inc., Sunnyvale, CA) in New York City on a

patient located in Strasburg, France. Mehran Anvari has since extended viable

telesurgery by bringing surgical therapy to underserved populations in rural

Canada. He utilized a modified Zeus surgical system (Zeus TS) with a private

network to perform advanced laparoscopic surgery from the Centre for Minimal

Access Surgery (CMAS)/McMaster University, Hamilton, Ontario. He has per-

formed 25 telesurgeries including laparoscopic fundoplications, colectomies, and

inguinal hernias with outcomes comparable to traditional laparoscopic surgery.

In 2005, The US military funded the first transcontinental telesurgery utilizing the

daVinci robot. This collaborative project included Intuitive Surgery, Inc.,WalterReed

Army Medical Center, Johns Hopkins University, and the University of Cincinnati.

The experimental setup had the porcine subject in Sunnyvale, CA while the remote

surgeon performed a nephrectomy and was located in Cincinnati, OH (March 21–23)

or Denver, CO (April 17–19). A da Vinci console was located at both the remote and
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local sites and control of the three manipulator arms were shared by the two surgeons

with the local surgeon controlling the electrocautery.This novel experiment performed

several telesurgery firsts including: utilization of a non-dedicated public Internet

connection, the first stereoscopic telesurgical procedure, and collaborative telesurgery

with two separate consoles controlling different parts of the same robot.

The replication of patient side activity from a distance represents the fundamen-

tal goal of telesurgery. Recent telesurgery experiments have focused on the fidelity

of replication without incidence, which would allow for confidence in the overall

safety. A multidisciplinary, multi-institutional team approach has been undertaken

because of the need to incorporate diverse, substantial expertise including robotics,

surgery, and telecommunications. The general approach of these experiments in

telesurgery has utilized a surgical robot in combination with high bandwidth, low

latency, and high-Quality of Service (QoS) telecommunications. The Zeus (no

longer commercially available) and the da Vinci robotic systems represent the

past and current versions of commercially available robotic telesurgery platforms.

During initial experimental and clinical trials, common problems and themes arose

and generated a common vocabulary of technical terms specific to this burgeoning

field. The most important definitions refer to the time delay inherent to telesurgery

and include: control latency, visual discrepancy, round trip delay, and the CODEC.

Control latency represents the time delay between the remote telesurgeon’s con-

troller manipulation and when the surgical manipulator moves within the patient.

Simply it is the flow of information from the surgeon to the patient. Visual

discrepancy is the time delay between an operative field action and when the

surgeon appreciates this action at the remote controller site and represents the

duration of time that visual information egresses from patient to surgeon. Round

trip delay is the additive time increments of control latency and visual discrepancy

and is the time it takes for a telesurgeon to manipulate a tool at the remote site and

then be able to acknowledge the effect in the patient’s surgical environment. An

important software technology is the coder-decoder (CODEC) which through

compression reduces the bandwidth required for video transmission. TATRC has

funded multiple research projects to mitigate the effect of operationally relevant

telecommunication limitations.

2.10 Extreme Environment Surgical Robotics

While the embryonic field of telesurgery has primarily utilized robots designed for

minimally invasive surgery, the military goal is to develop battlefield telerobotic

surgery for use in trauma. The current minimally invasive robotic surgery system

cannot be used in an operationally and clinically relevant manner for battlefield or

en route combat casualty care as trauma surgery currently requires open exposure to

identify and manually treat injuries (e.g. abdominal packing, tissue mobilization,

retraction, etc). The commercially available current surgical platform, da Vinci, is

large, bulky and has a time consuming and complicated setup and is generally ill
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suited for trauma. Future battlefield robotic surgical system will have to provide life

saving trauma care and will incorporate novel technologies that permit distributed

and automated performance of simple “damage control” procedures. Battlefield

interventions need to focus on the idea of the “golden hour” where the majority of

trauma casualty deaths occur and where immediate and definitive care can prove

life saving. The principle injuries that would be amenable to expeditious intervention

include control of: airway, tension pneumothorax and non-compressible bleeding,

Telesurgery is a potential force multiplier that could protects surgical assets and

deliver immediate and definitive care to wounded soldiers. Due to the extreme nature

of battlefield environments, the next generationmobile surgical robotswill be smaller,

robust trauma focused systems that leverage non-medical military telecommunica-

tion, computing, imaging, and mechanical resources.

A couple of robotic surgical platforms have been routinely used in the research

and development of surgical robotics for use in extreme environments: the Univer-

sity of Washington RAVEN and the SRI International M7. The RAVEN is a small

deployable surgical robot being developed at the University of Washington BioR-

obotics Laboratory with support from multiple government agencies including the

US Army. The system consists of a slave component that resides with the patient

and a master controller permitting remote control of the slave by the surgeon. The

master site has a surgeon console that currently employs dual PHANToM Omni

devices to control two surgical manipulators/instruments, a foot pedal, and a video

screen displaying images from the surgical site. The video and robot control are

transmitted using standard Internet communication protocols. The user interface

uses open source commercial off the shelf technology and therefore it is remarkably

low cost, portable, and interoperable (i.e. can readily control other systems with

limited modifications). SRI’s M7 surgical robot was initially developed in 1998

with funding from the US Army. The M7 leveraged military funded development of

SRI’s original telepresence surgical system. The features of this robot include a

large workspace accessible via two anthropomorphic robotic arms with seven

force-reflective degrees of freedom. These robotic arms manipulate conventional

“open” surgical instruments allowing for complex surgical tasks to be performed.

The system was recently upgraded with high definition stereoscopic vision, ergo-

nomic hand controllers, and limited automation. Both of these surgical robotic

systems have been utilized in extreme environments to evaluate feasibility as well

as guide future research and development.

2.11 NASA Extreme Environment Mission Operations (Neemo)

Collaborative telesurgery research was conducted within the NASA Extreme

Environment Mission Operations (NEEMO) program. US Army TATRC telesurgery

research within NEEMO missions has been conducted in collaboration with the

National Aeronautics and Space Administration (NASA), the National Oceano-

graphic and Atmospheric Administration (NOAA), the Centre for Minimal Access
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Surgery (CMAS), and the Canadian Space Agency. The NEEMO missions occur

within the NOAA National Undersea Research Center Aquarius habitat located at 19

m depth within the Florida Keys.

In 2006, NEEMO 9 explored the use of telementoring, and telerobotic surgery to

provide emergency diagnostic and surgical capabilities in an extreme environment.

Mission accomplishments included: the first successful deployment and use of a

surgical robot (SRI’s M7) in an extreme environment and the use of microwave

wireless telecommunications in support of telesurgery. Simulated surgical proce-

dures were performed to evaluate the effect of increasing latency on surgeon

performance. Latency of over 500 ms was found to greatly impact performance.

While the remote surgeon was able to suture simulated tissue despite 2 s latency,

placing and tying a single suture in 10 mins is not clinically relevant. These

experiments demonstrated that latency compensation up to approximately 500 ms

was possible by modifying surgical technique to include slow, one handed move-

ments. Several technologic solutions were successfully used to overcome sub-

second latency such as motion scaling. These M7 telesurgical experiments sug-

gested further research in automation was necessary. Astronauts on NEEMO 9 also

evaluated the University of Nebraska – Lincoln (UNL) in vivo robots. These novel

miniature mobile robots were deployed inside a laparoscopic simulator and found to

improve visualization of the surgical field.

In 2007, NEEMO 12 primarily focused on evaluation of image guided, supervi-

sory controlled autonomous function to overcome latency. A modified M7 was used

to perform an ultrasound guided, semi-autonomous needle insertion into a

simulated blood vessel. The RAVEN surgical robot was also deployed and used

to objectively assess telesurgical performance of SAGES’ (Society of American

Gastrointestinal and Endoscopic Surgeons) Fundamentals of Laparoscopic Surgery

(FLS) tasks.

2.12 Mobile Robotic Telesurgery

Battlefield operations are dynamic and challenging, and do not permit routine

operational use of traditional “wired” telecommunications. As geosynchronous

orbit is 35,900 km above the earth’s surface, satellite-based communications has

a minimum round trip communication latency between surgeon and patient above

500 ms. Unmanned airborne vehicles (UAV) represent a readily available battle-

field asset that could provide an extremely low latency “last mile” solution for

telesurgery. TATRC funded the High Altitude Platform/Mobile Robotic Telesur-

gery (HAPs/MRT) project to evaluate the feasibility of deploying a mobile surgical

robotic system to the high desert and operating this system using of a UAV based

telecommunication link.

In 2006, a collaborative research team including the University of Cincinnati,

University ofWashington, AeroVironment Inc. (Monrovia, CA), and HaiVision Inc.

(Montreal, Canada) conducted this research in the high desert of southern California.
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A high bandwidth and low latency network was created using AeroVironment’s

PUMA (Point UpgradedMission Ability) small UAV. The PUMA is hand-launched

and currently in use in Iraq and Afghanistan primarily for local reconnaissance. The

radio link onboard the PUMA provided a digital link between the RAVEN slave and

master controller which were located in separate tents within Simi Valley. The UAV

based network provided over 1Mbps bandwidth with transmission times of less than

10 ms. The remote surgeon successfully used the UAV – RAVEN mobile robotic

system to perform simulated surgical tasks. This experiment demonstrated that a

readily deployed surgical robot and a routinely used small UAV could potentially

deliver surgical capabilities to the battlefield. Challenges encountered during this

research emphasized the need for continued development of telecommunications

hardware and software to facilitate operationally and clinically relevant telesurgery.

U.S. Army TATRC also funded University of Cincinnati and SRI to explore

distributed, automated surgical robotics as a means to augment en route care of

injured warfighters. In 2007, the M7 was modified to overcome acceleration and

movement routinely encountered during vehicle transport. Three-axis acceleration

compensation was developed to dampen turbulence and apply a neutralizing force

during periods of more constant acceleration. Multiple military personnel, including

a U.S. Air Force Critical Care Air Transport (CCAT) surgeon, demonstrated robust

performance of the acceleration compensating M7 during parabolic flight aboard

NASA’s C-9 aircraft.

2.13 Next Generation Technologies

The military continues to develop diagnostic and therapeutic modalities to improve

care of injuredwarfighters. Two of themore promising technologies that could readily

be incorporated into medical robotic systems are HIFU and laser tissue welding.

2.13.1 High Intensity Focused Ultrasound (HIFU)

HIFU continues to be evaluated as a non-invasive method of controlling bleeding.

Military funded research has demonstrated that HIFU can seal vascular injuries of up

to 3 mm in diameter. Recently, a DARPA funded project, “Deep Bleeder Acoustic

Coagulation” (DBAC) has begun to develop a prototype HIFU device capable of

limiting blood loss from non-compressible vessels. DBAC would be applied in a

combat situation by minimally trained operators, automatically detect the location

and severity of bleeding, and use HIFU to coagulate the bleeding vessel. The project

includes Doppler based automated hemorrhage detection algorithms coupled with

volumetric data to localize the bleeding source. HIFU delivery and dosing for safe

acoustic hemostasis has been proven to raise the tissue temperature to a range of

70–95 C in an operationally relevant 30-s timeframe.
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2.13.2 Robotic Laser Tissue Welding

TATRC funded SRI to investigate robotic assisted laser tissue welding as a means

to circumvent the need for suturing. As previously mentioned, telerobotic suturing

is especially challenging at longer latencies which would be encountered during

robotic combat casualty care. These experiments used a robot to uniformly deliver

laser energy as well as tissue pressure and apposition. Two methods were demon-

strated for direct tissue welding: bovine serum albumin/hyaluronate acid solders

and chitosan films. Robot controlled tissue welding of lacerations in explanted pig

eyes decreased the total time of tissue apposition from a manual suturing from

approximately 8 to 3 min. Laser welded tissue had similar burst pressure as

manually sutured tissue. These experiments demonstrated that robotic laser tissue

welding has great potential value and further research is indicated.

2.14 Trauma Pod: Distributed, Automated Robotic Combat

Casualty Care

Trauma Pod (TP) is a DARPA program to develop automated robotic combat

casualty care. Trauma Pod represents a semi-autonomous telerobotic surgical

system that can be rapidly deployed and provide critical diagnostic and acute life-

saving interventions in the field.

The Phase I proof of concept platform was comprised of a da Vinci Classic

surgical robot supported by an automated suite of commercially available and

custom designed robots. The surgeon remotely controlled the robotic suite to

perform representative tasks that included placing a shunt in a simulated blood

vessel and performing a bowel anastamosis.

TP footprint was 8 � 18 ft to fit within an International Standards Organization

(ISO) shipment container for ready deployability. The Phase I system is comprised of

13 subsystems that include: the Surgical Robot (SRS), the Scrub Nurse (SNS), Tool

Rack (TRS), Supervisory Controller (SCS), Patient Imaging (PIS), and the User

Interface (UIS). The Scrub Nurse Subsystem system was developed by Oak Ridge

National Laboratory and automatically delivered instruments and supplies to the

surgical robot within 10 s (typically faster than a human). The University ofWashing-

ton developed the Tool Rack System which held, accepted, and dispensed each of 14

surgical tools. The University of Texas developed the Supervisory Controller System

which provided high-level control of all automated subsystems involved in supply

dispensing/tool changing and coordinated these functions with the SRS. The Patient

Imaging (GEResearch) utilized the L-STATplatform to embedCT like capabilities as

well as 2-D fluoroscopic data. The User Interface System developed by SRI Interna-

tional provided a visual, verbal, aural, and gesture based interface between the surgeon

and TP system. The visual display consisted of a stereoscopic view of the surgical site

augmented by physiologic data, icons and other supporting information.
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In 2007, the phase I demonstration included:

1. Automatic storing and dispensing of surgical tools by the TRS with 100%

accuracy

2. Automatic storing, de-packaging dispensing and counting supplies by the SDS

(Supply Dispenser)

3. Automatic change of surgical tools and delivery and removal of supplies by SNS

4. Speech-based interface between a tele-operating surgeon and the TP system

through the UIS

5. Automatic coordination and interaction between SRS and SNS

6. Performing iliac shunt and bowel anastamosis procedures by a tele-operated

SRS on a phantom patient

Phase 1 proved that a single operator can effectively tele-operate a surgical robot

and integrated suite of automated support robots to perform relevant surgical

procedures on a simulated patient. Phase II of this project will integrate TP

subsystems into a single robot designed to rapidly diagnose and innovatively treat

life threatening battlefield.

2.15 Summary

The technological revolution of the past three decades is catalyzing a paradigm shift

in the care of battlefield casualties. Telecommunications and robotic technology

can revolutionize battlefield care by safely extracting patients from harm’s way,

rapidly diagnosing life threatening injuries, and delivering life-saving interven-

tions. Telecommunication and robotic limitations that prevent robust intervention

at a distance are areas of continued military research and development. As these

limitations are overcome, medical robots will provide robust casualty extraction

and care that will save the lives and limbs of our deployed warfighters.

Disclaimer The views expressed in this chapter are those of the authors and do not reflect official

policy or position of the Department of the Army, Department of Defense or the U.S. Government.
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Chapter 3

Telemedicine for the Battlefield: Present

and Future Technologies

Pablo Garcia

Providing medical care in the field is very challenging because of the limited

availability of medical resources. The current practice in military operations is to

stabilize patients far forward and evacuate them to better equipped medical facil-

ities, such as combat field hospitals. This strategy has proven very successful in

recent conflicts. However, it is possible to save more lives and ameliorate the

consequences of long term injuries by providing an accurate diagnosis earlier,

specialized surgical care faster and more sophisticated intensive care during trans-

port. This chapter focuses on technologies that allow augmenting the diagnostics

and treatment capabilities of medical teams in the field.

The decisions made by the first responders are critical for the patient chances of

survival and they are done with very little information on the real status of the

patient. For example, recognizing an internal head injury or abdominal bleeding

is critical to determine where the patient should be evacuated but this information

is currently not available. Once a patient is evacuated to a medical facility it is

impossible to provide all specialties required to treat complex injuries (it is not

uncommon for general trauma surgeons to conduct head procedures because they

do not have a neurosurgeon in the staff). Finally, once patients are stable enough to

transport them outside the country they are taken on long transcontinental flights

with a small team of nurses and doctors who have limited means to react to adverse

conditions in patients.

Technology can be used to force multiply the capabilities of the medical

personnel in the field by allowing them to perform more sophisticated diagnosis

and treatments closed to the point of injury. Figure 3.1 illustrates the different layers

of technology which can be used to treat patients in the field. Each additional layer

adds a level of sophistication to the one below but is applicable to a smaller pool of

patients.
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3.1 Store and Forward Communication

Clinicians in the field are able to get advice by using email or web applications,

forwarding files or pictures about the patients they are treating.

The Army Knowledge Online (AKO) critical care tele-consultation system is a

web-based service used to perform consultation on patients being treated in the

field. The clinician in the field sends an email consultation request to a central

address and the request is routed to specialists around the world who provide an

answer with recommendations within a window of a few hours. The system has

been used successfully in thousands of consultations.

MedWeb (San Francisco, CA) provides a web-based tele-radiology service

which allows clinicians to transmit X-ray, CT MRI and Ultrasound data sets from

patients in the field to be analyzed by radiologists around the world. This capability

allows specialists to provide input remotely which might be critical in deciding the

next steps for the patient. The Medweb system has been very successful and is

routinely used to provide assistance diagnosing patients (Fig. 3.2).

3.2 Video-Conferencing Communication

Real time video-conferencing communication requires a minimum bandwidth

(200–2,000 kbs) and maximum latency (up to 2 s) to conduct a real time consultation.

The recent addition of the Joint Telemedicine Network (JTMN) has allowed an

expanded bandwidth to conduct medical consultations with Iraq and the same network

Fig. 3.1 Pyramid of

telemedicine technologies for

the battlefield
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will be transferred to Afghanistan. A network of conventional video-conferencing

systems is currently available to provide consultation services between the US and

combat field hospitals in Iraq although it is not widely used yet.

A telementoring system recently developed by SRI was successfully used to

mentor a live chest surgery in Mosul (Iraq) from Brooke Army Medical Center

(BAMC) in Texas. The system uses a pan-tilt-zoom camera attached to the

operating room lights and a camera on the surgeon’s head. The specialist providing

the consultation has full control of the cameras and can manipulate the images to

guide the surgeon working on the patient. X-rays or CT images can be shared before

or during the surgery and surgical manuals can be discussed live to illustrate the

next steps required in the case. The system is software based and can be down-

loaded in a few seconds to any machine within the military network, allowing the

consulting clinician to participate in a consultation from wherever they happen to

be. The system provides the surgeon in the field to get assistance from specialists in

the US for cases in which they may not have as much experience (Fig. 3.3).

The real challenge with real-time consultation is the acceptance by the clinical

community. Clinicians in the field have to be able to reach specialists they trust

when they need them, and those specialists have to be willing to participate in the

consultation which represents one more responsibility added to clinical duties.

Fig. 3.2 Medweb network for teleradiology
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3.3 Remote Monitoring

There are various technologies available to monitor the vitals of patients in critical

condition remotely. This is not currently used in the battlefield, but it is used in

civilian applications and is the next logical step in military telemedicine network.

One of them is pioneered by TeleVital (San Jose, CA) web-based application

which can monitor vital signs, EEG, ECGs in real time and store them in a data base

for review by the clinicians. The application allows a clinician or intensivist to

monitor a patient from anywhere the world, and provide real-time advice on the

therapy required by that patient.

InTouch Health (Santa Barbara, CA) has taken the idea one step further by

designing a mobile platform which can be controlled remotely around the hospital

to check on the status of patients and provide consultations. The platform was

successfully tested from the US to Landstuhl (Germany) to providing over 300

consultations on patients returning from Iraq and Afghanistan over a 15month period.

3.4 Remote Tele-Operated Interventions

SRI International pioneered the use of tele-operated robots to perform surgical

procedures in the 1990s. The technology was commercialized through Intuitive

Surgical to augment the dexterity of laparoscopic surgeons in hospitals. Computer

Motion developed a similar system and demonstrated the first time live transatlantic

procedure from New York to Strasbough in 2001 [Ref].

Fig. 3.3 SRI’s surgical telementoring system
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In 2006 SRI demonstrated the feasibility of conducting remote procedures with

portable robotic arms in an extreme environment in collaboration with the NASA

Extreme Environment Mission Operations (NEEMO) 12 [Ref] and Fig. 3.4. The

NEEMO 12 mission took place on board the National Oceanic and Atmospheric

Administration (NOAA) Aquarius Underwater Laboratory, located more than 900

miles from Nashville and 60 feet underwater off the coast of Key Largo, Florida.

The underwater habitat is used to train astronauts for 1 month to simulate the

conditions in the international space station. The test was repeated in 2008 during

NEEMO 13 to demonstrate the feasibility of conducting a closed loop procedure, an

ultrasound guided intravenous insertion, using robotic manipulators (Fig. 3.5).

In 2006 the University of Washington and the University of Cincinnati conducted

experiments in the southern California desert to prove the feasibility of controlling a

mobile robotic telesurgery system through use of an unmanned aerial vehicle-based

(UAV) communication system in an the extreme environment. The primary objective

was to develop and validate a High Altitude Platforms (HAPs) Mobile Robotic

Fig. 3.4 In-touch remote control monitoring system

Fig. 3.5 SRI’s surgical robot tested in aquarius underwater habitat during NEEMO 12
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Telesurgery (MRT) system that allows a remote surgeon to effectively operate on an

injured soldier regardless of the soldier’s location or environment [Ref].

Although the feasibility of conducting surgical interventions remotely has been

demonstrated, there has not been market or clinical drivers strong enough to justify

its implementation. In the case of trauma surgery for the battlefield one of the

challenges is the wide variety of possible interventions required and the large forces

and workspace required by most procedures. Tele-operated procedures with current

robotic tools have excelled at targeted delicate procedures such as heart or prostate

procedures. To perform trauma relevant procedures remotely a new generation of

surgical robots and tools needs to be developed more targeted towards those

particular procedures.

3.5 Remote Autonomy

Guaranteeing a communication link to the battlefield is not always possible and

coordinating with remote medical personnel can be very challenging. Furthermore

some monitoring functions and therapies are better suited to closed loop computer

control than to direct human control.

When injured soldiers are transported over the ocean hooked up to ventilators

and vital sign monitors they have to rely solely on the judgment and resources of the

medical personnel on board of the aircraft. Closed loop ventilation has been

demonstrated to be more precise and require less oxygen than ventilation controlled

by medical staff [Ref]. Similar studies have been performed for fluid administration

and anesthetics {Ref]. A closed loop life support system can monitor the patient

second by second and perform small adjustments based on the information

collected. This frees medical personnel to dedicate more attention to those patients

that might be having serious problems.

Life-saving procedures such as securing an airway or placing a chest tube require

a significant level of training and skill. Having devices or robots that can perform

those procedures would allow lower skilled medical personnel or even other soldier

buddies to perform life saving interventions when there is no other alternative.

The Trauma Pod program described below was intended to integrate all the

technologies described in the previous sections into a single platform which could

be eventually deployed in small vehicle and controlled remotely. Below is a

summary of the first phase of the program which focused on demonstrating the

feasibility of such a concept.

3.6 Trauma Pod System Development

For decades, surgery and robotics have progressed separately. Only in the last

decade have surgery and robotics matured to a point that allows safe merger of the

two, thus creating a new kind of operating room (OR) [1–9]. The ultimate goal of
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the trauma Pod (TP) system is to produce a rapidly deployable telerobotic platform,

capable of performing critical diagnostics and acute life-saving interventions in the

field for an injured person who might otherwise die of airway loss or hemorrhage.

The TP damage-control interventions will be much more invasive and effective than

currently available first-aid treatments, and are envisioned only as necessary mea-

sures before the wounded reach a site where conventional medical care is provided.

Controlled remotely by a surgeon or intensivist, these interventions will involve

procedures that preserve life and limb, such as the ability to obtain an airway, insert

an intravenous or intraosseous line, perform hemostasis, manipulate damaged tis-

sues, and perhaps place monitoring devices. The TP will be used when the timely

deployment of proper medical personnel is not possible or too risky and the patient

cannot be evacuated quickly enough to an appropriate medical facility.

The vision is to provide a system that can perform critical life-saving procedures

with the assistance of a corpsman who lacks a high level of medical training. Tasks

that require a high level of medical skill will be teleoperated and made as autono-

mous as permitted by the specific condition of the patient and the complexity of the

procedure involved.

Phase I of the TP research program, which is described in this paper, was aimed at

exploring what human functions of an operating procedure can be adopted by a

machine. Analysis of the functions performed in the OR of today indicates that, in

many cases, a surgeon can engage a patient through a surgical robot teleoperational

mode [9]. Surgical tool and supply functions (currently handled by a scrub nurse)

and OR information (currently managed by a circulation nurse) can be automated.

In the OR of the future hands-on functions, currently performed by surgeons, nurses,

and imaging technicians, will be done by computer-controlled surgical robots,

automated tool-change and supply-delivery systems, and automated intraoperative

imaging devices. Software systems will automatically record, document, assist, and

assess the surgical operation, and will also provide inventory management.

Subsequent phases of the program will address critical functionality such as

closed loop anesthesia, sterilization or the design of custom modules to perform life

saving procedures. Miniaturization of systems, deployment in the field and opera-

tion during transport will are also important problems which will be addressed in

future work.

3.6.1 Overall Approach

We have developed the Phase-I version of a TP system capable of performing

portions of specified surgical procedures teleoperated by a surgeon. These proce-

dures include placing a shunt in a major abdominal vessel (e.g., iliac) and

performing a bowel anastomosis; both procedures entail surgical skills required in

trauma surgery. Eventually, the TP is expected to perform many other surgical

procedures entailed in preserving life and limb.
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The first objective for this phase of the program was to demonstrate these

procedures can be performed by a surgeon teleoperating the surgical robot and

supported by automated nursing functions. Ideally, the procedures would be per-

formed as effectively and smoothly as with a human team. The second objective

was to demonstrate the feasibility of performing full body CT scans in the field

during the operation. All the procedures were demonstrated on phantoms in a

controlled environment.

The system was prototyped in a fixed room using a combination of off-the-shelf

and custom systems. The project focused on the process flow and architecture

required to accomplish the surgical procedures, rather than on developing hardware

perfectly tailored for trauma procedures. For example, the surgical robot chosen,

the daVinci robot from Intuitive Surgical (ISI) is not designed for trauma surgery,

but it is a good placeholder for a surgical robot to demonstrate the flow of tasks

during a trauma procedure.

The system is able to detect and recover from errors through the remote

intervention of an administrator. The philosophy was to design a system that

operates automatically during normal operating conditions but switches to a manual

mode during an error condition. All systems have safe states they automatically

revert to when a system wide error is encountered.

The TP system consists of 13 subsystems. The abbreviation and description of

each TP subsystem, as well as its developer, are listed in Table 3.1 for the

convenience of reading this paper. The SRS is capable of performing basic surgical

functions (e.g., cutting, dissecting, and suturing) through teleoperation. Except for

the PRS, the remaining subsystems are capable of autonomously serving the SRS

by changing tools and dispensing supplies, as required by the surgeon, and by

recording every TP activity. Figure 3.6 shows the layout of the main physical TP

components (those of the SRS, PRS, SNS, SDS (including a Fast Cache), and TRS).

The TP system architecture, shown in Fig. 3.7 is hierarchical. System tasks are

initiated by the surgeon and interpreted by the UIS, which issues commands to the

SCS, and coordinates all the system tasks. The surgeon has direct control over

the SRS through voice commands and a teleoperated joystick interface. The AMS

Table 3.1 Trauma pod subsytems

Subsystems Developer

SRS Surgical robot subsystem Intuitive Surgical, Inc.

AMS Administrator and monitoring subsystem SRI International

SNS Scrub nurse subsystem Oak Ridge National Lab.

TAS Tool autoloader subsystem Oak Ridge National Lab.

SDS Supply dispenser subsystem General dynamics robotics

TRS Tool rack subsystem University of Washington

SCS Supervisory controller subsystem University of Texas

PRS Patient registration subsystem Integrated medical systems

PIS Patient imaging subsystem GE Research

MVS Machine vision subsystem Robotic Surgical Tech, Inc.

RMS Resource monitoring subsystem University of Maryland

SIM Simulator subsystem University of Texas

UIS User interface subsystem SRI International
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monitors the system status and error conditions, and relays that information to a

human administrator, who can manually control any subsystem and correct any

error. The subsystems are loosely coupled, and communicate with each other using

XML messages through a gigabit Ethernet network. Each subsystem uses its own

operating system with a layer of well-defined interfaces that can accept and send

XML messages using the appropriate format. Subsystem communication includes a

command-and-response protocol along with an exchange of high-speed sensory

data. Sensory data are shared in an open-loop fashion and are used by the SCS and

SNS to generate collision-free SNS trajectories.

The TP system has been designed, assembled, tested, and debugged by SRI

International. We have demonstrated the following TP system capabilities:

l Autonomous change of surgical tools and delivery of supplies by the SNS robot
l Storing, de-packaging, and dispensing of supplies
l Automatic counting of supplies
l User interface between a teleoperating surgeon and the TP system
l Coordination and interaction between the teleoperated surgical robot and the

autonomous nursing robots
l Performing iliac shunt and bowel anastomosis procedures on a patient phantom.

The physical TP system, shown in Fig. 3.8, consists of two major cells: a control
cell, where the surgery is monitored and controlled, and a surgical cell, where the
surgery is performed. In a real application, the two cells will be far apart: the

surgical cell will be deployed in the battlefield while the control cell will be located

in a safer place behind; the two cells will telecommunicate via a wideband wireless

link. In the current development (Phase I of this project), the two cells are located

adjacent to each other and separated by a glass wall.

The control cell includes control stations for the surgeon and the system admin-

istrator. It also contains multiple displays of video and sensory information that

Fig. 3.6 Layout of trauma pod main components
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assist in monitoring and controlling the surgical cell. The surgical cell contains all

the TP subsystems required to perform a surgical procedure. The surgical cell

footprint (8 � 18 ft) can fit within an International Standards Organization (ISO)

container for shipment as cargo.

3.6.2 TP Subsystems

The Phase I TP subsystems are described below.

Fig. 3.7 Trauma pod architecture
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3.6.2.1 Surgical Robot Subsystem (SRS)

The SRS is capable of performing surgical operations on the patient by teleoperation.

SRS Hardware

The SRS hardware consists of two major parts: a surgical master console and a

slave surgical robot. The robot is a first-generation da Vinci Surgical System (see

Fig. 3.9), made by Intuitive Surgical, Inc. The surgical master console consists of a

user interface for the surgeon and a video cart for acquiring and routing video. The

slave surgical robot consists of three arms: one arm with a light source and a stereo

endoscopic camera, and two surgical arms, each able to hold and manipulate one of

sixteen different types of surgical tools.

Fig. 3.8 The TP system (a) control cell (b) surgical cell
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Because the da Vinci system was leased during Phase I, it has been used without

hardware modifications, except for the addition of devices for accepting and

latching tools. Although not ideally suited for the TP because of its small work-

space, weak forces, and large size, the da Vinci system was able to perform the tasks

(dissection and suturing) selected to demonstrate the general TP principles.

The da Vinci system is controlled entirely by the surgical console. Video from

the stereo endoscopic camera is sent to the console view port and, using a pair of

haptic (force-sensing) master arms, the surgeon controls movement of each slave

arm over the patient and its surgical manipulation. Automatically changing surgical

tools (which cannot and should not be performed by the surgeon) requires precise

positioning of the slave arms. A standard PC, using a proprietary fiber optic

connection, was assigned to enable the surgeon to control the da Vinci slave arms.

SRS Software

Intuitive Surgical, Inc. provides an Application Program Interface (API) to collect

data from a running robot for research purposes. For this project, the API was

enhanced to enable two-way communication, including setting various robot modes

and robotic arm control. Since the enhanced API (Version 5) runs only on the Linux

operating system, the external SRS computer also runs on Linux.

A second API was developed to provide the surgeon with positional haptic
feedback. Up to six parallel planes, defined relative to the surgical site, are specified

for each arm. When “haptic feedback” is enabled, if a slave arm penetrates any of

these planes, the API generates a force, felt by the surgeon, on the corresponding

master arm. This feature is used mainly to establish a “haptic region” – a “keep out”

zone to prevent the surgeon from accidentally moving the slave arm into a position

that might result in a collision with the SNS during a tool change.

Fig. 3.9 The da Vinci surgical system. (a) surgical master console (b) slave surgical robot
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Although all the real-time robot control is handled by the two APIs, most of that

control is executed by the software embedded in the da Vinci system. Like every

other TP subsystem, the SRS has several message-based external software inter-

faces, defined as XML schemas that allow the SCS and the AMS to control the SRS.

Application software, developed by SRI International, implements these interfaces

and uses the APIs to directly control the da Vinci robot. Four primary SRS interface

functions are: (1) parking and unparking arms during a tool change, (2) monitoring

interlock regions for gestures (see the UIS description in Section 3.6.2.11 below),

(3) enabling and disabling haptic regions, and (4) providing real-time joint-position

data for each slave arm in messages over the sensor network. To facilitate debug-

ging and low-level error handling by an operator, the application also includes a

graphical user interface that can be started or stopped as necessary.

3.6.2.2 Scrub Nurse Subsystem (SNS)

The function of the SNS, shown in Fig. 3.10a, is to autonomously serve the SRS by

providing supplies and exchanging surgical tools. Specifically, the SNS delivers

supplies from the SDS to the SRS and to the fast cache; exchanges tools between

the TRS and the SRS by means of a dual gripper end-effector (Fig. 3.10b); and

performs geometric calibration and registration of the TP subsystems. Handling of

supplies and tools must be done quickly and reliably upon verbal command from

the surgeon. The target goal for each handling task is 10 s or less, which is faster

than typical human performance of each of these tasks.

SNS Hardware

The SNS employs a 7 degrees-of-freedom (DOF) Mitsubishi PA10 electric arm

(Fig. 3.10a). Seven degrees of freedom were deemed necessary to meet various

obstacle-avoidance constraints. Other pertinent specifications include a maximum

payload of 10 kg, a wrist-reach of 1 m with�0.1 mm repeatability, and a maximum

Cartesian speed of 1 m/s.

The da Vinci tools were designed for tool exchange by a human hand, not by

robot manipulation. Thus, for the TP application, a dual-gripper end-effector and an

alternative tool cover were developed to fit the original da Vinci tools with a robotic

capture mechanism. The end-effector (Fig. 3.10b) includes a force/torque sensor to

allow force control in 6-DOF and employs two Schunk pneumatic grippers, each

consisting of two jaws, at an angled V-interface. This design permits tool grasping

and placement without contacting any part of the TRS or the SRS as well as supply

handling. Pneumatic actuation is used to achieve high speed and light weight. The

jaws can handle a da Vinci tool or the lugs of a supply tray (see SDS description

below). Proximity sensors are used to indicate the open/closed state of each gripper.

In addition, a tool autoloader subsystem (TAS), developed by the Oak Ridge

National Laboratory, is mounted on a da Vinci arm as an end-effector for capturing
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and holding a tool (see Fig. 3.11). The TAS is controlled by the SNS as part of a

coordinated robotic tool-exchange activity.

SNS Software

Two key requirements for the SNS control software are (1) perform high speed

motions smoothly and without collisions, and (2) perform contact tasks without

exceeding a specified force threshold. These requirements are crucial because the

SNS is essential to the TP performance and is expected to operate over the full TP

workspace. For example, a supply dispense operation requires moving the SNS fast

and smoothly between two extremes of the SNS workspace while holding the

supply tray horizontally. A simple joint interpolation is not adequate for this

operation because tray orientation cannot be maintained, and a straight-line move

is not possible because of the distance. As another example, programmed compli-

ance and chamfers in the contact interactions obviate the need for force control

during pick-and-place operations. However, force control is used during geometric

calibration of the TP subsystems because each subsystem is designed with flexible

calibration lugs. During the calibration process of a subsystem, the SNS grabs each

of these lugs and uses force control to zero the forces. The resulting joint angles

render an accurate 3-D pose (position and orientation) of the subsystem. This

information is then relayed to the SCS for the overall TP calibration and updating

of the world model.

The SNS control software consists of two major components: a Motion Planner

(MP), developed by the University of Texas at Austin, and a Motion Executor

(ME), developed by the Oakridge National Laboratory.

The SNS MP performs trajectory generation, kinematics with redundancy

resolution, obstacle avoidance, and detection (and alert) of imminent collision, as

shown in Fig. 3.12. A previously developed software framework, Operational

Fig. 3.10 Scrub nurse subsystem. (a) Mitsubishi PA10 robot on a pedestal base; (b) dual gripper

end-effector
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Software Components for Advanced Robotics [10–14], was used in the MP

development.

Obstacle avoidance is based on a primitive model of the SNS and models of the

other TP subsystems. The purpose of obstacle avoidance is to guide the SNS

motions around obstacles. Detection of an imminent collision, on the other hand,

makes sure that the SNS can be stopped prior to a potential collision. Collisions can
occur as a result of failure in obstacle avoidance or an error in a geometric model

caused by approximations. Therefore, the collision-detection software module for

the TP uses a high fidelity computer-aided-design (CAD) model of all the TP

subsystems.

The ME is responsible for reaching the SNS joints corresponding to the poses

specified by the MP, and for performing low-level force-control operations during

contact-based tasks. Low-level software includes a real-time kernel that manages

the interaction with the SNS, the coordination between the real-time layers and the

asynchronous higher layers, force limiting, calibration software, and trajectory

compensation. The SNS controller is a proprietary black box that permits minimal

parameter adjustment for control optimization. The added low-level real-time

control was implemented under RTLinux. For most moves, the velocity of the

SNS end-effector is at or near its maximum value. Hence, the end-effector’s 6-axis

force/torque sensor is used for force limiting rather than conventional force control,

which is too slow for dynamic interaction with tools and supply trays.

While the SNS arm is optimized for velocity, its position tracking is not fast

enough for handling tools and supply trays or for avoiding obstacles because a lag in

Fig. 3.11 Tool autoloader subsystem (TAS) mounted on each da Vinci arm
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tracking the arm’s position causes diversion from a desired timely path. To correct

for such a tracking lag, a trajectory-compensation filter was developed. The com-

pensation filter acts on the MP output to minimize the risk of interaction with the

SNS internal controller. Figure 3.13 illustrates the effect of the compensation filter

on tracking the trajectory of Joint 2 (shoulder pitch) of the SNS arm as a function of

time. Note that the improved accuracy of the compensated trajectory also shortens

the time required to complete the move by 16.6% (from 1.2 to less than 1 s).

3.6.2.3 Supply Dispensing Subsystem (SDS)

The primary role of the SDS is to store, de-package, and dispense sterile

consumable medical supplies. The SDS, shown in Fig. 3.14a, was custom designed

and constructed by General Dynamics Robotic Systems (GDRS). The supplies of

each type are stored in small trays that are, in turn, stored in a horizontal restocking

cartridge; each cartridge can hold up to seven trays. The SDS includes up to 30

cartridges in a 3 � 10 array and an xyz gantry arm positioned in front of that array.

Upon a request for a supply type, the gantry arm moves to the appropriate cartridge

and de-packages a tray containing the desired supply. The tray is then placed in a

tray-capture mechanism, which passively holds the tray using a series of compliant

springs. Every tray is molded with two unique grasping lugs: one grasped by the

SDS gantry arm during de-packaging, and the other grasped by the SNS while

transporting the tray to the desired location in the TP surgical cell.

Each supply cartridge includes a passive read/write radio frequency identification

(RFID) tag. The tag can be activated only when a read/write antenna is within a

range of about 10–12 mm. With the antenna mounted on the end-effector of the

gantry arm, the RFID tags are used to: (1) provide an inventory of existing supplies

and their locations when the SDS boots up, and (2) update the information stored in

Fig. 3.12 Scrub nurse subsystem

motion planner
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the tags as supply trays are used so that inventory is always current. This information

is used to generate a supply-inventory data base and to monitor usage during a

surgical procedure.

Partially used trays are stored in either the fast cache next to the patient bed

(Fig. 3.14b) or a slow cache, which is part of the 10-slot transfer array on the side of

the SDS main unit. The SDS designates which supplies are stored in the fast cache

and which in the slow cache. The function of the fast cache is to allow frequently

Fig. 3.13 SNS Joint-2 position versus time. (a) without a compensation filter; (b) with a compen-

sation filter

Fig. 3.14 Supply dispensing subsystem. (a) main unit; (b) fast cache (near patient)
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used items to arrive at the work site quickly. While it may take 10 s to deliver a new

supply to the surgeon from the SDS main unit, the fast cache can be used to deliver

supplies in about 5 s. Empty supply trays and full waste trays are identified by

machine vision and placed in a medical waste container by the SNS.

During Phase I, the shape and outside dimensions of a tray were the same for all

medical supplies. However, different tray inserts were used for each supply type to

position supplies in the tray and restrain their motion. This arrangement is also advan-

tageous for determining the number of supplies remaining in each tray by machine

vision (see Section H below). Figure 3.15 shows partially populated supply trays.

3.6.2.4 Tool Rack Subsystem (TRS)

The TRS, developed by the University of Washington, is a fully automated tool

changer, whose overall dimensions are 0.18 � 0.68 � 1.5 m, that is capable of

holding, accepting, dispensing, and maintaining the sterility of 14 surgical tools for

the da Vinci robot.

TRS Hardware

The TRS (Fig. 3.16a) contains a round magazine, of 0.45 m diameter and

0.687 kg m2 inertia, with 15 tool positions. The magazine is located in the TRS

stationary base. One tool position is occupied by a compliant calibration lug used to

locate the TRS with respect to all the other TP subsystems. The magazine can be

Fig. 3.15 Supply trays. Clockwise from top-left: shunt kit, sutures and ties, waste tray, spherical

sponges, and cylindrical sponges
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removed from the TRS along with the surgical tools it contains for sterilization. All

sensors and actuators are located below a sterility barrier and do not touch the tools.

Each tool is held by a tool-holder mechanism (see Fig. 3.16b or c) that includes a

vertical pushrod to which two conical cams are attached. When the pushrod is

actuated, each cam opens two normally-closed, spring-loaded jaws that grasp the

shaft of a tool with a tensional stiffness of 0.8 Nm. The tool-holder compliance copes

with potential angular misalignment (up to 5�) of the tool (Fig. 3.16c) as it is

retrieved from or presented to the TRS by the stiff SNS. Two geared, brushless

servomotors (made byAnimatics, Inc.) actuate the TRS pushrod in less than 100ms.

Several sensors are incorporated into the TRS to monitor and verify its perfor-

mance. A photo interpreter sensor is used to determine the positions of the maga-

zine and the pushrod. A 24-byte RFID tag is attached to each tool and is read by an

RFID reader attached to the magazine housing with a 10 mm radial gap. A small

video camera, mounted on a flexible shaft, is directed at the tool transfer zone

between the TRS and the SNS to monitor any problems with the tool transfer.

TRS Software

The TRS is controlled by high-level and low-level control software. The high-level

control software is based on a spread protocol [15] and communicates with the TP

Fig. 3.16 Tool rack subsystem (a) overview; (b) tool holder grasping a surgical tool; (c) CAD

display of tool holder grasping a surgical tool under permissible angular misalignment
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system using an XML schema. In addition to providing generic messages regarding

its status, alarm, and inventory report, the TRS supports other types of message,

such as locating and presenting a requested tool, closing or opening a gripper, and

reading a tool RFID.

The TRS low-level control software sends commands over a single RS-232

serial port to the two servo motors that actuate the TRS pushrod. The RS-232 line

is arranged in a loop so that each actuator echoes packets down the chain and

eventually back to the PC.

TRS Function and Performance

The TRS must be able to (1) dispense and accept a tool that is presented to the TRS

within a specified maximum pose misalignment by the stiff SNS, and to absorb the

energy resulting from such misalignment, and (2) move and present the desired tool

in a given pose and within a given time.

We found experimentally that the TRS has the following misalignment toler-

ances: 4 mm positional, 2.8� orientational, 5.7–7.8 N/mm linear stiffness, and 0.8

Nm tensional stiffness. These tolerances exceed the worst-case misalignment

between the TRS and the SNS by a factor of 2; hence, there can be no damage to

the SNS or the TRS as a result of such misalignment. We also found experimentally

that the time required for presenting a tool to the SNS (which may be done

clockwise or counterclockwise) varies between 0 and 648 � 8 ms (see Fig. 3.17),

and that the time required for tool release or grasping is 98 � 8 ms. These results

meet our analytical finding that the TRS must present the requested tool to the SNS

in less than 700 ms in order for that tool to reach the SRS in less than 10 s.

3.6.2.5 Supervisory Control Subsystem (SCS)

The primary function of the SCS, developed by the University of Texas, is to

provide high-level control of all automated subsystems, primarily those performing

tool changing and supply dispensing when requested by the surgeon, and to

coordinate these subsystems with the teleoperated SRS. High-level control is

achieved by using automated task management and by planning a coordinated

execution of tasks to be performed by several subsystems. Multiple surgeon

requests may also be queued by the SCS and executed in a sequential order.

Secondary responsibilities of the SCS include collision checking, subsystem moni-

toring for inconsistent/unsafe states, and detection of subsystem alarm conditions.

SCS Task Management and Planning

Safety and proper performance are the most important requirements the SCS must

meet. The SCS is in charge of delivering a tool or dispensing supply within a given
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time duration without endangering the patient or the TP hardware, and handling

potential error conditions or unanticipated states that may arise during the task

execution.

Automated planning and scheduling algorithms, such as Graphplan or Hierar-

chical Task Planning [16, 17], were considered early in the project. However, the

highly structured nature of the TP tasks made it possible to analyze and write each

task plan manually. Conceptually, these task plans may be considered as separate

programs, and the SCS may be considered an interpreter that executes these plans.

This approach reduces the risk involved in designing a more complex system that

would handle recovery from arbitrary error states. Each task plan handles a limited

set of the most-likely errors that may arise during execution. Any errors not

explicitly handled by the task plan result in a task failure and require administrator

intervention.

Similarly, each task plan includes a limited set of most-likely cancellation

checkpoints, each allowing the surgeon to terminate execution of a task plan

prematurely and return the TP system to a safe operating state. If the surgeon

cancels a task anywhere in the plan, the current task execution is continued until it

reaches a cancellation checkpoint but the queued tasks are cleared out. For exam-

ple, Fig. 3.18 shows a plan for tool change that includes one cancellation checkpoint

(Node 10). At this point, the SCS terminates the current task and executes a

cancellation recovery task to place the TP system in a safe state. Execution of a

task plan may also be paused (temporarily) at any point in the plan.

As illustrated in Fig. 3.18, the workflow for a single task plan may be concep-

tually modeled as a graph of nodes, where each node is shown in a box containing a

Fig. 3.17 Clockwise and counterclockwise tool-presentation time vs. initial tool position
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single command to be executed. Nodes may be executed serially or concurrently.

For safety and consistency, a node also entails pre/post conditions that must be met

before/after the node is executed. For example, Node 3 (SNS Open Gripper) in

Fig. 3.18 entails a pre-condition (the gripper holds no tool) and a post-condition (the

gripper is open). If either of these conditions is not met, the task fails.

SCS Function and Performance

The SCS provides plans for the task types shown in Table 3.2. Each surgical task is

initiated by a verbal command, voiced by the surgeon through the UIS, which sends an

XML message to the SCS. The tool-change and supply-dispense tasks are the only

tasks having a requirement formaximumperformance time. Tomeet this requirement,

each task plan includes as many subsystem actions in parallel as possible, based on an

estimate of the time required to run each action. Robot workspace conflicts also affect

the number, concurrency, and sequence of actions in each task plan. The time used by

the SCS to execute a task plan is much shorter than that required by other subsystems

to execute their commands.

A task may be paused, cancelled, or terminated by either the surgeon or the system

administrator. The SCS can add new task types and add or remove new subsystems in

a task plan. Task plans can be written and modified independently of changes in the

task-management components.

Fig. 3.18 Tool-change plan
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3.6.2.6 Patient Registration Subsystem (PRS)

The PRS holds the patient in a platform, scans the patient surface stereoscopically,

and creates a 3-D model that allows the TP robots to move safely around the patient.

In Phase I we used an LSTAT (a life-support system made by Integrated Medical

Systems, Inc.) as a PRS platform. The LSTAT platform, shown in Fig. 3.19,

provides monitoring of vital signs, fluid delivery, and a ventilator.

The PRS serves multiple purposes by providing a platform on which to: (1)

achieve patient positioning, comfort, and restraint; (2) accomplish imaging proce-

dures (e.g., CT scan); (3) perform surgical interventions; (4) integrate or interface

diagnostic and therapeutic medical devices, a physiological monitor, a ventilator, a

defibrillator, and means for suction, infusion, and blood chemistry analysis; (5)

apply:

l Machine-vision systems that scan the PRS and patient and generate their 3D

poses (which are applicable to collision avoidance and to location of injury sites

and anatomical structures for diagnostic and interventional applications)
l Algorithms for closed-loop control of medical devices (such as the ventilator and

infusion pumps)
l Collection, storage, and communication (both local and remote) of patient,

environment, and system data
l Control of utilities (electrical power, oxygen, etc.) and environmental sensors.

3.6.2.7 Patient Imaging Subsystem (PIS)

The PIS was developed in Phase I of the TP program. The PIS includes a tomo-

graphic X-ray facility that is compatible with the TP robots and the LSTAT, and

capable of generating CT-like data sets for patient diagnosis and 2-D fluoroscopic

data to support interventions. The PIS consists of an X-ray tube mounted on an

overhead rail and capable of moving in a plane above the patient, and a large flat-

panel X-ray detector embedded in the LSTAT. This configuration allows for

acquisition of a sequence of diagnostic 3-D images as the detector is moved in a

Table 3.2 Supervisory control subsystem tasks

Type Task Description

Surgical Change tool Swap tool on SRS arm with new tool from TRS

Dispense supply Provide supply to surgeon from the SDS or fast

cache

Surgical pre/post

operative

Empty slots Remove trays from slots and place in waste bin

Empty SRS arm Remove tools from SRS and return to TRS

Populate slots Populate supply slots with specified supply types

Populate SRS arm Populate SRS arms with specified tools

Calibration Calibrate (automatically

or manually)

Calibrate locations of subsystem (PRS, SRS,

TRS, SDS, fast cache)
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2-D grid-like pattern above the patient for 10–30 s. The sequence of images is then

reconstructed, using an algorithm similar to that used in a conventional CAT scan,

to generate a 3-D image of the patient’s interior organs. The topographic imagery

obtained is characterized by a high spatial resolution (0.2 mm) in planes parallel to

the detector plane and a lower spatial resolution (5 mm) in the depth direction.

Figure 3.20 illustrates data acquired in an X-ray test cell using this technique. A key

requirement of the PIS is to provide sufficient resolution of soft tissue in order to

diagnose various traumatic injuries. Experimental studies have shown that, with the

appropriate X-ray technique and use of an anti-scatter grid, we can achieve a soft-

tissue contrast resolution that differentiates blood filled organs from the surround-

ing fatty tissues.

The PIS may also be operated in an interventional mode, allowing the PIS to

support minimally invasive procedures, such as stent or shunt placement. Because

the patient is not moved after the diagnostic scan, intervention can begin immedi-

ately following the scan. This implies that all subsequent 2-D interventional data

are automatically co-registered with the initial 3-D diagnostic dataset, allowing for

precise SRS navigation and the capability of updating 3-D data as the procedure

progresses.

3.6.2.8 Machine Vision Subsystem (MVS)

The MVS will ultimately capture images from cameras positioned around the TP

cell and analyze these images in order to track the movement of supplies and tools.

During Phase I of the project, the primary function of the MVS was to determine the

number of supplies of a given type on each tray moved by the SNS in a normal

orientation (horizontally) into and out of the surgical site. The updated count of the

tray contents is used by the Medical Encounter Record (MER) component of the

RMS (described below) to record the type and number of the supplies consumed

Fig. 3.19 LSTAT platform
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during the surgical procedure. The MVS also determines when a supply tray is

empty, so it can be disposed.

As noted above (see Fig. 3.15), supply items are placed in individual slots,

separated by tray inserts that uniquely accommodate each supply type (shunt kit,

sutures, ties, spherical sponges, and cylindrical sponges). When a supply count is

requested, the MVS uses XML messaging to determine the type of the supply tray

and whether it is being held by the SNS (Fig. 3.21) or by the fast cache (Fig. 3.22).

Using this available information increases the speed and reliability of the supply

count by the MVS.

Because trays appear in different poses relative to the camera, the counting

processing is divided into two stages: tray localization (determining the pose of the

tray), and supply count (counting the number of supplies in that tray).

The first stage, tray localization, is facilitated by means of three purple fiducial

marks on the end-effector that holds the tray (the gripper of the SNS or each tray-

capture mechanism of the fast cache). Distinguishing these fiducial marks from all

other marks in the image is performed by means of a “pixel screener” – a software

program that examines all the pixels in the image and selects those whose color is

sufficiently close to the color (purple) of the fiducial marks. These pixels are then

merged into three separate “blobs” that represent the fiducial marks.

The second processing stage, supply count, consists of two steps: (1) registration

of a unique set of slot masks onto the tray image, and (2) counting the supplies in that

tray. The mask used in the first step is the image of a tray slot viewed normally. For

each tray type there is a unique set of polygons that contains images of standard tray

slots and ignores extraneous images. There is a one-to-one correspondence between

the poses of the tray slots and those of the fiducial marks. An affine transformation

based on this correspondence aligns the masks with images of the slots of the tray

Fig. 3.20 X-ray tomographic reconstruction of torso phantom: (a) slice centered on spine; (b)

slice centered on lungs
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type being examined. This alignment enables the software to handle variation in tray

pose caused by tray rotation (around its normal), translation, or both.

The second step of this stage uses a pixel screener, unique to a given supply type,

to determine if each slot contains that supply. The screener identifies pixels that can

belong to the supply’s image. Referring to Fig. 3.22, the images of some supplies,

such as the sponges, are white on a black tray background; others, such as the

sutures and ties, have a white tray background. For these supply types, a screener

based on brightness is employed to distinguish between white and black pixels. For

other supply types, a hue-based pixel screener is employed to select only pixels

whose colors are absent in the image of an empty tray. Such hue-based screener

Fig. 3.21 Suture supply tray, held by an SNS gripper with three purple fiducial marks

Fig. 3.22 Four supply trays, each held by a capture mechanism with three purple fiducial marks,

in the fast cache
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works well for a tray containing a shunt kit, which consists of a blue shunt tube and

two yellow vascular clamps. The screened pixels are then merged into blobs, with

the further restriction that there can be only one blob per mask and vice versa. A set

of algorithms measures the blob dimensions and counts only the blobs that fit into

an empirically determined range of lengths and widths. This step rejects small blobs

resulting from shadows, specular reflection, and other spurious effects. The number

of acceptable blobs is then reported as the supply count.

The entire supply counting process (receiving the request for a count, querying

other subsystems for the tray type, localizing the tray in the image, and counting the

supplies) is currently completed in 0.52 s or less.

The hardware used for supply counting is a FireWire digital camera (Fire-i™
Board Digital Camera from Unibrain, Inc.). This camera provides industrial quality

uncompressed VGA resolution video. A 25 mm telephoto lens is used with this

camera to provide the appropriate field of view. The software, written mostly in

Java, includes a custom FireWire camera driver.

3.6.2.9 Resource Monitoring Subsystem (RMS)

The RMS, developed by the University of Maryland, automatically records the vast

amount of clinical protocols generated in the TP system. The RMS task in Phase I

addresses procedural and nursing documentation. Based on interviews with military

medics and surgical specialists, we learned that clinical documentation for patients

moving from one level of care to another is a critical and often challenging task.

With this in mind, we employed a trauma flow sheet – a context-aware preoperative
information record that automates the creation and processing of care documenta-

tion used by civilians and the military. This trauma flow sheet was extracted from

the Advanced Trauma Life Support Manual, generated by the Committee on

Trauma, American College of Surgeons. This digitized document and the underly-

ing information system constitute the Medical Encounter Record (MER) compo-

nent of the RMS.

The MER monitors and records significant clinical events within the TP, includ-

ing event times, surgical procedures (e.g., incision, debridement, placement of

shunts, and closure), medications, fluids, and other clinical inputs. In addition, the

MER also monitors supply and instrument usage, and assists in the final counts of

items used. As a trauma flow sheet, the MER is also used to record pre-TP events,

such as initial assessment data from medics, and to display personal data, including

medical history. The MER uses XML standards and is designed to be compatible

with the Armed Forces Health Longitudinal Technology Application.

Figure 3.23 illustrates an intraoperative MER display, one of four primary

displays available to medical personnel. This display includes events and their

times during resuscitation and stabilization procedures inside the TP.

TheMER records significant medical data and video streams and correlates them

with a higher-level surgery model. We anticipate that the TP system will have a

library of clinical models for the most frequently encountered trauma events on the
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battlefield, and will correlate each event to the proper model. Low-level data

streams will provide basic context information, including medical staff, devices,

instruments, supplies, and medications. Patient-monitoring systems and sensors,

such as anesthesia machines and pulse oximeters, will provide continuous streams

of physiological data. These low-level data streams are processed by an engine that

generates higher-level primitive events, such as a patient entering Trauma Pod or

the beginning of intubation. A hierarchical knowledge-based event-detection sys-

tem correlates patient data, primitive events, and workflow data to infer high-level

events, such as onset of anesthesia and the beginning of surgery. The processing

engine used in the MER is based on the TelegraphCQ software, developed at UC

Berkeley, and is particularly suited for continual queries over a large number of

data streams. The MER rules engine includes algorithms that analyze physiological

data in creating event correlations, such medication effects on heart rate and blood

pressure. For Phase I, the latter physiological parameters were extracted from

mannequin-based trauma training systems used by the Air Force.

3.6.2.10 Simulator (SIM)

The SIM subsystem, developed by the University of Texas, generates a high fidelity

3D display of the TP, and provides real-time animation of the TP subsystems based

on sensory data. The SIM objectives were to provide (1) means for emulating

integrated subsystems in the early stages of the TP development, (2) simulated

stereoscopic video feedback to the surgeon in the absence of a phantom patient, (3)

assistance in the workspace and layout analysis of the TP, and (4) a 3D view of all

Fig. 3.23 Medical encounter record (MER) display
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the subsystems during a TP operation. Specific requirements for the SIM were: (1)

high fidelity 3D graphical view based on CAD models of the subsystems, (2)

graphics update rate of 30 Hz with stereoscopic output, (3) multiple camera

views, (4) high fidelity collision detection, and (5) real-time model update based

on sensory data from various TP subsystems.

3.6.2.11 User Interface Subsystem (UIS)

The UIS, developed by SRI International, provides the surgeon with the tools and

information required to interact with the TP system in a natural manner. We assume

that the user (1) is a qualified surgeon, (2) has been trained to operate the TP system,

and (3) speaks English clearly. The UIS is specific to a surgeon; a separate

subsystem-management interface is provided for a system administrator. The UIS

presents the surgeon with the information needed to conduct surgery and provides

visual, verbal, aural, and gesture-based interfaces between the surgeon and the

TP system.

The primary function of the visual interface (see Fig. 3.24) is to provide a 3D

view of the surgical site. The TP system uses standard da Vinci video hardware to

generate this view. The view is augmented with icons and text to provide supporting

information regarding the status of the TP system. There is also a task list showing

current and pending system tasks (supply deliveries and tool changes). An inven-

tory list of tools and supplies can be displayed for specific locations (the

corresponding subsystem, the patient, and the waste container). Icons cue the

surgeon when the TP system is ready to swap a tool or to move a tray of supplies

into the surgical zone. Animated simulation of the system can be displayed as a

picture-on-picture, informing the surgeon of the robot status and activity.

The verbal interface provides the sole means for the surgeon to issue system

commands. It uses Dynaspeak® (a high-accuracy, speaker-independent speech-

recognition program developed at SRI International) to translate spoken commands

into internal text strings, which are then analyzed and acted upon. For example,

when the surgeon says “long tip right,” Dynaspeak recognizes the spoken command

and translates it into the string “deliver long tip forceps to right.” The UIS program

analyzes that string and issues an Execute-Task command to the SCS, directing it to

add that tool change to the task queue.

The aural interface augments the visual cues by providing audible cues and

information to the surgeon. For example, when the SNS is ready to move a tray

from the wait zone to the surgical zone, the aural interface announces “the tray is

ready.” This interface also audibly alerts the surgeon to error conditions, and

audibly responds to inventory queries by the surgeon (e.g., “how many sutures

are in the patient?”). The audible information enhances the UIS, but is not essential;

a deaf surgeon could use the UIS successfully.

The gesture-based interface performs tool change automatically during surgery

to relieve the surgeon from teleoperating this task and to perform it faster and more
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safely. The surgeon “gestures” to the system that a tool, currently held by one of the

da Vince arms, should be changed by teleoperating the tip of that tool to a prescribed

safe location. Consequently, the surgeon loses control of the affected da Vinci

arm and the following actions are performed automatically: (1) the affected da

Vinci arm moves the tool to a pose reachable by the SNS; (2) the SNS approaches

that pose with a new tool, performs a tool change, and withdraws; and (3) the da

Vinci arm moves the new tool tip back to the prescribed safe location. At this point,

full control is restored to the surgeon, who then continues with the surgery.

3.6.3 Results

Although automatic tool changes and parts dispensing are performed regularly in

industrial environments, this is the first time it has been designed to work in a

surgical environment. Such an environment presented unique challenges and

approaches which are described below.

A complete demonstration of a bowel closure and placement of a shunt on a

phantom was successfully conducted on the system, without the need for human

assistance during the procedure. The surgeon was observed and interviewed at

the end of the procedure to determine the effectiveness of the user interface. Timing

measurements were performed throughout the operation and are reported in

this section.

Fig. 3.24 User interface subsystem display (showing all available icons)

62 P. Garcia



3.6.3.1 Challenges and Approaches for the Design of the System

l Supply Delivery. Challenge: The supply dispenser needs to be able to store

sterile surgical supplies, inexpensively packaged to be opened and handled by a

robotic manipulator. Approach: Designed custom thermoformed supply trays

which were sealed sterile in continuous strips and could be opened when pulled

by the robot
l User Interface. Challenge: The surgeon is primarily controlling a teleoperated

robot but needs to command the assistance of autonomous robots to complete

supply and tool changing tasks. Since both hands are occupied performing

surgical tasks, a unique interface is required to control the system without

causing a cognitive overload. Approach: Designed interface to operate with

speech gestures and graphics, without distracting the surgeon from the surgical

tasks. Unique protocols were developed to coordinate the interaction between

the teleoperated surgical robot and the autonomous robot supporting it (changing

tools and dispensing supplies). A supervisory system monitored and prevented

impending collisions between manipulators.
l Tracking of Tools and Supplies. Challenge: Tracking of all supplies, tools and

events are an essential part of the surgical process. At the end of the procedure no

supplies should be left inside the patient and a patient record should be gener-

ated. Approach: Developed an information system capable of tracking the traffic

of all the supplies and tools in the surgical cell, as well as automatically

recording key sequences of events relevant to the medical record
l Tool Change. Challenge: The design nature of the surgical robot makes it very

compliant and tool changes are complicated by the uncertainty on the position of

the arms and the deflections induced when contacted by another robot.

Approach: Designed an autoloader on the surgical arm, capable of loading

tools gently placed in the proximity of the arm.
l Collision Avoidance. Challenge: All the robots physically converge on a very

small space at the surgical site where good visualization is essential. Approach:
Designed distal end effectors to be slim and tightly coordinate the interaction

between the robots in this space.
l Subsystems Interfaces. Challenge: Although all subsystems need to interact for

a surgical task, they are likely to be designed as stand-alone units compatible

with humans, rather than part of a large tightly coupled system. Approach:
Designed a flexible architecture, where subsystems are loosely coupled and

communicate through high-level interfaces that could be turned into interfaces

with human operators. This approach allows the system to function when one or

several of the systems are not available, but a human is.
l Error Handling. Challenge: Errors will occur during the surgical procedure and

need to be addressed. Approach: Developed methods for detecting errors in the

system operation and for recovering from these errors effectively.
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3.6.3.2 Observations and Measurements

A complete demonstration of a bowel closure and placement of a shunt on a

phantom was successfully conducted on the system, without the need for human

assistance during the procedure. The procedure lasted 30 min and was conducted by

a surgeon with prior training in the system.

The average time involved in delivering a supply, including depackaging, was

12.7 s with standard deviation of 1 s. The average time involved in changing a tool

was 14 s with a standard deviation of 0.4 s. As a point of reference, a typical time

required by a human operator to change a tool is about 30 s.

The user interface was very effective in controlling the system, requiring no

interventions from the user administrator to complete the procedure. The surgeon

was able to conduct the operation smoothly and without delays or interruptions in

the flow of the procedure. The interaction with the system felt natural to the surgeon

allowing him to concentrate on the surgical tasks.

The ability of the system to queue up several commands was important to avoid

interruptions during multiple tool changes or supply deliveries. In the cases where a

speech command was not understood by the system the surgeon would get notified

to repeat the command. In a few cases the surgeon had to repeat a gesture when

interacting with the scrub nurse robot. The small workspace of the surgical robot

was a limiting factor when exchanging supplies with the scrub nurse because the

view of the surgical site was temporarily blocked.

The count at the end of the procedure was accurate. An automatic video record

was generated, time stamped and indexed with the commands issued by the surgeon

during the operation.

From the point of view of an observer, the surgical procedure developed

a rhythm, similar to what a well trained surgical team is able to accomplish in a

surgical suite. Requests were typically issued once without interrupting the proce-

dure and the tasks being conducted by the surgeon had continuity and flow.

3.6.4 Lessons Learnt from Trauma Pod

The goal of this research was to verify the feasibility of remotely conducting a

robotic surgical operation, with minimum medical personnel in the surgical site.

In Phase I of this research, we have demonstrated the feasibility of conducting

simple robotic surgical operations by a remote (human) surgeon and the feasibility

of using a robot to automatically change tools and dispense supplies (tasks that are

currently performed by a scrub nurse and a circulating nurse).

In the process of developing the TP system, we have learnt the following: (1)

Diagnostics and Error Recovery – The system diagnostics and error recovery will

require the intervention of a system administrator who can operate the system

remotely in a manual mode. It is important that the system administrator have

the appropriate system granularity and the necessary means for teleoperating
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subsystems to recover from errors. (2) Interfaces – Defining flexible software and

hardware interfaces proved critical for achieving overall system integration

and allows using subsystems as stand-alone units (3) Surgical Robot Workspace –
Extending the workspace of the surgical robot beyond the surgical site can amelio-

rate collision avoidance and may even allow the surgical robot to change tools and

acquire supplies by itself. (4) Number of Robots – Multiple robots are required to

execute or assist in a wide variety of surgical tasks. However, the presence of

multiple robots near each other exacerbates the problem of collision avoidance and

exponentially increases the complexity of the tasks. (5) Integrated Information
Environment – Digitizing all the information in the operating and integrating it in

some powerful opportunities to automatically correlate data from different sources,

such as the vital signs and sequence of events conducted by the surgeon or the

anesthesiologist.

Beyond these lessons, there are several issues that need to be resolved before we

can perform robotic trauma surgery safely and effectively: (1) Sterilization –

Cleaning and disinfecting provisions must be incorporated into every subsystem.

(2) Surgical Capabilities – In order to perform a full surgical procedure, the system

must be capable of additional surgical capabilities, such as dissection, as well as

integration with the imaging system to perform image guided procedures (3) TP
footprint – Although the current TP workspace fits an ISO container (2.4 � 2.8 �
12.1 m), we anticipate that this size will have to be decreased for a system

deployable in a remote location (4) Integrate Anesthesia – Anesthesia needs to be

an integral part of the TP system, including the ability to apply intubations and IV

lines. (5) Robustness – A complex system has many potential failure modes;

decreasing the failure rate and handling error recovery fast and safely are critical

issues that need to be addressed to achieve system robustness.

In conclusion, we have developed and demonstrated a robotic system that can

perform some surgical procedures controlled by a remote surgeon and assisted by

an autonomous robot that can change tools and dispense supplies faster and more

precisely than human nurses can. We have also demonstrated the feasibility of

designing an imaging system compatible with the robotic platform. Future integra-

tion of the robotic manipulators with the imaging systems and other sensory

technologies will augment what a human surgical team can accomplish.

An integrated system in which all the information, manipulation, and imaging

technologies are combined effectively may render significant benefits to the current

surgical practice in the field.

3.6.5 Future Vision for Trauma Pod

The ultimate goal of the Trauma Pod system is twofold: (1) produce a rapidly

deployable system, capable of performing critical diagnostic and life-saving

procedures on the seriously wounded; (2) provide a flexible platform into which

new life-saving technologies can be integrated as they emerge from research and
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development. The TP damage-control interventions will be more invasive and

effective than currently available first-aid treatments, and will provide medically

necessary measures to allow the wounded to survive evacuation to a site where

conventional medical care is provided. The ultimate vision is to provide a system

that can perform critical life-saving procedures with the assistance of a corpsman

who lacks a high level of medical training. Tasks that require a high level of medical

skill will bemade as autonomous as permitted by the specific condition of the patient

and the complexity of the procedure involved. A remotely located surgeon or

intensivist will be able to take control of the system at any point to perform tasks

that cannot be automated or executed without their involvement. The interventions

performed by the system will involve procedures that preserve life and limb, such as

establishing an airway, ventilating the patient, establishing intravenous or intraoss-

eous access for delivery of fluids andmedications, performing procedures to achieve

hemostasis in non-compressible wounds, manipulating damaged tissues, and

providing remote vital signs monitoring. The TP will be used when the timely

deployment of skilled medical personnel is not possible or too risky and the patient

cannot be evacuated quickly enough to an appropriate medical facility. The TP will

be capable of deployment by air, land, or sea, and will function both at the scene on

injury and during transport of casualties to a medical facility.

We envision the TP-2 system to consist of three units, which function together

or separately: the Imaging Unit, the Procedure Unit, and the Life-Support Unit.

A Control Station, located remotely and operated by a medical team, is used to

interact with all three units.

Figure 3.25 illustrates the high level architecture for the TP-2 system with its

main components and human players. The three units interface with the patient to

retrieve diagnostics information and provide life-saving procedures, and are

assisted by a corpsman located with the patient. The TP-2 system interacts with a

remote physician through a remote interface that presents information and accepts

commands. A high level local interface interprets information and presents the

result of this automatic interpretation to the corpsman who can then act without

needing the specialized medical skills of the remote physician. For example, to

verify the airway control has been correctly established, an easily interpreted

Fig. 3.25 TP-2 high level architecture
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indication of airway patency will be provided, rather than the CO2 curve typically

viewed and interpreted by an anesthesiologist in the OR. The goal is to conduct

many procedures autonomously with the TP-2 system, requiring only the occa-

sional assistance of a corpsman. For certain diagnostics, complex procedures, or

difficult cases, a remote physician will be able to take control and interact with the

patient through teleoperation. The autonomous capabilities of the system will make

it less susceptible to interruptions in communication and will allow handling of

mass casualties more effectively. In the case of mass casualties, a small remote

medical team will be able to attend to many patients since each TP system will

require only occasional interaction.

3.7 Conclusions

Improvements in the medical care provided to wounded soldiers in recent conflicts

have saved many lives. Rapid evacuation to treatment in forward facilities coupled

with the use of Critical Air Transport Teams for care en route to level four medical

facilities have contributed to the reduction in casualties. However, the availability

and appropriateness of such medical care is dependent on the specifics of the

conflict, and varies over time.

Widespread use of improved body armor has changed the nature of battlefield

injury for coalition forces. Most preventable combat deaths now occur in the first

minutes after injury, from rapid blood loss and shock due to severing of major

vessels by projectiles, or from uncompressible extremity injuries caused by impro-

vised explosive device detonation. Some of these deaths can be avoided by con-

ducting a limited set of medical procedures at the scene of the injury and during

initial evacuation – procedures currently beyond the capabilities of the battlefield

medic, focused on improving the survival of the wounded during evacuation. Head

trauma remains a significant problem, and early diagnosis of head injury for

planning evacuation to appropriate treatment is needed.

Life-saving treatment in the combat zone requires the skill and judgment of the

trauma surgeon. Fast and accurate triage, initial diagnosis of injuries, and stabiliza-

tion procedures can all be accomplished remotely through advanced communica-

tion, telerobotic and robotic technologies. These technologies electronically project

the specialized skills of the clinician to wherever there are wounded.

New technologies to perform diagnosis and deliver therapies can force multiply

the effectiveness of medical teams in the field. Each technology opens up new

opportunities to improve the quality of care delivered to injured patients and

simplify the logistics of setting up a medical system in the field. The summary

provided in this chapter provides a glimpse on what is being done by the research

community and what is being used currently in the field. As some of these

technologies mature and the military digital telecommunications infrastructure

develop, more capabilities will be available to provide a medical system in which

the quality of care does not depend on where a patient is treated.
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Chapter 4

Overcoming Barriers to Wider Adoption

of Mobile Telerobotic Surgery: Engineering,

Clinical and Business Challenges

Charles R. Doarn and Gerald R. Moses

Abstract Advances in technology yield many benefits to our daily lives. Our ability

to integrate robotics, telecommunications, information systems and surgical tools into

a common platform has created new approaches in utilizing less invasive means to

treat both common and more complex disease states. A significant amount of invest-

ment has been made both from government funding and private sector or commercial

funding in the research and development of systems in the area of robotic surgery and

the application of telesurgery; and this has led to the development of clinically-

relevant distribution of surgical expertise using a surgical robot and telecommunica-

tion link. This has predominately been in support of government-funded activities.

While early work by Jacques Marescaux in Operation Lindberg and the extensive

research performed using Intuitive Surgical’s da Vinci, SRI’s M7 and the University

ofWashington’s Raven has shown tremendous promise in surgical care, there remains

a variety of barriers to wider adoption of telerobotic surgery. These barriers are

multidisciplinary and often interdisciplinary. Widespread application of telesurgery

as a medical force multiplier depends upon resolution of these barriers, which include

bandwidth, latency, quality of service (QoS), research, and reimbursement. The

following summarizes how telesurgery has developed, what the challenges are and

how they are being ameliorated for wider adoption.

4.1 Introduction

Over the last 20 years tremendous strides have been made in utilizing less invasive

means to treat both common and more complex disease states. Armed with

continued advances in technology, surgery has seen the widespread application

of laparoscopic surgery and the introduction of robotic surgery. As recent as a
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few decades ago, leading figures in surgery disregarded the possibility that now

exists – clinically relevant distribution of surgical expertise using a surgical robot

and telecommunication link.

Integrating robotic systems, or more correctly, telemanipulation systems, in the

practice of surgery, permits the surgeon to perform surgery from the patient’s bedside

or a distant location. Linking robotics used in surgery with communications – robotic

telesurgery – has been shown to be possible and effective [1, 2]. This was first

demonstrated in 2001 by Dr. Jacques Marescaux during Operation Lindbergh. He

operated on a patient in France while he was in New York City [3]. Telesurgery has

been subsequently developed through a robust international research effort. Telesur-

gical systems have also been used to mentor and proctor complex surgeries.

Much of the research that has been accomplished in the area of telesurgery has

been funded by the United States Army’s Telemedicine and Advanced Technology

Research Center (TATRC). This research spans a variety of extreme environments

and a variety of systems, including the Defense Advanced Research Project Agency

[DARPA] – funded Trauma Pod (managed by TATRC), Intuitive Surgical’s da

Vinci Surgical System, SRI’s M-7, and the University of Washington’s RAVEN.

There is continued interest in telesurgical capabilities that can deliver damage

control and surgical subspecialty care throughout roles of care.

Widespread application of telesurgery as a medical force multiplier depends

upon resolution of various challenges that include bandwidth, latency, quality of

service (QoS), research, and reimbursement.

4.2 Definitions

Telesurgery can be defined in many ways and by many different people. Simply

put its root words come from Greek words ‘tele’ – meaning far off and ‘cheiourgia’,

which means working by hand. Today, telesurgery incorporates a wide variety of

technologies, which often trump one another regarding definition. For example, in

the mid 1990s, telemanipulators and telesurgery were used to describe the transla-

tion of hand movements from a master controller to end effectors on a slave a short

distance away, perhaps 5 m via a hard-wired connection.

We define telesurgery as the ability to use information technology, telecommu-

nications, and robotic systems to enable surgical intervention, where surgeon and

patient are separated by a distance. Furthermore, it can also be used to describe

educational and professional assessment techniques, surgical discussion among

remote participants, and surgery using telemanipulation and telepresence. Telesur-

gery includes information technology, telecommunications and surgery. Other

related terms include:

l Teleconsultation – clinical consultation where clinician and patient are separated
by some distance

l Telementoring – a clinician or care giver is mentored from a distant site by a

subject matter expert (SME)
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l Telepresence – the manipulation of a device at a distant site in a manner that

mimics a human is present
l Telemedicine – application of telecommunications in the delivery of healthcare
l Surgical robot – a powered, computer-controlled manipulator with artificial

sensing that can be programmed to move and position tools to carry out a

wide range of surgical tasks (telemanipulator)
l Telesurgery – remotely performed surgery through combined use of telecom-

munications and a surgical robot
l Distributed – Any system or component data set that is parsed out to various

other systems or devices
l Telesurgical – A surgical system, usually robotic, that can be manipulated from

a distant site
l Shared Control – A system that an individual operates while providing feedback

on performance and stability.

4.2.1 Telepresence

Telepresence is a human/machine interface where by the human uses displays and

a computer interface to interact with objects and people at a remote site as if

physically located at the remote site. It is a sophisticated robotic remote control

in which the user operates within a relative virtual reality environment. This has

been used extensively in planetary exploration, undersea exploration/operations,

military operations, and a host of other applications.

Telepresence surgery offers the expertise for those infrequently performed and

technically-demanding procedures. It also offers a solution to surgical manpower

shortages in remote and underserved areas. Perhaps, this would lead to improve-

ments in outcomes and over time a decrease in overall costs.

4.2.2 Telementoring

Telementoring is the real-time interactive teaching of techniques by an expert

surgeon or other subject matter expert (SME) to a student separated by some

distance. Current proctoring and precepting have always been difficult to imple-

ment. They have been thought of as an inefficient use of expert surgeons’ time.

Initial studies investigated telementoring from an adjacent room and from the

separate building with the same institution. These studies found that there was not a

statistically significant difference in outcomes. Initially, groups used two way and

live video feeds to provide for adequate experience.

A number of groups have demonstrated the safety and feasibility of telementor-

ing across long distances. Telementoring of advanced laparoscopic procedures has
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been performed from the U.S. to a number of international locations, including

Ecuador, Austria, Italy, Singapore, Thailand, and Brazil. These experiences show

feasibility of international telementoring from large academic centers to large urban

centers within other countries. Telementoring has also demonstrated to climbers at

base camp of Mt. Everest for ophthalmological examination. Recently, several

groups have demonstrated the utility of telementoring between large academic

centers and community-based centers.

Dr. Mehran Anvari and his group at the Centre for Minimal Access Surgery

(CMAS) in Hamilton, Ontario established a Surgical Support Network on the Bell

Canada Multiprotocol Label Switching (MPLS) VPN in 2002 [1]. The network

provided telementoring support over a distance of more than 400 km for community

surgeons with minimal laparoscopic experience. The network has allowed for the

successful performance of advanced laparoscopic procedures without the high rate

of complications frequently reported during the learning curve for laparoscopic

procedures.

To be highly effective and engaging, telementoring usually requires high-

bandwidth telecommunications, which provide lower latency and quality of service

(QoS) as well as enhanced image quality and reduced background noise. Although

high-bandwidth connections are essential, Broderick et al., demonstrated that low-

bandwidth connections could successfully be used to transmit video. This was true

only if the camera movements were slow in order to maintain image quality.

Because many remote locations and developing countries do not have access to

the latest technologies, flexible scalable low bandwidth solutions are crucial to

widespread adoption of telementoring and telesurgery.

In October 2001, the FDA approved CMI’s Socrates, the first robotic

telemedicine device. Socrates was designed to facilitate telementoring. It allowed

the telementor to connect with an operating room and share audio and video signals.

Socrates was equipped with a telestrator that annotated anatomy for surgical instruc-

tion. Initially, the systems used Integrated Services Digital Network (ISDN). Early

interactions between CMI and researchers at NASA’s Commercial Space Center –

Medical Informatics and Technology Applications Consortium (MITAC) in Rich-

mond, VA led to a transition to Transfer Control Protocol/Internet Protocol (TCP/

IP). This permitted the Zeus to be controlled from a remote site. It also permitted the

development of the wirelessly-controlled RP-7 robot by InTouch.

The use of the Internet increases the flexibility and scalability of telementoring

and telesurgery when compared to a dedicated VPN or other proprietary commu-

nications link.

4.3 The Rise of Telesurgical Robotic Systems

During the twentieth century, advances such as informatics, telecommunications,

computers, and robotics have ushered in profound changes in medical practice

and laid the foundation for great advancements in surgical therapies such as
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laparoscopy. This was largely due to advances in video technology. With the

development of improved video technology, laparoscopy slowly gained acceptance.

By the mid 1990s, a minimally invasive surgery (MIS) revolution was underway.

MIS was proven to be efficacious, cost-effective, and of great benefit to the patient.

However, limitations in MIS, including 2D imaging, decreased range of motion

four degrees of freedom [DOF], tremor, and poor ergonomics, posed challenges to

surgeons. Although some of these limitations can be overcome through training and

experience, unmet needs led to innovation and introduction of robotics into the

practice of surgery.

Surgical telemanipulation systems such as Intuitive Surgical’s da Vinci Surgical

System® (Sunnyvale, CA) have had significant impact in patient care [4]. Such

systems are often referred to as surgical robots. Currently, telemanipulator systems

have no autonomous component, and therefore, ‘robotics’ is a misnomer. However,

increasing automation suggest that the concept of ‘robotics’ is becoming increas-

ingly more relevant. The da Vinci currently provides 3D imaging, as well as

improved dexterity via 6 DOF, tremor reduction, and an ergonomic work station.

Robotic surgery systems have been commercially available since the early

1990s. Much of the technologies used in these systems were developed through

government initiatives over the past three decades. The Defense Advanced

Research Project Agency (DARPA) and the National Aeronautics and Space

Administration (NASA) played a key role in the development of surgical robotics.

DARPA’s work led to Intuitive Surgical’s da Vinci Surgical System® and NASA-

funded research led to Computer Motion’s Zeus platform. These systems permit a

surgeon to manipulate tissue where patient and surgeon are separated by some

distance. Both of these platforms have played key roles in telesurgery.

Discovery and innovation have been enhanced through mutually beneficial

collaboration with government, academia and industry. These relationships have

proven critical in the development of telesurgery.

“Surgical robots” are powered, computer-controlled manipulators with artificial

sensing that can be programmed to move and position tools to carry out a wide range

of surgical tasks. The current clinically-used surgical robot is not a smart medical

system. The term “surgical robot” is a misnomer as the da Vinci is without signifi-

cant task automation, and therefore, is properly described as a telemanipulator.

Surgical robots were proposed in the late Twentieth Century as a means to

enable performance of complex surgical procedures, improve quality of surgical

care, and permit telesurgery. Research and development began with NASA funding

of Computer Motion, Inc (CMI) and DARPA funding of SRI International. SRI

International developed the M7 telesurgical system and licensed the minimally

invasive component of this research to Intuitive Surgical. CMI and Intuitive

Surgical, Inc. waged legal battles regarding intellectual property contained within

the Zeus (CMI, Goleta, CA) and the da Vinci systems until they merged in 2004.

Since the merger, clinical use of the da Vinci has grown remarkably. There are over

1,000 da Vinci systems worldwide and these have been used to perform approxi-

mately 80,000 operations in 2008. The Zeus is no longer commercially available or

supported technically.
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Robotic systems were designed to address the current limitations evident in

laparoscopic surgery, namely decreased range of freedom, tremor, 2D imaging, and

fatigue. The earliest systems developed were to hold a camera or mill bone and not

the multi-arm units that are currently being used. Engineers that first addressed and

designed early robotic systems borrowed heavily from the robotic arm used by

NASA on board the U.S. Space Shuttle. The first systems were mere modifications

in fact and were used to introduce a stable camera platform.

The first robot approved for clinical use by the U.S. Food and Drug Administration

(FDA) was in 1994. It was CMI’s Automated Endoscopic System for Optimal

Positioning (AESOP). When it was first introduced, the robotic arm was controlled

either manually or remotely by a foot peddle or hand control. It was later modified to

allow for voice control. The robot attached to the side of the operating table and had a

multitude of adapters to allow for any rigid scope to be placed. Various groups

conducted studies comparing the AESOP versus the surgical assistant, and found

that the AESOP could adequately replace the need for a surgical assistant. It was

postulated that the system could offer a cost saving advantage to hospitals.

Although AESOP was found to have some benefit, there were a number of

limitations. The robot required certain modifications to accommodate the surgeon’s

operating style, and most surgeons were reluctant to change their way of operating.

In medical centers where surgical residents were present, it was felt that there would

be no clear cut cost benefit and there could be a detriment to surgical training.

The next generation systems were master – slave telemanipulators between the

surgeon and the patient-side robot. Two systems that were approved by the FDA for

clinical applications were the da Vinci and Zeus.

In the early 1990’s, DARPA funded SRI to develop a surgical system for

deployment on the battlefield to support trauma. This led SRI to the development

of technologies that were eventually licensed to Intuitive Surgical, resulting in the

development of the da Vinci. The da Vinci is an MIS robot comprised of three

components – a master, a slave, and control tower. The surgeon sits the master, an

ergonomic workstation, equipped with stereo video both providing observation of

the surgical site. The master also has hand controllers, which translate hand and

wrist movement to the end effectors. The master controls the slave system. The

tower houses the video equipment and the insufflator. The slave has three or four

arms. The central arm holds the camera and a variety of laparoscopic instruments

(end effectors) are held by the other arms.

These instruments are equipped with an EndoWrist®, articulated tips of the

instruments that provide 7 DOF. This permits more dexterous movement in surgical

tasks such as dissecting and suturing. The da Vinci also offers excellent 3D

imaging. The standard scope passes through a 12 mm trocar and the surgical

instruments pass through 8 mm trocars. The instruments on the da Vinci model

available in the U.S. are partially reusable and allow for a predetermined number of

uses (ten for human use, 30 for research), requiring replacement. Development is

underway to decrease the diameter of the instrument shaft and make them flexible

(snake like) to achieve 5 mm in size. The slave is a large, heavy unit which sits next

to the patient bed side. It is not attached to the patient bed.
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The Zeus robotic surgery platform joined a family of systems from CMI

including the AESOP robotic scope manipulator. In the Zeus platform, the

AESOP is used as the camera, and two additional units similar to the AESOP are

used to grasp the surgical instruments. The three units are attached to the operating

table independently. The surgeon is seated at an ergonomic work station. Similar to

the da Vinci, the end effectors articulate. The egg-shaped controllers are not as

intuitive or easy to use as the da Vinci controllers. The camera is voice-controlled

and in order to see the 3D image projected on a single screen, special polarized

glasses must be worn. The control and quality of the images are not as good as those

within the da Vinci.

Although each platform had telecommunication capabilities, the Zeus was

initially adapted for long distance transmission of video and robotic control data.

Through TATRC-funded research with Intuitive Surgical, the da Vinci Classic (first

generation) system was modified in this way. The da Vinci platform required an

extensive reconfiguration and temporary replacement of computer boards in the

control system. This in part resulted in a new design for the da Vinci Si, which is

more robust and does not require additional telecommunication modification for

telesurgery. The latest version of this system, the da Vinci Si, has a dual console for

telementoring, collaboration, and education. This capability is a result of collabo-

rative research with academia, industry, and the U.S. Army’s Telemedicine and

Advanced Technology Research Center (TATRC).

4.3.1 Development of Telesurgery

Initially, NASA and Department of Defense (DoD) research focused on telesurgery.

Telesurgery is defined as remote surgical care provided through combined use of a

telecommunication link and a surgical telemanipulator. In September 2001, the first

successful telesurgery occurred when Dr. Marescaux controlled a Zeus robot from

New York City to remove a gallbladder of a patient in Strasbourg, France over an

8 Megabit per second (Mbps), 155 ms latency, fiber optic network. In 2003,

Dr. Mehran Anvari controlled a Zeus robot in Hamilton, Ontario to perform 25

complex laparoscopic procedures in patients in North Bay, Ontario over a 45 Mbps,

144 ms Bell Canada virtual private network (VPN).

Through a series of TATRC-funded research grants, telesurgery research and

development shifted to other telesurgical systems: the da Vinci Classic, SRI Inter-

national’s M7, the University of Washington’s BioRobotics Laboratory (BRL)

RAVEN, and the University of Nebraska’s ‘In Vivo’ Surgical Robots. Initially,

researchers performed the first da Vinci telesurgery over the public Internet in

March 2005. This was collaborative telesurgery in which surgeons at two physi-

cally separated sites simultaneously operated on a pig. Subsequently, University of

Cincinnati and University of Washington researchers deployed the smaller, lighter

weight RAVEN in the desert to perform mobile robotic telesurgery in May 2006.
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To overcome satellite communication latency, they successfully used a small

Unmanned Airborne Vehicle (UAV)-based communication platform.

Development and evaluation of surgical robotic technology for use in extreme

environments began in 2004. Through a TATRC-funded grant, during the NASA

Extreme Environment Mission Operations (NEEMO) 7 mission, researchers

discovered that the Zeus robot was too large for deployment and use within the

confined undersea Aquarius habitat. In the 2006 NEEMO 9 mission, the M7 was

deployed in the operationally relevant analog Aquarius and simulated lunar tele-

surgery was performed. In the 2007 NEEMO 12 mission, the M7 was deployed in

Aquarius and autonomously inserted a needle into a simulated blood vessel. In the

2007 NASA C-9 parabolic flight experiments, the M7 was proven flight worthy and

demonstrated that acceleration compensation facilitates robotic suturing of

simulated tissue during flight.

The initial DARPA investment in telesurgical systems led to the M7 and the da

Vinci systems.DARPA recently invested in autonomous, deployable surgical robotics

in the Trauma Pod program. The Phase I Trauma Pod program successfully developed

semi-autonomous mobile platforms through the integration of telerobotic and auto-

mated robotic medical systems. The initial phase included automated functions typi-

cally performed by the scrub nurse and circulating nurse; these functions are now

performed by semi-autonomous robots working in coordination with a telerobotic

surgeon. DARPA continues to consider the Phase II Trauma Pod program. The Phase

II program will develop automated robotic airway control, intravenous access, and

damage control therapy. Finally, these systems will be miniaturized and incorporated

into a tactical platform capable of operating in a battlefield environment.

4.4 Developmental Events

A series of important events transpired during the period between 2002 and 2006.

These included some important meetings; such as a research strategic planning

meeting, sponsored by TATRC in 2002 related to the Operating Room (OR) of the

Future, a workshop sponsored by the Georgetown University Medical Center in

March of 2004, entitled OR 2020, The Operating Room of the Future, and an

Integrated Research Team (IRT) meeting sponsored by TATRC in September of

2004, entitled Surgical Robotics – The Next Steps. These meetings assisted in

identifying the realm of telesurgery as a needed and important topic of advanced

technology research.

A panel of 60 national and international experts was convened to draw a

roadmap of research and funding needs related to robotic surgery. The panel

began by considering the “ideal surgical robot” and articulated a range of require-

ments needed to achieve advancements in robotic surgery. Targeted research to

validate use of the robot to improve outcomes in a specific procedure was suggested

as a means to improve acceptance and adoption of robotic surgery. Fear might

also have a role in slowing the adoption of surgical robotic technology: patients’

76 C.R. Doarn and G.R. Moses



fear of robots, surgeons’ fear of injuring patients, and hospitals’ fear of liability

should an error occur. To improve safety and quality, research should examine use

of robotic surgical data with a “no fault” policy such as used with data provided by

the “black box” used in commercial aircraft accident investigation. It was suggested

that business and legal considerations in robotic telesurgery are best pursued in

collaboration with experienced organizations such as the American Telemedicine

Association (ATA).

Lack of multi/interdisciplinary collaboration was another barrier that the group

felt could be overcome by funding specifically targeted to improve interdisciplinary

research, design and commercialization. Group members did agree that failure to

resolve intellectual property issues would impair and could potentially stop devel-

opment of robotic surgery.

The working groups concluded that funding in excess of $380M would be

required to advance robotic surgical assistants to the point of “crossing the

chasm” into early acceptance, from the perspective that we are now at the stage

of “early adopters” This places the effort in the realm of “Grand Challenges” on par

with the National Nanotechnology Initiative, where many believe it rightly belongs.

Early reports do demonstrate that these surgical robots can allow the performance

of safer, faster surgery, but the technology is tightly bound to economies of scale as

long as the current designs and poor business practices are utilized.

The primary hurdles that need to be overcome in order to even begin addressing

the roadmap include funding; the resistance of funding agencies to fund, and

academia to support, large-scale, distributed, multidisciplinary teams; the culture

and communication barriers between the disparate groups that would need to

collaborate; industry’s resistance to open architectures and large-scale collabora-

tion. The “Grand Challenge” of developing surgical robotics should begin with a

“grand” meeting where the relevant technologies, their current state, and the road-

map are described. While the IRT developed the roadmap, this meeting would

develop the policies that will allow the roadmap to move forward. Relevant federal

agencies such as NIBIB, NIH, NSF, FDA, NIST, stakeholders from industry,

academia and professional and standards organizations would come together to

address the hurdles.

4.4.1 Demonstrations of Telesurgery

In addition to convening of meetings, the DOD undertook two aggressive actions to

advance technology related to telesurgery. DARPA planned and initiated the

Trauma Pod research program to develop and demonstrate technologies that will

enable a future generation of battlefield-based unmanned medical treatment

systems. When fully developed, the Trauma Pod system will allow a human

surgeon to conduct all the required surgical procedures from a remote location

using a teleoperated system of surgical manipulators. Automated robotic systems

will provide necessary support to the surgeon to conduct all phases of the operation.
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Concurrently and separately, TATRC undertook to sponsor several research

projects on a lesser scale that collectively advanced technology for telesurgical

robotics and demonstrated the feasibility of remote telesurgery. These demonstra-

tions included the following: the conduct of the first transcontinental telesurgery in

the US, the conduct of collaborative experiments with NASA within the NASA

Extreme Environments Mission Operations (NEEMO) program, the refinement of

prototype microsurgery equipment as a model for portable surgery systems, robotic

laser tissue welding, robotic replacement for surgical scrub technicians, control of

time-delayed telesurgery, and the use of high altitude platforms for transmission of

telesurgery signals.

The importance of these demonstrations and the earlier exploratory funding

efforts lies in the attempt by DOD to motivate civilian funding institutes and other

government funding agencies to assume responsibility for supporting telesurgery as

a vital instrument of the national healthcare system. Although technical challenges

to telesurgery must be overcome, the real barriers consist of perceptions that

cultural, regulatory, reimbursement and safety issues are “too hard” to overcome.

4.5 The Current State of Telesurgery

There has been significant activity and milestones in telesurgery over the past two

decades. TATRC or other government entities have funded the majority. The

experience gained in each of these activities has yielded discovery and highlighted

specific areas where concentration of effort must take place. There have been

several earlier reported events that can be highlighted as precursors to telesurgery.

Table 4.1 highlights the activities in a timeline. The early events have been

characterized as telesurgery; they however, are considered more telemedicine.

In addition, there have been numerous meetings and workshops concerning

telesurgery that have been concomitant. This research has steadily increased our

understanding and has led to new developments and initiatives. Research

Table 4.1 Telesurgery timeline

Year Event

1964 Early bird – live surgical case observation

2001–2009 Various meetings and integrated research team initiatives

2001 Operation Lindbergh

2001–2004 Canadian telesurgery initiatives

2005–2007 DARPA trauma pod phase I

2005 NASA extreme environment mission operations (NEEMO) 7

2005 First U.S. transcontinental telesurgery – da Vinci

2006 NEEMO 9

2006 High altitude platforms for mobile robotic telesurgery (HAPsMRT)

2007 NEEMO 12
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outcomes have led to new capabilities such as Intuitive’s da Vinci Si, progressive

steps toward semi-autonomous functions, and new robust robotic platforms.

4.5.1 Early Bird

Telesurgery is not a completely novel concept. Since the development of the

telecommunication industry, medicine has willingly embraced the potential appli-

cations that it provides. In 1964, Dr. Michael DeBakey, a cardiothoracic surgeon in

Houston, Texas performed the first televised carotid endarterectomy. The surgery

was broadcast on a private network to a room of medical professionals located in

Geneva, Switzerland, while Dr. DeBakey was in the operating room at Methodist

Hospital in Houston, TX. This event marked the first medical use of America’s

first telecommunication satellite, Early Bird, launched by NASA in 1964.

4.5.2 Operation Lindbergh

September 7, 2001, marked a major milestone in telesurgery. On this date,

Professor Jacques Marescaux, Director of IRCAD/EITS in Strasbourg, France,

conducted Operation Lindbergh. This seminal event created a dedicated network

between New York City and Strasbourg, France. It was supported by French

Telecom and CMI. The Zeus TS workstation was located in New York City and

the robotic arms and patient were located in France. Dr. Marescaux and a team of

surgeons successfully performed a cholesysectomy on a 68 year old female patient.

Before proceeding, Dr. Marescaux and his group had certain challenges that

needed to be addressed. At that time no one had made an attempt to perform

telesurgery over a significant distance. The concerns focused on the reliability of

telecommunication lines and issues of latency. The feasible distance was thought to

be only a couple hundred miles.

The first series of experiments estimated the maximum time delay compatible

with the safe performance of telemanipulations at about 300 ms. They were able to

achieve a mean time delay of 155 ms over transoceanic distances using a dedicated

ATM link with bandwidth of 6–8 Mbps. This allowed the group to perform six

laparoscopic cholecystectomies on porcine without complication.

4.5.3 Canadian Efforts

In 2003, Dr. Mehran Anvari, director of McMaster University’s CMAS, performed

one of the first hospital-to-hospital procedures, a laparoscopic Nissen Fundoplica-

tion. Using the Zeus TS platform, Dr. Anvari has performed more than 20 opera-

tions to date on patients in Ontario’s North Bay located some 400 km away. CMAS
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has made the practice of telesurgery a reality. Dr. Anvari has sponsored training

from his clinical site through telementoring programs and telepresence. This work

was made possible by the favorable environment in Canada and with significant

support from McMaster University, Bell Canada, and CSA.

Dr. Anvari’s clinic in Hamilton, Ontario is connected to the facility in North Bay

through a Bell Canada-provided network with significant bandwidth (45 Mbps

MPLS VPN). The network had a measured latency of 135–104 ms. Adequate

bandwidth was dedicated to Dr. Anvari’s research and operational initiatives.

This work demonstrated that surgery in a rural center was comparable to the quality

of surgery in a large teaching facility.

Recently, the Anvari group has formed a consortium of academic and industry

partners to evaluate telementoring and telerobotic surgery to extend the reach of

surgeons at major teaching hospitals to successfully perform emergency surgical

procedures on patients in remote settings and extreme environments. Engaging the

expertise from the Canadian space technologies industry they are developing a new

class of Image-Guided Automated Robot. They plan to adapt this technology to

develop a mobile system for telementoring and telerobotic surgery through integra-

tion of wireless and satellite telecommunication, digital imaging, advanced physio-

logic sensors and robotic technologies. This creative approach may serve as a

model for others to engage industry directly in the development of telesurgery

systems.

4.5.4 NASA Extreme Environment Mission Operations

The military has a keen interest in research in extreme environments. They place

men and women in such environments. NASA has similar mission characteristics.

Through a partnership with the National Oceanic and Atmospheric Administration

(NOAA), and the University of North Carolina at Wilmington, the NEEMO Project

was established. NEEMO uses NOAA’s Aquarius habitat off the coast of Key

Largo, FL to conduct research in an extreme environment. The habitat also serves

the U.S. Navy. It serves as an ideal laboratory for evaluating technologies and

procedures for remote medical care in extreme environments (Fig. 4.1).

TATRC funded three different missions that focused on telementoring and

telesurgery. During NEEMO 7, NEEMO 9 and NEEMO 12, research on the

concepts of telesurgery and the tools – robotics and telecommunications was

conducted. A key research question for these NEEMO missions was how well an

operator could perform telerobotic surgical tasks when there is a time delay. Some

latencies of 200–500 ms can be adapted too by the user(s).

Each mission successfully evaluated evolutionary steps from telementoring to

remote control of the robotic system to semiautonomous functions. Each of these

missions was also a collaboration of the U.S. Navy and the U.S. Air Force, as well

as industry.
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Theywere relevant to themilitary in that the research identifies telecommunication

and robotic needs and limitations in this environment that can help define evol-

ving requirements. The TATRC-funded NEEMO missions served as ‘Technology

Accelerators.’

4.5.4.1 Neemo 7

The objective of this mission was to serve as a proof-of-concept for telementored

surgical care in an extreme environment.

Components of CMI’s AESOP were deployed in airtight bags/canisters and

transported through 70 feet of water to the Aquarius Habitat. Once in the habitat,

the system was set up and tested. Communications was accomplished between the

habitat and CMAS via an MPLS VPN. This connection permitted interaction

between the isolated crew (in the habitat) and a surgeon (M Anvari) located in

Canada. The telecommunications network between the NURC and the habitat was

Fig. 4.1 Aquarius Habitat on the Atlantic Ocean floor off the coast of Key Largo, Florida.

Courtesy of the U.S. Navy
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via microwave with a total bandwidth of 10–15 Mbps. The performance of the

network was characterized by a latency of 50–750 ms. There was noticeable jitter.

During this mission, Dr. Anvari mentored the crew through laparoscopic

removal of gallbladder using the Zeus platform. A single arm of the Zeus was

transported to the habitat but did not work well. Dr. Anvari felt that the mission was

an overall success, but certain challenges still needed to be addressed such as robot

size (bulkiness), packet loss, and overcoming jitter. Subsecond latency was shown

to be overcome with technique and technology for telementoring.

4.5.4.2 Neemo 9

The NEEMO 9 mission objectives were to see if the crew could assemble a small

scale, functional robotic platform that could be remotely controlled using the

Internet as the communication system. The SRI M-7 robot was deployed to

the habitat in the same way as in the NEEMO 7 mission. Once deployed,

Dr. Anvari controlled the robot from over 1,300 miles away (Canada) and per-

formed telemanipulated wound closure. A 2 s delay was introduced. This allowed

for Dr. Anvari to see the feasibility of robotic surgery under these conditions.

In order to accomplish this task, the M7 was modified and deployed in airtight

bags/canisters to the Aquarius habitat. Once in the habitat, the system was set up

and tested. Connectivity from the habitat to shore was done wirelessly with

approximately 10 Mbps and latency of 250 ms to seconds. Telesurgical tasks

involved telementoring of several activities and the utilizing the M7. This resulted

in better understanding of how what activities and tasks could be accomplished

through automation, how to continue refining the size (foot print) of the robotic

system, and the demonstration of the multi-functionality of the surgical robot.

4.5.4.3 Neemo 12

The NEEMO 12 involved two different surgical robotic systems; the M7 and the

RAVEN. Each system was deployed to the habitat, setup, tested, and evaluated.

Surgeons located in different parts of the U.S. were able to manipulate both systems

easily across the Internet.

A key objective of the M7 deployment was to answer a fundamental question

related to the ability to remotely control the robot, which was outfitted with

an ultrasound probe on one arm and needle on the other. The surgeon, located

in Nashville (live demonstration during the 2007 American Telemedicine Associa-

tion [ATA] annual meeting), successfully drove the robotic arms in the habitat.

A phantom blood vessel in the habitat was scanned using a Sonosite ultrasound

probe, the remote surgeon then instructed the robot to insert the needle in to the

blood vessel. This demonstration was the world’s first semi-autonomous ultrasound-

guided needle insertion. This event was conducted in TATRC’s booth in the
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convention center. It was accomplished with COL Jonathan Jaffin, COLKarl Friedl,

COL Ronald Poropatich and a number of other TATRC officials.

The RAVEN was also manipulated from Nashville and Seattle to conduct a

series of SAGES Fundamentals of Laparoscopic (FLS) tests. Communications was

accomplished using the Internet. A HaiVision high end CODEC was evaluated as

well. The RAVEN used iChat for the Macintosh platform. The telecommunications

that supported the overall link was a wireless Spectra 5.4 GHz bridge with 30 Mbps

with a noticeable latency of 500–1,000 ms. This mission was deemed high

successful.

4.5.5 First Transcontinental Telesurgery in the U.S

A partnership was created between the University of Cincinnati, HaiVision,

Intuitive Surgical, Walter Reed Army Medical Center, and Johns Hopkins to

evaluate the da Vinci system as a telesurgery platform. The da Vinci Classic control

station was located at UC and the end effectors (patient side) was located at

Intuitive Surgical’s labs in Sunnyvale, CA. The two sites were connected via the

Internet. In March 2005, a nephrectomy was performed on an anesthetized pig. This

was repeated again in April 2005 between Denver, CA and Sunnyvale, CA, during

the ATA meeting using the public Internet with no QoS guarantees. These experi-

ments represented the first true telesurgery in the U.S., the first telesurgery using the

da Vinci Surgical System, the first stereoscopic telesurgery, the first robotic collab-

orative telerobotic surgery (i.e., both local and remote robot surgeon consoles were

used), and the first telesurgery over the Internet using non-dedicated bandwidth.

This work led to development of the da Vinci Si, which permits telesurgery.

4.5.6 High Altitude Platforms for Mobile Robotic
Telesurgery (HAPsMRT)

Telesurgery cannot be accomplished without a robust telecommunications system.

In the summer of 2006, researchers from UC partnered with the University of

Washington’s BRL, HaiVision and Aerovironment to conduct a series of experi-

ments designed to evaluate wireless communications and mobile robotic surgery.

Through a TATRC-funded grant, UC conducted the HAPsMRT project.

A corner stone to HAPsMRT was the utilization of an asset normally used on

the battlefield that supports telecommunications. This device, a UAV manufactured

by Aerovironment, provided wireless communications so that the UW’s U.S.

Army-funded, RAVEN could be manipulated from a distant site, where surgeon

and robot are separated. The experiment took place in the high desert (an extreme

environment) in southern California.
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The controllers (master) and robot (slave) were deployed in this extreme

environment. The two units were separated by a distance of approximately 200 feet.

The UAV was launched in the experimental field. Flying approximately 500 feet

above the test field, the UAV provided significant bandwidth (approximately 1.2

Mbps) for communication. This permitted a surgeon for the first time ever to manipu-

late a robotic system remotely and wirelessly using a UAV. The maximum range of

these experiments was approximately 1 mile (Figs. 4.2 and 4.3).

Fig. 4.2 UW’s RAVEN robot and Aeroviroments UAV in the high desert of Simi Valley,

California

Fig. 4.3 Surgeon manipulating the RAVEN remotely in the high desert of Simi Valley, California
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4.5.7 NASA C9A Flight

Researchers from UC collaborated with SRI and NASA personnel to evaluate the

deployment and utilization of a modified M7 on NASA’s C9A aircraft. The goal

was to get the system flight ready and evaluate the acceleration compensation

capabilities of the system. The M7 was repackaged into a more suitable system

for use on an aircraft. The C9A flies a parabolic profile, which provides approxi-

mately 25 s on zero gravity. During this phase of flight, research can be conducted

in a variable g flight environment. Military trauma surgeons from United States Air

Force (USAF) Center for Sustainment of Trauma and Readiness Skills (C-STARS)

Critical Care Air Transport (CCAT) participated in the flight.

During this experiment, the M7 was affixed to the floor of the aircraft. The M7

controllers were remotely located adjacent to the experimental setup. The M7 was

equipped with acceleration compensation. Over a series of days, researchers eval-

uated simple surgical tasks on the system to evaluate the feasibility of using robotic

technology to improve access to and quality of surgical care during flight. The

acceleration compensation was shown to work effectively. In addition, surgeon and

non surgeon performance were evaluated (Fig. 4.4).

Robotic surgery and telesurgery can interject expert surgical care into remote

extreme environments and thereby serve as a key component of future military

medical care from the battlefield to critical care transport to geographically disperse

medical facilities. In addition, such a capability can serve as an effective tool

in addressing medical care needs in long duration spaceflight missions. As a critical

element of a smart medical system, supervisory-controlled autonomous

therapeutics represents a foundation of evolving medical care in these extreme

environments.

Fig. 4.4 Experimental layout of the SRI’s M7 on NASA’s C-9 aircraft. Courtesy of NASA
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4.5.8 Battlefield Operation

The Army Medical Department (AMEDD) has characterized its mission in the

following areas (A) provide, sustain, and enhance soldier health, (B) train, develop,

and equip, and (C) delivery leading edge health services. The research presented

above has focused on each of these elements. Over the past 10 years, there has been

an increase in the use of robotics being deployed on the battlefield. While these

devices take many shapes and missions, not to date have been surgical robotics.

Research however continues in the development of deployable systems. The joint

vision of robotics as a requirement is to develop systems that adapt, integrate, new

robotic technologies to treat patients in fixed and mobile medical facilities and to

locate, identify, assess, treat, and rescue battlefield casualties under hostile condi-

tions. The technology and operational capabilities developed will be used as

medical force multipliers.

4.5.9 Spaceflight Operations

Robotics and autonomous systems have been part of NASA’s exploration portfolio

for nearly five decades. While each system increases in complexity and fidelity,

robotic surgical activities have only been conducted in a research environment.

Robotic systems are deployed on the International Space Station and the surface of

Mars. The European Space Agency has also worked with IRCAD/EITS to explore

new technologies for surgical care.

4.6 Challenges and Barriers

The authors ascribe to the potential advantage to healthcare from a mobile robotic

telesurgery system and specify barriers to the employability and acceptance of such

a system. We believe that a collaborative effort could design a portable robotic

system for telesurgery and develop that system through successful animal trials.

Recent advances in engineering, computer science and clinical technologies have

enabled prototypes of portable robotic surgical platforms. Specific challenges

remain before a working platform is suitable for animal trials, such as the inclusion

of image-guidance and automated tasks.

Barriers exist to the development of a mobile robotic surgical platform. These

include technical challenges of refinement of robotic surgical platforms, reduction

of weight, cube, complexity and cost, and expansion of applications of technology

to several procedures. Clinical challenges involve the protection of patient rights

and safety, selection of surgical procedures appropriate for the system, the applica-

tion of surgical skill to evaluate hardware and the application of surgical lore to
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software programs. Finally, business challenges include resolution of intellectual

property considerations, legal liability aspects of telesurgery, patient safety and

Health Insurance Portability and Accountability Act (HIPAA), reimbursement and

insurance issues, FDA approval of the final product and development of a commer-

cialization plan.

The conduct of telesurgery is not without challenges and barriers. The following

are key challenges and barriers to broader application and adoption of telesurgery.

For telesurgery to reach its potential there are certain challenges that must first be

addressed. Although the practice of telemedicine has been well established, tele-

surgery has some unique challenges that must be taken into consideration.

4.6.1 Engineering Challenges

There are a number of engineering challenges, including design, material,

maintenance, etc. The focus of our attention here is on the following.

4.6.1.1 Technology

Telesurgery is highly dependent on a number of successfully implemented

technologies in several disciplines. These include robotics, telecommunications

and information systems. Each component has a high technology readiness level

(TRL) in the range of 7–9. This level signifies a proven system. As an integrated

system, the TRL is in the 3–5 range signifying a concept or experimental system.

While some integrated systems are ready for clinical trials, further development and

validation is required prior to the TRL increasing to an acceptable level. The TRLs

are based on the DoD’s Defense Acquisition Guidebook (July 2006) and DOD

Directive 5000.1. NASA and the FAA also follow similar guidelines.

When considering a system, several factors must be included in the analysis of

what technologies are integrated. These include need, access to technology (price

and availability), access to maintenance capabilities, redundancy, reliability, inter-

operability, and ease-of-use. As in telemedicine, this important step is required to

adequately define the requirements, which in turn drive the choices of technology.

4.6.1.2 Access

There are varying levels of access in the integration of telesurgery, including access

to systems, access to spare parts, and access to maintenance.

Telesurgical systems may be widely distributed in a future scenario whether on

the same area of the battlefield theater or in a rural hospital. They may be linked to

surgical expertise in a distributed model or at a central location. The system(s)
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may have some portability to them, but nevertheless the patient must be brought to

the system.

Regarding maintenance and spare parts, this must be readily available and easily

accessible to accommodate needs as they arise.

4.6.1.3 Redundancy

Redundancy in telesurgery includes both personnel and systems. Two systems

linked together, where surgeon is in one location and patient is another requires

personnel redundancy at the patient side, where surgeon will have to intervene in

case of communication failure. While this will be a challenge initially, it will be

resolved as the systems become more autonomous and reliable.

A second area of redundancy requires a reliable and robust communication

system, which insures QoS and avoids inadvertent loss of signal during telesurgery.

This is a significant cost issue that must be overcome to permit wider adoption.

4.6.1.4 Reliability

A successful telesurgery system will rely on a variety of systems and people. The

robotic system and the communication system (and link) must be reliable.

The systems cannot fail during surgical procedures. With proper design and opera-

tions, this has not been an issue. The surgical teams must also be able to provide

effective surgical care should systems fail or communication is lost.

4.6.1.5 Interoperability

All systems and components should be interoperable. Both the expert site (location

of surgeon) and the far site (patient location) must have system components that can

cooperatively interact with other medical systems. Telesurgery systems should be

capable of robust interaction with supporting technologies such as imaging.

Furthermore, all operating room systems should use hardware and software stan-

dards that facilitate interoperability. This requires manufacturers to work closely

together (similar to Continua [www.continua.com]) so that components seamlessly

interact with one another.

4.6.1.6 Maintenance

Telesurgical systems are large and complex andmust bemaintained. Like any system,

maintenance of system components must be accomplished by highly skilled indivi-

duals. Scheduled maintenance, training of those personnel, standardized procedures
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and spare parts must be institutionalized. It cannot be ad hoc. Development and

integration into other systems must include this key component.

4.6.1.7 Ease-of-Use

Any system built and deployed must not be difficult to utilize. While all systems,

used in the operating room theater, have varying levels of complexity, most require

advanced training; they must be capable of being utilized by staff – not additional

vendor-specific personnel, which adds more overhead to the operating room.

In telemedicine, a key disadvantage has been that simple systems such as cameras

and video-teleconferencing are often challenging to operate and therefore, cause

user frustration and fatigue. Telesurgery systems must be plug-and-play. This often

results in highly-specialized healthcare workers shying away from the use of

helpful technology and in some cases eliminating interest in further development.

4.6.1.8 Haptics: Man Machine Interfaces

The ability to project a sense of touch is an important attribute in telesurgery. As the

surgeon has moved farther away physically from the surgical site with laparoscopy

and robotic surgery, the sense of touch or tactile feedback is no longer present.

Current telesurgery systems do not have haptics due to instability above relatively

low latency. Haptics is of potential value in telesurgery and has been an area of

active research. Force feedback, through servo motors, accomplishes some levels of

tactile or haptics. As telesurgery evolves, technology will keep pace and the sense

of touch should continue to be evaluated as a potential tool in performing robotic

surgical intervention.

4.6.1.9 Telecommunications

Telesurgery is heavily dependent on availability and reliability of a telecommuni-

cation network with significant bandwidth. The telecommunications and informa-

tion technology network must be able to ensure that there will be minimal

degradation of picture, minimal or zero latency and high data quality. A high

QoS is necessary for telesurgery as opposed to telemedicine. Low packet loss,

limited jitter, etc. is important so that robotic system can safely and consistently

operate at a distance.

For example, when the distant surgeon moves a controller and the surgical tool

moves in the body cavity milliseconds later, this is low latency. Surgeons can

compensate for delays of 200–300 ms without any substantial decrease in perfor-

mance. Delays that are longer than 500 ms are associated with significant decre-

ment in surgeon performance and this not acceptable. Each communication

modality has minimal delays. To illustrate further, consider a news service on
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duty somewhere on the opposite sides of the world. When two individuals are

talking to one another, there is a short delay. This is due to the speed of communi-

cation. Often communications are accomplished via multiple satellite hops,

network segments, and routers, each of which contributes to latency.

Satava addressed this early in the 1990s as robotic surgery was becoming more

of a reality. Previous research reported by Marescaux, Anvari, and Broderick et al.

has addressed latency in increasingly complex experimental testbeds.

Several current network topologies have been available and evaluated for

telesurgery. These include Integrated Services Digital Network (ISDN), ATM,

MPLS VPN, Transmission Control Protocol (TCP)/Internet Protocol (IP) User

Datagram Protocol (UDP), wireless microwave, digital radio waves, and unmanned

airborne vehicles (UAV).

ISDN is a circuit-switched telephone network which enables transmission of

digital voice and data over ordinary telephone wires. It provides better quality and

higher speeds. ISDN lines are readily available throughout most metropolitan areas

and allows for short delays. ISDN lines are considered suitable, but not ideal and its

use in the U.S. is waning. It is secondary to low bandwidth per line and lack of

scalability.

ATM is a cell relay data link layer protocol which encodes data traffic into small

fixed-sized cells. ATM is a connection-oriented technology, in which a connection

is established between the two endpoints before the actual data exchange begins.

It provides dedicated high bandwidth connections that are reliable and safe. It is

readily available throughout the world and is the only technology that guarantees a

predefined QoS. Dr. Marescaux used ATM in Operation Lindberg in September

2001.

VPNs via MPLS networks are well suited to telesurgery as it provides traffic

isolation and differentiation without substantial overhead. These networks are

widely available and used for medical (and banking) applications. It was success-

fully used in Anvari’s Canadian series of experiments.

TCP/IP is the basic communication language or protocol of the Internet. IP is

responsible for moving packet of data from node to node. TCP is responsible for

verifying the correct delivery of data from one point to another using hand shaking

dialogues. Robot commands are typically sent via TC/IP.

UDP is a simple transmission model (as compared top TCP) without hand-

shaking dialogues for guaranteeing reliability, order of packet arrival, or data

integrity. Audio and video are often sent via UDP.

Wireless Microwave radio systems are used to transmit and receive information

between two points using line-of-sight configurations. A typical microwave radio

consists of a digital modem for interfacing with digital terminal equipment, a radio

frequency (RF) converter (carrier signal to a microwave signal) and an antenna to

transmit and receive. This has been used during the NEEMO telesurgery research.

UAV is a remotely piloted aircraft, often called a drone. They range in size from

tiny insect-sized to full-size aircraft. Such aircraft provide varying levels of band-

width and low latency secondary to relatively low flight altitudes. UAVs were

successfully used for the first time in surgery during the HAPsMRT research.

90 C.R. Doarn and G.R. Moses



Bandwidth is the rate of data transfer, throughput or bit rate measured in bits per

second. Bandwidth is determined by the type and capacity of the medium used such

as fiber optic, copper or wireless.

QoS represents a guaranteed level of performance regarding data flow across a

network. Examples include bit rate, delay, jitter, packet dropping probability and bit

error rate.

Latency is the time it takes for a packet to traverse a network. Latency is a major

factor in telesurgery performance. Past telesurgery research has focused on reduc-

tion and mitigation from the effects of latency.

Jitter is the inconsistency or variation in the time packets arrive at a destination.

Jitter is often caused by network congestion or dynamic route changes.

4.6.2 Non-Technical Challenges

There are numerous non technical challenges, including personnel, cost, licensing,

credentialing, FDA approval, etc. Each of these plays a significant role in the

broader adoption of telesurgery.

4.6.2.1 Personnel

The integration of technological innovation can disrupt standard operations, by

changing the process and structure of tasks performed. Changing operations and

culture involves personnel from each step of the process. If telesurgery is to take

hold in the clinical environment, personnel from all areas of the healthcare must be

involved in the design and implementation.

The organizational culture of the institution or the operating department can

impede or halt adoption of disruptive technology. Personnel must go through

training of some level depending on the individual’s role. This is an important

issue. The real challenge or barrier is the paradigm shift that results. The literature

often reports on the struggles of implementation due to the unacceptability of new

technologies that are purported to make things easier.

While these challenges are present, they can be managed with appropriate

curriculum, training, and involvement of key stakeholders in development and

targeted application of technology.

4.6.2.2 Cost

Today, healthcare costs are 18% of the gross domestic product in the U.S. There is

significant interest in healthcare reform at all levels. In the short term, telesurgery

will not have a positive impact on cost as there are many costs associated with

telesurgery. These include the cost of the robotics systems, the cost of
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telecommunication, the cost of personnel, the cost of infrastructure, the cost of

training personnel and the cost of research and development.

In addition to cost, a growing concern in American surgery and worldwide is the

increasing shortage of general surgeons. This shortage is borne from a number of

issues, including a growing population and fewer individuals pursuing general

surgery careers. Both the American Board of Surgery and the American College

of Surgeons recognize this as a major crisis. This will cause patients to wait longer

for surgical treatment, which will have a deleterious effect on healthcare costs and

quality. In the long term, distributed and automated surgical care should improve

quality, access and cost of care.

Cost of Technology

Telesurgery utilizes sophisticated and complex technology. The cost is often very

expensive with the robotic components being the most expensive. For example, the

current cost of the da Vinci Si (Intuitive Surgical) is approximately $1.3M, which is

accompanied by an annual service contract of $135,000 for a minimum of 5 years or

an additional $675,000. In order to optimize the da Vinci, an updated operating

suite, capable of supporting networking and telecommunications, must be used.

This is also an additional cost. While reduced costs for individual patients may be of

some benefit, telesurgery must be proven to be of clinical benefit as well.

There are also costs associated with other ancillary technologies that are used to

support telesurgery. These systems include other robotic systems, technologies that

drive communications (routers, coder/decoder [CODECs], switches, etc.), com-

puter peripherals (displays, storage devices, etc.), and other interface devices that

are used in the operating environment.

Although academic centers may well be able to afford such expenditures,

smaller community hospital may not. One of the potentials of telesurgery is the

ability to offer telementoring and teleproctoring to rural community settings, and

thereby allow expert consultation to people without the cost and burden of moving

them far from their homes and families to larger centers. As more systems are

deployed and there are more competitors, capital investment and operating costs

will be modified. In order to realize the potential of telesurgery, the issues of

scalable, cost effective robotics and telecommunications must be addressed.

Cost of Communication

The concept of telesurgery cannot be realized without a robust and reliable

telecommunications system. While the availability of bandwidth has increased

worldwide and the cost has decreased due to strong economies of scale, it is still

a significant cost component of doing telemedicine and telesurgery. However, the

cost for copious amounts of bandwidth to support telesurgery is still prohibitive.

The Asynchronous Transfer Mode fiber optic communications system used to
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support Operation Lindbergh (transoceanic telesurgery event in 2001) was in

excess of a million dollar, primarily because it was dedicated link for that specific

event. The cost of communications must be reasonable for telesurgery to be a

significant adjunct. Telesurgery utilizes significantly more bandwidth than other

forms of telemedicine and requires low latency and high QoS. The cost of tele-

communications for telemedicine is insignificant because the requirements are

lower than those for telesurgery. These requirements to support telesurgery add

substantial overhead, which drives the cost of communications higher.

The cost of telecommunications includes not only the bandwidth but the various

routers, switches, and interface devices at both the transmission site and the

receiving site, patient site and surgeon site, respectively.

Cost of Personnel

Personnel to support telesurgical procedures are comprised of a wide variety of

highly trained and highly skilled individuals. This includes surgeons at both sites

(remote surgeon and patient side). Technical personnel are required at both sites to

provide technical support for telecommunication systems and the robotic systems,

including preparation, testing nominal operations, and troubleshooting. The patient

side requires a surgical team to support the surgeon. At this stage in the evolution of

telesurgery, the number of individuals necessary for success is high. It is envisioned

that this number will decline once the systems are more robust and the level of

comfort and reliability are acceptable. As indicated above, the growing shortages of

doctors will create a higher cost structure due to high demand and limited supply.

Simply put, the cost of care will increase due to perceived shortages.

Another cost associated with personnel is that of training. All individuals

involved in the application of telesurgery will require some form of training

based on their assigned duties. The cost of this training must be considered both

in creation of curriculum and delivery.

Cost of Inaction (Opportunity Cost)

Today, whether in the military or civilian communities, there are more surgeons

retiring than there are being trained. Coupled with projected increase in surgical

need in a growing and aging population, there is an ever worsening shortage of

surgeons. This shortage is especially severe in rural and extreme environments.

As the aforementioned technologies become more integrated in the practice of

medicine (telemedicine) and surgery (telesurgery), these challenges will be met.

4.6.2.3 Liability

Telesurgery permits expert consultation and participation. State and international

borders may be crossed and jurisdictional conflicts may occur. Complications are
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an inevitable part of surgery. If these occur, the burden-of-proof to delineate

physician error or technical fault must be established. In order for telesurgery to

be embraced, physicians must be confident that liability will be accurately accessed.

The Society of American Gastrointestinal Endoscopic Surgeons (SAGES) has

suggested deferment of clinical implementation until the technology has been

validated. In today’s litigious society, this will be an important hurdle to overcome.

Not only are state laws and national laws an issue, key international laws

complicate the situation. Some effort has been put forth to address these issues,

including those involved in teleradiology. These early efforts have laid a foundation

from which to move forward.

Organizations such as the Centers for Medicare &Medicaid (CMS) and the Joint

Commission on the Accreditation of Healthcare Organizations (JCAHO) are look-

ing at these issues. To date the focus has been on telemedicine and its role in

healthcare. Specifically, they have focused on the originating site retaining respon-

sibility for overseeing the care and safety of the patient. JCAHO has released

statements regarding this in statement MS13.01.01 with regard to credentialing

and privileging process at the originating sites. While there are no specific guide-

lines for telesurgery from either CMS or JCAHO, the development of them will be

based on what currently is available for telemedicine and what is under develop-

ment. While these issues are different with respect to military medicine, it is

nevertheless a significant issue for wider adoption of telesurgery in support of

multinational forces.

While telesurgery is still a novel approach, liability will evolve based on need

and empirical outcomes.

4.6.2.4 Licensing and Credentialing

Telesurgery is an emerging field, and guidelines for establishing minimum system

configuration, proficiency, and competency have not been established. A curricu-

lum and practice guidelines need to be established, whereby the participants must

perform a standardized set of procedures that are recorded and measured for

performance. After completing these tasks the participant is granted competency.

In order for this process to be respected, it is recommended that one of the reputed

surgical societies develop and sanction these guidelines. Licensing would allow for

a benchmark that can be looked to for excellence. Licensing for medical practice is

a state’s rights issue and therefore, is controlled by states individually. In addition,

organizations like CMS and JCAHOweigh in as well. The recent debate on national

healthcare in the U.S. will impact how this is reformed.

All medical establishments (hospitals and ambulatory care organization) in the

U.S. are accredited by the JCAHO. The FDA approves all medical devices used in

surgery. Each practicing surgeon must also have a credential file in order to practice

at a facility. The JCAHO has not addressed telesurgery to any great detail but they

have addressed telemedicine. They work closely with CMS as well in addressing

new and challenging issues on delivery of healthcare. These guidelines include
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originating sites responsibilities, performance metrics, adverse outcomes of a

sentinel event, and or complaints. The eventual incorporation of telesurgery in

clinical practice will require further review of this process and CMS will be a part of

this process due to reimbursement issues.

4.6.2.5 Ethics

Even thought the surgeon and patient are separated in telesurgery, the same ethics

apply. In fact, there must be more vigilance as patient data, images and outcomes

may be controlled from a distance site. Much work must be done in this area to

ensure that patient privacy is maintained and that all participants are aware and

operate under commonly agreed to ethical standards, that of the patient-physician

relationship and fulfilling the needs of the patient. Van Wynsberghe and Castmans

have provided a very cogent review of ethics in telesurgery. The moral aim of

medicine and surgery continue just using advanced technologies.

4.6.2.6 User Acceptance

Telesurgery in a military setting is challenged by extreme environments, trauma

applications and culture. However, secondary to this, the military has funded much

of the research and development in this area. The military believes the investment

in and incorporation of these new tools will add significant value. While the Trauma

Pod’s next phase has not been funded to date, the military is nevertheless interested

in moving nascent technologies forward to enable better healthcare for the war-

fighter.

Application of telesurgery has been successfully demonstrated in a number of

settings. While the initial results are very promising, user acceptance both from

surgeon and patient must be realized. Of course key military command personnel

also must accept this technology for future operational use. Military use requires

doctrine, requirements and development of robust technology via additional

research and development.

Wider adoption in non military settings will be achieved through education,

experience and involvement through the entire life cycle – inception to integration

to utilization. Integration of this capability is revolutionizing the status quo; chang-

ing legacy systems and protocols requires all levels of personnel involvement and

education, including the patient.

4.6.2.7 Financial

In civilian medicine, capital equipment, operations, and maintenance must be offset

by revenues. Today, medical systems are very expensive. The cost of these will

come down with increase in availability and use.
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Many telemedicine and most telesurgery initiatives have been funded by large

government grants. While this funding is key to initiating and building a capability,

they often do not provide sustainability. With the impending projected shortages of

surgeons, physicians, nurses and allied health professionals and the growing need of

an aging population, telemedicine and telesurgery services will be significant

adjuncts in meeting these challenges. Cost effective, sustainable business models

must be developed.

Further development of telesurgery requires additional research and development,

including animal experiments, human clinical trials, and finally, FDA approval. From

a technical perspective and in clinical evaluations both in animals first and then in

humans, this will require a significant investment. A robust research agenda, matched

to specific unmet needs, must be promulgated. As telesurgery is clinically proven to

improve quality, access and cost of care, sustainable use within government and

civilian health systems will be become widespread.

Reimbursement of telemedicine, and certainly telesurgery are challenging

particularly in the U.S. primarily due to current policies, regulations, and reim-

bursement schemas. While this is being resolved for telemedicine, telesurgical

reimbursement awaits clinical use to prod the system.

Investment in telesurgical systems, especially in research and development is

very expensive. This investment must be made though if telesurgery is to move

forward. Any investment of this size must be predicated on unmet needs and

perceive value added. If the investment is shown to save lives, then it may be

deemed worthwhile and be of benefit in both military and civilian medicine.

4.6.2.8 Research Data – Evaluation

To date, there has been significant research conducted in telesurgery. However,

more research is required to further develop systems, protocols, procedures and

techniques. Further research and development will evolve from animal trials to

human clinical trials. The data garnered from this research will help define and

streamline future research initiatives. The great challenge and barrier to further

research and development is sustainable funding through government grants and/or

investment by industry.

4.6.2.9 Animal Trials

A robust research effort is required. To date, limited animal work has been

performed. Further acute and large animal studies must be conducted to confirm

efficacy and safety of specific systems. These animal studies provide solid quanti-

tative data on the system and surgeon performance that will further our understand-

ing and implementation of robust telesurgery capabilities. Animal work will help

with the development of appropriate procedural improvements.
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4.6.2.10 Human Clinical Trials

Once the systems have been successfully evaluated and validated in animal trials,

human clinical trials will be designed and undertaken. Rigorous clinical trials to

validate safe and efficacious use of systems for surgeon/health system adoption and

FDA approval must be conducted. These must be conducted as multi-center trials,

which provide a strong, scientific platform for evaluating all components of a

telesurgery system in a true clinical setting. A large number of varied clinical

cases would have to be conducted to be statistically significant. To date only a

handful of human tests have been performed, including those by Marescaux and

Anvari.

4.7 A Strategic Solution

Establish a set of research recommendations, criteria, and milestones. Enable

research and strategic investment that matches unmet need.

4.8 Conclusions

Over the past three decades, basic, fundamental and applied research in a variety

of disciplines has resulted in the development of systems capable of supporting

surgical intervention where patient and surgeon are separated. From its earliest

beginnings in the 1990s, telesurgery has rapidly grown from a wired system, where

the system is in close proximity to the patient, to intercontinental demonstrations.

This research has identified needs and limitations in systems and devices, which in

turn has help define evolving requirements.

A significant amount of research and discovery in telesurgery has involved a key

group of individuals and organizations. While this group is relatively small, it has

predominately been driven by funding from TATRC, which has used these efforts

as a technology accelerator. Many of these initiatives have resulted in highly

effective collaborations between government, academia, and industry. Each activ-

ity has led to progressively more autonomous functions. From the wired system,

called telesurgery in the mid 1990s by Intuitive Surgical to the UC-lead research in

the high desert of California using a UAV, long distance, wireless surgery is

possible. Scientific and technological advances will continue to shape medical

decision making

The major challenges to wider adoption are being addressed in other areas of

telemedicine, robotics, and telecommunications. Further research is necessary to

address those challenges, including latency, animal trials and human trials. While

some challenges can be ameliorated by technique, some must be overcome by new

technology.

4 Overcoming Barriers to Wider Adoption of Mobile Telerobotic Surgery 97



While doing an extensive literature search and interacting with subject matter

experts, it is clear that the notion of providing surgical care to a remotely-located

patient is at hand. Several rather expensive reports have been produced that

highlight industrial capabilities in the field of robotic surgery. The peer-reviewed

literature is extensive; and the concomitant scholarly text and technical reports

provide a unique overview and in-depth review of where telesurgery is and where it

is going.

We believe that this chapter will add value as reference on the subject of

telesurgery. Clearly the technologies and capabilities that telesurgery can bring to

the delivery of surgical care for the warfighter are significant.

This chapter will serve as a summary of telesurgery at a point in time. Continued

debate on healthcare reform and national needs will drive the next generation of

research initiatives and eventual integration across the spectrum of medicine and

healthcare.
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Chapter 5

Accurate Positioning for Intervention

on the Beating Heart Using a Crawling Robot

Nicholas A. Patronik, Takeyoshi Ota, Marco A. Zenati,

and Cameron N. Riviere

Abstract Heart failure resulting from myocardial infarct, oxygen-deprived tissue

death, is a serious disease that affects over 20 million patients in the world. The

precise injection of tissue-engineered materials into the infarct site is emerging as a

treatment strategy to improve cardiac function for patients with heart failure.

We have developed a novel miniature robotic device (HeartLander) that can act

as a manipulator for precise and stable interaction with the epicardial surface of the

beating heart by mounting directly to the organ. The robot can be delivered to and

operate within the intrapericardial space with the chest closed, through a single

small incision below the sternum. The tethered crawling device uses vacuum

pressure to maintain prehension of the epicardium, and a drive wire transmission

motors for actuation. An onboard electromagnetic tracking sensor enables the

display of the robot location on the heart surface to the surgeon, and closed-loop

control of the robot positioning to targets. In a closed-chest animal study with the

pericardium intact, HeartLander demonstrated the ability to acquire a pattern of

targets located on the posterior surface of the beating heart within an average of

1.7 � 1.0 mm. Dye injections were performed following the target acquisitions to

simulate injection therapy for heart failure. HeartLander may prove useful in the

delivery of intrapericardial treatments, like myocardial injection therapy, in a

precise and stable manner, which could be performed on an outpatient basis.

Keywords Medical robotics �Minimally invasive surgery �Cardiac surgery �Robotic
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5.1 Introduction

Heart failure, or the inability of the heart’s pumping function to keep up with the

demands of the body, affects more than 20 million patients in the world, with

approximately 400,000 newly diagnosed patients and 50,000 deaths annually [1].

This disease is typically caused by myocardial infarction, the death of heart muscle

tissue from oxygen starvation, resulting from the narrowing or blockage of one of

the coronary arteries that supply the myocardium with blood. Although there is

currently no known cure for heart failure, the injection of tissue-engineered materi-

als (e.g., stem cells or biopolymers) into the infarct area to improve heart function is

emerging as a therapeutic strategy for post-myocardial infarct heart failure [2–5].

Myocardial injection therapy is currently dominated by catheter-based approaches

that access the inside of the heart through small incisions into the larger vasculature

of the arm or leg. Although this transcatheter technique has low associated access

morbidity, there are several advantages to performing the injections directly into

the outside epicardial surface of the heart: clear detection of target infarct lesions,

decreased likelihood of cerebrovascular complications [6], and superior site

specific efficacy [7]. The major drawback to direct epicardial injection therapy is

the lack of dedicated minimally invasive access technology, causing it to be

performed only in conjunction with other procedures requiring a full sternotomy

or thoracotomy. These invasive approaches incur high associated morbidity, despite

the intrinsically simple and noninvasive nature of the injection procedure. The

DaVinci™ robotic surgical system (Intuitive Surgical, Mountain View, CA)

could be used for minimally invasive epicardial injection [8], but it requires

multi-port placement and lung deflation, and does not readily facilitate the precise

control of injection placement or depth with its rigid endoscopic instrumentation. A

dedicated technology for precise and stable interaction with the heart that balances

treatment efficacy and minimal invasiveness would benefit direct epicardial injec-

tion therapy.

To address this need, we have developed a novel miniature robotic device

(HeartLander) that can act both as a mobile robot for navigation and as a manipu-

lator for positioning tasks on the epicardial surface of the beating heart. This device

could facilitate the delivery of minimally invasive therapy through a single incision

below the sternum. HeartLander operates within the intrapericardial space – the

thin fluid layer above the epicardial heart surface and beneath the pericardial sac

that encloses the heart (Fig. 5.1). Previous prototypes have demonstrated safe

remote-controlled navigation over the beating heart [9, 10]. This paper describes

the addition of real-time 3-D localization, a semi-autonomous control system for

the acquisition of targets, and an onboard tool for direct epicardial injection into the

myocardium. We present an evaluation of these components through the delivery of

an injection pattern onto the posterior left ventricle of a beating porcine heart

through a single port approach with the chest closed.
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5.2 System Design

5.2.1 Overview of HeartLander

The HeartLander system consists of a surgical user interface, supporting robotic

instrumentation, and a tethered crawling device or crawler (Fig. 5.2). The surgeon

interacts with the system through a joystick and standard computer interface, which

features a graphic display of the current location of the robot on the heart surface.

The support system uses external motors, vacuum pumps, and a computer control

system to translate the commands of the surgeon into the appropriate actions of the

crawler. The miniature tethered crawling device is the therapeutic end effector of

the robotic system, and is located within the intrapericardial space of the patient.

This tethered design allows the crawler to be miniature, lightweight, electrically

passive, and disposable.

The envisioned intrapericardial therapies that would be facilitated by Heart-

Lander, such as myocardial injection therapy, require multiple treatments to be

made at precise locations on the epicardial surface of the heart. In clinical use, the

surgeon would first place the crawler on the epicardium through a percutaneous

incision below the sternum and subsequent pericardial incision. The robot would

then semi-autonomously navigate to the specified target pattern area, and acquire

each individual target using a series of positioning motions. A single treatment

would be performed by the surgeon after each target acquisition.

Fig. 5.1 Coronal illustration

of HeartLander (HL) in the

intrapericardial space (IP).
The surrounding organs

include the heart (H),
pericardium (P), right lung
(RL), left lung (LL), and
diaphragm (D). The sizes of
the intrapericardial space and

pericardium have been

greatly exaggerated for

clarity. The robot tether is not

shown
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5.2.2 Crawler Design

The tethered crawler consists of two bodies (front and rear) that each contain an

independent suction pad for prehension of the epicardium using vacuum pressure

(Fig. 5.3b). Each suction pad has a cylindrical shape, with a diameter of 6.0 mm and

a depth of 3.5 mm, which is integrated into the body. Thin latex skirts surround

the periphery of the suction pads to help create a vacuum seal with the epicardium.

The crawler bodies are each 5.5� 8 � 8 mm (H � W � L), and are made of
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Fig. 5.2 (a) Schematic diagram of the HeartLander system, which comprises the user interface,

the support instrumentation, and the tethered crawling robot. Mechanical flow is indicated by solid
lines, while data flow is shown by broken lines. (b) Photograph of the operating room during

animal testing, showing the surgeon interacting with the HeartLander system. The approximate

heart shape and robot location inside the body have been illustrated for clarity
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a durable plastic using stereolithography fabrication. These dimensions include a

2-mm diameter working channel, and allow the robot to fit through an 8-mm

diameter port. The drive transmission that actuates the crawler is composed of

two super-elastic nitinol wires (0.3 mm in diameter) that are attached to the front

body and sheathed within lengths of low-friction plastic tubing that are attached to

the rear body (Fig. 5.3). The wires slide freely within the plastic sheaths when

driven by the support system motors. The lengths of exposed wire between the body

sections (L1 and L2) determine the distance (L) and angle (b) between the crawler

bodies (Fig. 5.4). Vacuum pressure is regulated up to 450–600 mmHg by computer-

controlled valves in the support system, and is supplied to the suction pads via

vacuum lines.

The inchworm-like locomotion of the crawler is generated by the computer

control system by regulating the wire lengths between the crawler bodies and the

vacuum pressure in the corresponding suction pads (for more details, see [9]).

The vacuum line pressures and drive wire forces are recorded and used offline in

the analysis of locomotion performance. During both navigation and positioning,

the inverse kinematics of the crawler are used by the control system to calculate the

Fig. 5.3 (a) Photograph of the top of the HeartLander crawling robot. (b) Illustration of the profile

of the crawling robot, with a cutaway along the median coronal plane to show the suction pads and

injection system
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wire lengths (L1 and L2) required to move the front body to the desired Cartesian

location (x, y) with respect to the rear body (Fig. 5.4). A full development of the

inverse kinematics can be found in [11].

5.2.3 Remote Injection System

A remote injection system for performing myocardial injections from the intraper-

icardial space has been developed to fit within the working channel of the Heart-

Lander crawler. When the crawler is in motion, the 27 gauge needle is safely housed

inside the working channel of the front body. When the crawler front body reaches

the desired target location, the needle is extended into the tissue that has been drawn

into the active front body suction pad (Fig. 5.3b). The proximal end of the needle

injection system is connected to a syringe. The depth of the needle penetration into

the tissue is set by an adjustable mechanical constraint within the range of 1–5 mm.

5.2.4 Electromagnetic Tracking and Localization

The graphic display and robot localization for control use the data from an

electromagnetic tracking system (microBIRD, Ascension Technologies, Burling-

ton, VT) [12]. The position and orientation of a miniature tracking sensor, located

on the front body of the crawler (Fig. 5.3a), are measured in real time with respect to

a magnetic transmitter attached to the operating table. This method of tracking does

not require a line of sight between the sensor and the transmitter, and is thus well

suited for tracking tools located inside the body. The tracking system has a reported

Fig. 5.4 Illustration of the

front crawler body turning to

the left, with kinematic axes

and variables shown. The

Cartesian location (x, y) of

the front body with respect

to the rear body is controlled

by the exposed wire lengths

L1 and L2. The resulting

bearing angle b is also shown
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static translational and angular accuracy of 1.4 mm and 0.5�, respectively, within
the transmitter workspace. The reported translational and angular resolution are 0.5

mm and 0.1�, respectively.
The graphic display generates a 2-D projection of the 3-D location of the robot

on a geometric representation of the heart surface, from the current view angle

specified by the surgeon. The creation of the geometric heart model is described in

Section 5.3.2. During the target acquisition task, the 3-D location of the target

pattern is also displayed. The surgeon uses the display to select the current target,

and monitors the progress of the crawler front body during the acquisition. This

display is the only form of visualization during the porcine testing, because the

robot is inserted through a small incision with the chest closed.

We wish to localize the robot with respect to the moving reference frame of the

beating heart, rather than a traditional stationary reference frame. The crawler

naturally lies within this heart-based reference frame because it passively moves

with the portion of the epicardium to which it is attached at any given time. The

tracking system, however, measures the sensor position and orientation with respect

to the stationary magnetic transmitter, thus requiring a transformation to the heart-

based reference frame. In order to perform this transformation, we filter the

physiological motion out of the tracking data in real time. A third-order Chebyshev

Type II low-pass filter with a 20-dB cutoff frequency at 1.0 Hz is used to remove the

heartbeat motion from the tracking data. To remove the respiration component of

the physiological motion, we then use a series of two second-order IIR notch digital

filters, with notch frequencies at the primary (0.23 Hz) and secondary harmonics

(0.46 Hz) of the ventilation rate. Notch filters are appropriate for this task, because

the respiration rate is precisely set by the ventilator to 0.23 Hz. In offline testing,

this filtering method attenuates the tangential physiological motion component by

81%, from 7.3 � 1.2 to 1.4 � 0.5 mm. The time delay caused by the filtering was

1 s. More details can be found in [11].

5.2.5 Control

The positioning control system enables the surgeon to acquire each target in the

specified pattern, in a semi-autonomous manner. The surgeon first defines

the number of targets for the pattern, along with their positions relative to on

another. The surgeon then specifies the position and orientation of the target pattern

on the heart surface model, using the graphic display of the user interface as a

reference. The targets are thus fixed in space, and defined with respect to the

electromagnetic tracking system. The crawler is then placed on the epicardial

surface by the surgeon, and the target acquisition task proceeds. The surgeon selects

the current target from the pattern with the user interface, and presses the joystick to

begin the acquisition. The control system then uses the crawler inverse kinematics

to align the front body and the current target based on the 3-D location of the robot

measured from the tracking sensor and the fixed location of the current target.
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Throughout the target pattern acquisition, the rear body remains fixed to the

epicardium unless the control system determines that taking a step toward

the current target is necessary. Target acquisition proceeds as long as the surgeon

presses the joystick, until the target is acquired within the distance specified by the

surgeon though the user interface. The surgeon monitors the progress of the robot

toward the each of the targets with the graphic display. This semi-autonomous

control paradigm allows the surgeon to control the entire system at a high level,

while allowing the computer control system to perform the low-level calculations

for the motions for the robot.

5.3 Experimental Protocol

An animal study was performed under Institutional Review Board approval to

evaluate the ability of HeartLander to accurately acquire a target pattern on the

epicardium of a porcine beating heart in a semi-autonomous manner. Direct epicar-

dial injection therapy was simulated by injecting dye into the myocardium using the

remote injection system, which also required HeartLander to maintain a stable

platform for safe interaction with the beating heart.

5.3.1 Animal Preparation

A healthy Yorkshire swine (body weight of 40 kg) was anesthetized and placed in a

supine position. A small subxiphoid incision (40 mm) and pericardial incision

(15 mm) were created to access the apex of the left ventricle. Blood pressure and

electrocardiogram were continuously monitored through the trials. All testing was

performed with the chest closed and pericardium intact through a subxiphoid

approach. The vacuum pressure range was maintained within the range of

500–550 mmHg, which is considered to be safe by the FDA for suction-based

mechanical stabilization of the epicardial surface [13].

5.3.2 Heart Surface Model Construction

Prior to testing, a stationary wire frame model of the heart surface was generated

for the graphic display of the user interface. This animal-specific geometric model

provided a reference to localize the robot on the heart surface during the closed-

chest animal testing. Although the surface model did not contain any fine anatomi-

cal detail, the surgeon was able to use the shape and size of the model to estimate

the general anatomical regions of the heart (e.g., the left ventricle). To capture

the gross structure of the heart surface, the surgeon traced the beating heart with a
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probe equipped with an electromagnetic tracking sensor at the distal tip. The probe

was inserted into the intrapericardial space through the subxiphoid incision. The

position data recorded from the tracking probe were then used by the custom

HeartLander graphic software to create a wire frame computer model of the heart

surface. This tracing method did not account for the displacement or deformation of

the heart surface caused by heartbeat and respiration, but provided only an approxi-

mation of the geometric shape of the heart surface. Because the heart surface model

was defined with respect to the tracking system reference frame, it was automati-

cally registered properly to the robot tracking sensor and the targets.

5.3.3 Positioning Protocol

The positioning study tested the ability of HeartLander to quickly and accurately

acquire multiple targets located in a specified local pattern. A circular pattern, with

a 15-mm diameter, of seven evenly spaced targets and one central target was chosen

for its clinical significance in defining a boundary (Fig. 5.5). The number of targets

and target spacing were set by the surgeon based on the size and shape of the

posterior left ventricle as determined from the heart surface model. The posterior

left ventricle was selected for the target pattern due to its clinical significance in

heart failure, and the difficulty with which it is accessed using conventional

endoscopic approaches. The surgeon set the acceptable error range for target

acquisition to 1.0 mm, which was measured by the control system as the distance

between the 3-D planned target location and the location of the robot tracking

sensor. This level of accuracy was considered to be sufficient for direct epicardial

injection therapy for heart failure. After each successful target acquisition, the front

body was locked onto the epicardium with active suction and the surgeon per-

formed an injection of dye into the myocardium with the remote injection system.

The surgeon proceeded in this manner until all targets in the pattern were acquired

Fig. 5.5 Illustration of the

positioning task. The robot

makes a series of precise

motions of the front body to

each of the targets in the

specified pattern, shown by

the red circles. The initial
location of the front body is

shown in grey. The rear body
remains stationary throughout

the task
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and marked with dye. In addition to demonstrating injection capability, the dye

marks served as visible landmarks showing the location of the robot following

target acquisition. These marks were used to evaluate the accuracy of the position-

ing system on the excised porcine heart following the trial.

5.3.4 Postmortem Study

The animal was euthanized at the end of the trial, in accordance with the acute

protocol approved for the study. The heart was first examined in situ to assess

damage to non-cardiac structures, and was then removed. Gross visual inspection

was performed from the epicardial vantage to surrounding structures in the

mediastinum. The dye mark locations were photographed, and the regions of

heart tissue at the injection sites were analyzed histologically for injury.

5.4 Results

The animal tolerated the testing well until planned euthanasia. No adverse

hemodynamic or electro-physiological events (e.g., hypotension, fatal arrhythmia,

bleeding) were noted during the trial. The surrounding structures were intact upon

postmortem examinations. There were no gross or histological injuries to the heart

due to the robot motion, suction prehension, or injections.

The surgeon completed the heart surface tracing in approximately 5 min, while

viewing the resulting point cloud generation on the graphic display of the user

interface to ensure sufficient coverage. The resulting wire frame heart model

created by the graphic display software contained sufficient geometric information

of the heart surface for the surgeon to identify the general anatomical regions of

the heart.

The surgeon was able to use the HeartLander system to administer dye injections

to all target locations within the circular pattern on the posterior left ventricle. The

target acquisitions were performed solely with motions of the front body, and did

not require steps to reposition the rear body. The average acquisition time for each

individual target was 23 � 15 s, excluding the time required for dye injection.

Following each target acquisition, an injection of 0.1 ml of oil-based dye was

injected into the myocardium using the remote injection system through the work-

ing channel of the HeartLander crawler. With the needle penetration depth set to

3 mm, the average dye penetration depth was 3 � 0.5 mm. The duration of the

entire target acquisition and injection testing protocol was 25 min.

In evaluating the accuracy of the HeartLander system in the positioning task,

we had two independent measures of the robot locations following target acquisi-

tion: the tracker-based sensor positions measured by the control system, and the dye

marks visible on the surface of the excised heart. In comparing these two measures
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to determine positioning accuracy, we considered both the absolute and relative

components. We defined the “absolute” accuracy as the degree to which the

target pattern was positioned and oriented in a similar manner between the

tracker-based positions on the heart surface model, and the dye marks on the excised

porcine heart. We defined the “relative” accuracy as the degree to which the shape of

the target pattern was similar between the tracker-based measurements and dye

marks on the porcine heart. Separating the accuracy into these independent

components allowed us to make a more detailed assessment of the HeartLander

positioning system.

5.4.1 Absolute Accuracy

The location and orientation of the tracker measurements and dye marks on the

posterior heart surface were qualitatively compared in the assessment of absolute

accuracy. The pattern of tracker measurements following the target acquisitions,

along with the heart surface model, was oriented to display the posterior view of the

heart (Fig. 5.6a). Similarly, the dye mark pattern and excised heart were photo-

graphed with posterior surface of the heart normal to the camera (Fig. 5.6b). The

tracker image and dye photograph were scaled based on known distances in each

image, and were oriented so the contours of the hearts aligned. Figure 5.6c

shows the tracker measurement image overlaid on the photograph of the excised

heart. This figure demonstrates good qualitative agreement between the geometric

shapes of the heart surface model and the excised heart. The figure also shows

good qualitative agreement between the locations of the tracker measurements

of the robot following the target acquisitions and the dye marks on the excised

porcine heart.

5.4.2 Relative Accuracy

The relative errors between the locations of the individual tracker measurements

and dye marks were calculated in the assessment of the relative positioning

accuracy. Four separate measurements of the target patterns were used in the

calculation of the relative accuracy:

l (A) the planned target locations defined with respect to the electromagnetic

tracking system,
l (B) the tracker measurements of the robot immediately following target

acquisition,
l (C) the tracker measurements of the robot during dye injection, and
l (D) the dye marks visible in photographs of the excised porcine heart.
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The difference in the robot state between methods B and C was that the front

body did not grip the epicardium during the positioning motions (B), but did grip

the epicardium during injection (C). The planned target locations (A) and tracker

measurements (B, C) were generated from a 2D projection of the tracker data with a

view angle normal to the least-squares best-fit plane through the 3-D tracker data at

the time of the dye injections (Fig. 5.7a). The dye mark locations (D) were

generated using a photograph of the excised porcine heart with the camera oriented

normal to the surface of the heart on which the dye pattern was visible (Fig. 5.7b).

Fig. 5.6 (a) The heart surface model and tracker measurements of the robot sensor at the dye

injections. (b) Photograph of the excised porcine heart and dye mark pattern. (c) The heart surface

model and injection pattern overlaid on the injection photograph
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The location of the robot at each injection site was estimated as the center of the

circular dye region on the tissue, which was validated in bench testing.

All tracker-based patterns and the dye mark photograph were scaled according to

known distances in both images. The locations of the tracker-based patterns were

properly registered to one another because they were all measured with respect to

the tracking system reference frame. The dye mark pattern from the photograph was

aligned with the tracker-based patterns by calculating the translation and rotation

that minimized the sum of root-squared distances between the individual targets

(Fig. 5.7c). This alignment of the tracker-based and dye mark patterns was reason-

able as we were only considering the relative accuracy of the system in this

analysis; i.e., the shape of the target patterns.

The total relative error between each planned target location and dye mark

(A!D) was the cumulative error between the planned target and the robot tracker

at the target acquisition (A ! B), the robot tracker at the target acquisition and at

the dye injection (B! C), and the robot tracker at the dye injection and the physical

dye mark on the heart tissue (C! D). All errors were calculated as the 2D resultant

distances between the individual targets in the aligned images, and were reported

individually and averaged over all targets. The 2D locations of the targets calcu-

lated using all four methods can be found in Fig. 5.8, while the individual and

averaged error values are in Table 5.1. The average total relative error from the

planned targets to the dye marks on the heart tissue was 1.7 � 1.0 mm.

5.5 Discussion and Conclusion

In the present study, HeartLander demonstrated semi-autonomous acquisition of a

specified target pattern, followed by dye injections, on the posterior surface of a

beating porcine heart through a subxiphoid approach with no adverse physiological

events. It is noteworthy that surgeons have some difficulty accessing this surface

Fig. 5.7 (a) The tracker measurements of the robot sensor at the dye injections. (b) Photograph of

the dye mark pattern (with each mark outlined) on the excised porcine heart. (c) The tracker

measurements of the robot locations during the dye injections, overlaid on the dye mark pattern
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even under full sternotomy. The absolute accuracy of the tracker measurements

of the robot location and the photograph of the dye marks on the excised porcine

heart was qualitatively good. This validates that the heart surface model serves as

a geometric representation of the heart surface that agrees with the surface of the

true porcine heart. It also validates the use of the surface model and electromagnetic

tracking system to identify the general anatomical location of the robot on the

true heart.

The relative accuracy between the planned target locations and the tracker

measurements of the robot following target acquisition (A ! B) had an average

Fig. 5.8 Comparison of the

locations of all tracker-based

patterns (planned targets,

acquisition readings, and

injection readings) and the

dye marks

Table 5.1 Values of each of the three sources of relative error, and the total relative error for the

positioning task

Target

no.

Target

distance (mm)

A ! B error

(mm)

B ! C error

(mm)

C ! D error

(mm)

A ! D error

(mm)

Duration

(s)

1 5.0 1 1.9 0.4 1.7 13

2 9.8 0.4 0.8 0.6 2.3 28

3 9.8 1 1 0.8 0.9 23

4 15.9 0.9 1.6 0.7 0.3 9

5 12.5 0.3 1.5 0.1 1.6 21

6 15.9 0.4 1.1 0.3 1.9 20

7 19.5 1.5 1.0 3.0 3.6 56

8 5 0.3 0.3 0.7 1.1 11

Mean

� Std

0.7 � 0.4 1.1 � 0.5 0.8 � 0.9 1.7 � 1.0 23 � 15
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value of 0.7 mm, which was below the range set by the surgeon in the control

system (1 mm). The total relative accuracy between the planned target locations and

the dye marks (A! D), however, increased to an average of 1.7 mm. Although this

value exceeds the error limit set within the control system, these results demonstrate

the most accurate positioning on the posterior beating heart surface through a

minimally invasive approach known to these authors. The additional relative

error from B ! C was due to the gripping of the epicardium following target

acquisition, which is measured by the tracking system and can therefore be reduced

with modifications to the control system. The additional error from C ! D may

have resulted from the reported static inaccuracy of the electromagnetic tracking

system (1.4 mm), or from uneven distribution of the dye into the myocardium. This

issue must be explored in future work. It may be that the large error associated with

target seven was due to this uneven distribution of the dye into the myocardium,

causing us to miscalculate the location of the front body during dye injection.

By adhering directly to the epicardium, and thus passively synchronizing with

the heart, the 3-D locations of the tip of the injection needle and the epicardial

surface remained aligned. Stabilization of the distance between the needle and the

heart surface resulted in reproducible needle penetration depths, while stability

tangential to the heart surface ensured that the needle did not tear the tissue.

Injection methods not synchronizing with the heart motion (e.g., manual or endo-

scopic tool injection) suffer with regard to both of these issues. In this manner,

HeartLander does not require cardiac stabilization for injection, which significantly

reduces the risks of hemodynamic impairment and fatal arrhythmia that can result

from the use of commercial mechanical stabilizers to immobilize the surface of the

heart. Filtering the physiological motion from the tracking data does not, however,

address the local deformation between points on the heart surface that occur during

the cardiac cycle. Despite this fact, we were able to demonstrate high relative

positioning accuracy (1.7 mm) because these deformations decrease as the distance

between the robot and the current target decreases. In the future, this physiological

deformation error can be further reduced by gating the tracking data – using real-

time ECG and air flow measurements – so that only data collected during specified

phases of the cardiac and respiratory cycles are used in the control system.

The most crucial limitation of our current system is the lack of anatomical

information in the graphic display of the user interface. This deficit presents a

serious safety concern when navigating on and interacting with the epicardial

surface, and reduces our ability to define the absolute positioning accuracy of the

HeartLander system. Accordingly, one of our future research aims is to register

preoperative anatomical imaging (e.g. CT or MRI) with real-time tracking techni-

ques. The surface model presented in this study was only used by the surgeon to

estimate the general anatomical location of the robot based on the known geometry

of the heart surface. Similarly, the positioning targets were defined relative to one

another, rather than to specific anatomical landmarks on the epicardium. In the

future, it will be necessary to quantitatively evaluate the absolute accuracy of

the positioning system. This evaluation will become possible with proper registra-

tion of preoperative imaging and real-time tracking.
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There are myriad opportunities for therapeutic applications within the intraper-

icardial space; including, but not limited to, cell transplant therapy for heart

failure, left atrial appendage ligation, epicardial ablation, device-based mitral

valve repair, and epicardial pacemaker lead placement for cardiac resynchronization

therapy [2, 14, 15]. Recently, several minimally invasive approaches, such as

traditional and robotic-assisted thoracoscopy, have been reported for these therapies

[8, 16, 17]. These approaches, however, require multiple port placements under

general anesthesia with double lumen ventilation. In addition, commercially avail-

able rigid endoscopic instruments intrinsically limit the operative field; specifically,

it is difficult to access the posterior of the heart, and changing operative sites may

require additional incisions and reinsertion of instrumentation. Alternatively, the

insertion of HeartLander employs a subxiphoid approach. This approach is a useful

method to access the intrapericardial space because there are no significant anatomic

barriers, and it requires only a single port. Deploying a robot with navigation and

positioning capabilities through this approach has the potential to obviate general

endotracheal anesthesia, lung deflation, and full sternotomy without sacrificing

treatment efficacy. In this manner, HeartLander has the potential to enable cardiac

procedures on an outpatient basis.
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Chapter 6

Miniature In Vivo Robots for NOTES

Shane M. Farritor, Amy C. Lehman, and Dmitry Oleynikov

Abstract Eliminating all external incisions would be a significant step in reducing

the invasiveness of surgical procedures. Accessing the peritoneal cavity through a

natural orifice, as in Natural Orifice Translumenal Endoscopic Surgery (NOTES),

promises distinct patient advantages, but is surgically challenging. Performing

laparoscopic surgeries through a single transumbilical incision is also gaining

renewed interest as a potential bridge to enabling NOTES. Both of these types of

surgical procedures are inherently limited by working with multiple instruments

through a constrained insertion point. New technologies are necessary to overcome

these limitations and provide the surgeon with adequate visual feedback and

triangulation. Miniature in vivo robots provide a unique approach by providing a

platform that is completely inserted into the peritoneal cavity to enable minimally

invasive surgery. This chapter describes the design and feasibility testing of minia-

ture in vivo robots that can provide stable visualization and manipulation platforms

for NOTES and single incision surgery.

Keywords Cholecystectomy � In vivo � Laparoscopy � LESS � Miniature � Mini-

mally invasive surgery � Natural orifice � NOTES � Robot � Single incision

6.1 Introduction

Performing surgical procedures using minimally invasive approaches is well

established, with laparoscopy now being the standard of care for many routinely

performed surgical procedures. While replacing a large open incision with three to

five small incisions offers significant advantages, focus remains on further reducing
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the invasiveness of these procedures. Natural Orifice Translumenal Endoscopic

Surgery (NOTES) is a new approach to abdominal surgery that promises to reduce

the invasiveness of surgical procedures by accessing the surgical target through a

natural orifice. Theoretically, the elimination of external incisions avoids wound

infections, further reduces pain, and improves cosmetics and recovery times [1, 2].

While NOTES may be the ultimate goal of minimally invasive surgery, significant

surgical challenges have led to an increased interest in Laparoendoscopic Single-

Site (LESS) surgery as an important step, and possibly a bridge to NOTES [3].

Accessing the peritoneal cavity through a natural orifice or a single abdominal

incision are appealing methods from the perspective of the patient. However, both

methods are surgical challenging. It is difficult to have multiple instruments passing

simultaneously through a natural orifice or an incision while maintaining adequate

manipulation and visualization capabilities. Current endoscopic and laparoscopic

instrumentation are inadequate for NOTES and LESS procedures. New technolo-

gies are necessary that can overcome these challenges and provide the surgeon with

adequate visual feedback and triangulation. This chapter describes the design and

in vivo feasibility testing of miniature in vivo robots that are a novel approach to

overcoming the current instrumentation limitations for NOTES and LESS.

6.2 Background

Accessing the surgical environment through small incisions, such as in laparoscopy,

is inherently limited in scope as compared to open procedures where the surgeon can

directly view and manipulate within the surgical environment. Working with long,

rigid tools through access ports in the abdominal wall limits the motion of the tools

and provides only a two dimensional image of the surgical environment [4, 5].While

laparoscopy is the preferred intervention for many routine interventions, such as

cholecystectomy, these constraints have contributed to the limited application of

laparoscopic techniques to more complex procedures.

6.2.1 Robotic Assistances for Minimally Invasive Surgery

Visualization and dexterity limitations for minimally invasive surgery are being

addressed through the application of robotics. The Automated Endoscopic System

for Optimal Positioning (AESOP) was the first robotic device to receive Food and

DrugAdministration approval for direct surgicalmanipulation in laparoscopy andwas

introduced in the mid-1990s for controlling a laparoscopic camera for surgical

procedures [6]. The daVinci® (Intuitive Surgical, Sunnyvale, CA) system is a more

advanced tele-robotic device that enables a surgeon located at a remote workstation to

control robotic arms that hold the laparoscopic instruments. The surgical dexterity is

enhanced through capabilities including wristed action, motion scaling, and tremor
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reduction. Further, a stereoscopic image of the surgical environment is displayed at the

hands of the surgeon, creating the illusion that the surgical tools are extensions of the

surgeon’s hands [6]. However, the universal use of the daVinci® system has remained

limited primarily due to its large size, high cost, and the diminished impact of the

dexterous improvements for performing less complex surgical procedures.

6.2.2 Natural Orifice Translumenal Endoscopic Surgery
and Laparoendoscopic Single-Site Surgery

Accessing the abdominal viscera through a natural orifice may be the ultimate

goal in reducing the invasiveness of surgical procedures. Natural Orifice Translu-

menal Endoscopic Surgery (NOTES) can be performed as a pure procedure using a

single opening or as a combined procedure using multiple orifices. Hybrid proce-

dures can also be performed using a natural orifice in conjunction with conventional

transabdominal ports [7]. The feasibility of NOTES was initially demonstrated in

multiple animal model studies including peritoneal exploration with liver biopsy,

gastrojejunal anastomosis, organ resection, and transvesical thoracoscopy [8–11].

NOTES procedures have also been performed with success in humans including

appendectomy and cholecystectomy [12–15].

Laparoendoscopic Single-Site (LESS) surgery, is another type of procedure

closely related to NOTES that is gaining renewed interest. LESS procedures are

performed using multiple instruments introduced though a single small transab-

dominal incision. LESS has been reported for cholecystectomy and appendectomy

since 1998 [16, 17], but with limited momentum due to technical limitations of

conventional instrumentation [18]. With recent advances in instrumentation and

access methods, there is a renewed interest in single small incision surgery, with

multiple procedures being performed in humans including simple nephrectomy

[19, 20], pyeloplasty [19], and cholecystectomy [21, 22]. For LESS, the surgical

target is often accessed using a specialized port, such as the Uni-X single Port

Access System (Pnavel Systems, Cleveland, OH) or the QuadPort (Advanced

Surgical Concepts, Bray, Ireland) that are introduced through a transumbilical

incision. These systems incorporate individual ports for a laparoscope, insufflation,

and specialized instruments.

6.2.3 Robotic Assistants and Instrumentation
for NOTES and LESS

There is great potential for new NOTES and LESS approaches, but the technology

remains in evolution [7]. Much of the work for addressing the visualization and

manipulation limitations for NOTES is based on the flexible endoscopy platform.

Some work focuses on developing locomotion systems for navigation of hollow
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cavities, such as the colon and esophagus, using methods including inchworm

devices [23], rolling stents [24], and adhesion [25]. Other work is focused on

improving distal tip dexterity. For example, master-slave robotic systems are

being developed that use long-shafted flexible instruments with multiple degrees

of freedom with standard gastroscopes or endoscopes to improve distal tip maneu-

verability [26, 27]. Also, the TransPort EndoSurgical Operating Platform (USGI

Medical, San Clemente, CA), is a commercially available four-channel platform

scope that uses ShapelockTM technology to lock the base of the endoscope for

stability while also allowing for distal tip maneuverability [28].

The need for adequate triangulation for LESS is currently being addressed

primarily through the use of bent or articulating instruments. However, bent tools

necessitate that tissue dissection, retraction, and cautery be performed with the

contralateral hand as compared to laparoscopic surgery [18] and often results in tool

collisions. Alternatively, articulating tools such as RealHand (Novare Surgical

Systems, Inc., Cupertino, CA) and Autonomy Laparo-Angle (Cambridge Endo-

scopic Devices, Inc., Framingham, MA) provide a seven degree of freedom

maneuverability allowing for easier tissue manipulation. The daVinci S (Intuitive

Surgical, Sunnyvale, CA) system has also been used to perform transumbilcial

single port radical prostatectomy, dismembered pyeloplasty, and right side radical

nephrectomy [29]. These procedures were performed using a multi-channel single

access port. These studies described limited intracorporeal tool collisions and

improved surgical dexterity.

While these specialized instruments and robotic systems mitigate the constraints

of working through a single incision or natural orifice, limitations are inherent in

approaches that require working with multiple instruments in a confined space.

Even with specialized tools for LESS, instrument collisions internally and exter-

nally remain problematic. Also, flexible endoscopy approaches to NOTES instru-

mentation remain limited by the size and geometry of the natural orifice. An

advanced laparoscopic skill set is requisite to the continued advancement of

LESS and NOTES using existing instrumentation and robotic systems [18]

Novel approaches to instrumentation are necessary for the universal adoption of

NOTES and LESS for performing minimally invasive surgery. One method is the

use of miniature robots that are completely inserted into the peritoneal cavity

through a natural orifice or a single incision. Unlike the externally actuated devices

discussed previously, these robots are not constrained by the entrance incision once

inserted into the peritoneal cavity. A transabdominal Magnetic Anchoring and

Guidance System (MAGS) including intra-abdominal cameras and retraction

instruments are currently being developed to assist in NOTES and LESS procedures

[30, 31]. Once inserted into the peritoneal cavity, these devices are attached and

positioned within the peritoneum using magnetic interactions with external hand-

held magnets. Similarly, insertable monoscopic and stereoscopic imaging devices

with multiple degrees of freedom are also being developed for minimally invasive

surgery [32, 33].
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6.3 In Vivo Robots for Visualization

Miniature in vivo robots provide a platform for visualization that is completely

inserted into the peritoneal cavity through a single incision or a natural orifice

approach. In contrast to existing flexible endoscopy tools used as the primary

visualization for many NOTES procedures, in vivo robots provide visual feedback

for the surgeon that is not constrained by the axis of the endoscope or the insertion

point. Further the surgeon can reposition the robot throughout a procedure to

provide visualization from arbitrary orientations within each quadrant of the peri-

toneal cavity. Two basic designs of in vivo robots for minimally invasive surgery

have been developed, as shown in Fig. 6.1. The first is a mobile in vivo platform that

provides a remotely controlled movable platform for visualization and task assis-

tance. The second is a peritoneum-mounted robot that provides visualization from a

birds-eye perspective.

6.3.1 Mobile Camera Robot

The basic design of a mobile camera robot, shown in Fig. 6.1 left, consists of two

wheels that are driven independently using permanent magnet direct current motors

that provide forward, reverse, and turning motions. A tail prevents counter-rotation

and allows the robot to reverse directions. A helical design for the wheel profile was

developed based on viscoelastic modeling together with benchtop and in vivo

testing results [34, 35]. A helical wheel profile has demonstrated maneuverability

on all of the pelvic organs, including the liver, spleen, small and large bowels, as

well as capabilities of climbing deformable surfaces that are two to three times its

height. No visible tissue damage has resulted from the in vivo testing with this

robot. Various designs of the mobile robot incorporate on-board cameras for

visualization and can also include end effectors, such as a biopsy grasper, to provide

task assistance capabilities.

Fig. 6.1 Mobile (left) (# 2006 IEEE) and peritoneum-mounted (right) imaging robots [36, 40]
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6.3.2 Peritoneum-Mounted Imaging Robot

Peritoneum-mounted robots provide primary visualization for minimally invasive

procedures [36]. The robot contains an external housing with magnets used for

fixation to the interior abdominal wall. These magnets interact with an external

magnetic handle to hold the robot to the internal abdominal wall. A schematic of the

external magnetic handle, the internal imaging robot, and the abdominal wall is

shown in Fig. 6.1 right. Once attached, the robot can be grossly repositioned by

maneuvering the magnetic handle along the exterior surface of the abdomen, with

the robot being repositioned correspondingly below. The inner housing of the robot

contains a camera and two ultra-bright LEDs for lighting. The camera can be

rotated to provide a tilting action using a permanent magnet direct current motor

that is also contained in the inner housing of the robot. This robot is tethered for

power and communications.

6.3.3 In Vivo Results

The in vivo robots for visualization have been demonstrated in multiple survival

and non-survival procedures in a porcine model. These procedures were all per-

formed at the University of Nebraska Medical Center with experimental protocols

approved by the institutional review committee.

Mobile Camera Robot. The mobile robot platform has been used to provide the

sole visualization for performing a laparoscopic cholecystectomy in a porcine

model [34]. For this procedure, the robot was introduced into the peritoneal cavity

through a specialized trocar. After the robot was completely inserted, this port could

then be used with a standard laparoscopic tool to provide additional task assistance

capabilities, such as retraction. The mobile robot with a biopsy end effector has also

demonstrated the feasibility of performing a single port biopsy using a mobile robot

platform, as shown in Fig. 6.2.

A mobile robot has also been inserted into the peritoneal cavity using a trans-

gastric approach [37]. For this procedure, the robot was advanced into the gastric

cavity through an overtube with the assistance of an endoscope. The robot then

maneuvered within the gastric cavity and was advanced into the peritoneal cavity.

The robot demonstrated abilities to explore the peritoneal cavity and was removed

through the esophagus using its tether.

Peritoneum-Mounted Imaging Robot. The peritoneum-mounted imaging robot

has been demonstrated in multiple survival and non-survival procedures in a porcine

model in cooperation with other in vivo robots and endoscopic and laparoscopic tools

[36]. In the first procedure, the peritoneum-mounted imaging robot and amobile robot

were inserted into the peritoneal cavity through a standard trocar. The robots provided

remotely repositionable platforms to provide visual feedback to the surgeon for the

performance of a laparoscopic cholecystectomy, as shown in Fig. 6.3. A subsequent
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series of three survival cholecystectomies were successfully performed in a porcine

model using a similar mobile camera robot and a peritoneum-mounted imaging robot.

In the third cooperative robot procedure, a peritoneum-mounted imaging robot, a

lighting robot, and a retractor robot demonstrated the feasibility of inserting multi-

ple robots with differing capabilities into the peritoneal cavity using a transgastric

approach. For this procedure, the imaging robot was advanced into the peritoneal

cavity through an overtube with the assistance of an endoscope. The robot was then

magnetically coupled to the interior upper abdominal wall to provide visualization

from an upper perspective. The retractor robot and the lighting robot were then

inserted and demonstrated imaging and task assistance capabilities.

6.4 In Vivo Robots for Manipulation

6.4.1 Design Constraints

Definition of the forces, velocities, and workspace required for performing laparo-

scopic surgical procedures are necessary for the successful design of a manipulator

robot for minimally invasive surgery. Available data for laparoscopic procedures

are given almost exclusively for the forces applied by the surgeon at the tool handle

instead of the actual forces applied to the tissues. Work by the BioRobotics Lab at

the University of Washing uses a device called the BlueDRAGON to measure

forces and motions applied by surgeons while performing various laparo-

scopic procedures [38, 39]. The raw data from these procedures provides useful

information for determining the design requirements for a dexterous robot for

Fig. 6.2 Mobile biopsy robot performing liver biopsy as viewed from laparoscope. (With kind

permission from Springer ScienceþBusiness Media: [42])
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manipulation. Based on this work, it was determined that the robot should be able to

apply forces along and perpendicular to the tool axis of 10 and 5 N, respectively.

Also, the angular velocities about the tool axis and the perpendicular axes should be

on the order of 1 and 0.4 rad/s, respectively [40]

6.4.2 Conceptual Designs

A dexterous in vivo robot for manipulation is designed to be analogous to the use of

standard laparoscopic tools for performing minimally invasive the surgery. The

basis of the robot design is to replace two laparoscopic tools with dexterous arms

that have similar linear and angular velocity capabilities, and the ability to apply

sufficient forces and torques as described above. The robot system, shown in

Fig. 6.4, consists of the in vivo robot that is completely inserted into the peritoneal

cavity and an external surgical control console. The robot must be flexible for

insertion into the peritoneal cavity through the complex geometry of the natural

lumen, and once inserted provide a stable platform for tissue manipulation and

visualization.

Fig. 6.3 Peritoneum-mounted (a) and mobile camera (b) imaging robots provide video feedback

(c, d) during cooperative laparoscopic procedure [36, 40]
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6.4.3 Prototype Robot Designs

Prototypes of the dexterous manipulator robot have two prismatic arms that are

each connected to a central body at a rotational shoulder joint. Each forearm has

either a grasper or a cautery end effector for tissue manipulation. The body contains

a stereo camera pair to provide visual feedback and an ultrabright LED for lighting.

Magnets contained in the central body of the robot interact with magnets in the

surgical control console to attach the robot to the interior of the abdomen and allow

for gross positioning of the robot internally. This method of attachment to the

abdominal wall enables the surgeon to arbitrarily position the robot throughout a

surgery to provide improved visualization and manipulation capabilities within

each quadrant of the peritoneal cavity [41].

The robot has two configurations to allow flexibility for insertion and also to

provide stability for tissue manipulation. The robot can be changed from an articu-

lation configuration to an insertion configuration, as shown in Fig. 6.5, by discon-

necting the shoulder joint linkages. In the insertion configuration, the shoulder

joints freely rotate allowing for natural orifice insertion. Once the robot has fully

entered the peritoneal cavity, the shoulder linkages are reconnected allowing

articulation.

6.4.4 Kinematic Models and Analysis

The dexterous manipulator robot is represented with the kinematic model of a two

degree-of-freedom planar robot with a rotational shoulder joint and a prismatic arm

joint [40]. The prototype NOTES robot is shown overlaid on the robot schematic

with details of the shoulder joint expanded in Fig. 6.6. The joint variables are pitch,

Fig. 6.4 Conceptual design of in vivo manipulator robot system for NOTES and LESS
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Fig. 6.5 Design of prototype dexterous manipulator robot in articulation (a) and insertion

(b) configurations (#2008 IEEE)

Fig. 6.6 Kinematic model of the dexterous robot (left) and shoulder joint (right) (#2008 IEEE)
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yaw, and lower arm extension, denoted by a1, y3, and a3, respectively. A universal

frame {0} is aligned with the gravity gradient, and the parameter, a0, defines the
rotation of the robot with respect to the universal frame. The parameter, a1, defining
the angle of rotation of the robot cameras with respect to frame {1}, is zero for this

robot. The constants, a2 and a4, define the half body width and the end effector

offset with respect to the shoulder joint, respectively.

The necessary joint torques were determined assuming a half body width, a2, of
40 mm, a prismatic link mass of 30 g, a workplane, a0, of 40� below level, and lower

extension, a3, and shoulder yaw, y3, ranges of 64–93 mm and 75–154�, respec-
tively. The maximum joint torque necessary at full extension of the lower arm was

determined to be 522 mNm. The necessary input force, Fs, to apply the necessary

joint torque within the dexterous workspace defined as the range of joint angle, a3,
from 110–154�, was then determined. The shoulder joint articulation method for

this robot uses a slider mechanism constrained to move in the x-direction that is

coupled to the robotic arm, a3, by a link L1, with rotational degrees of freedom at

each end. The maximum slider input force required was determined to be 67 N,

assuming an overall efficiency of 50%.

6.4.5 User Interfaces

One version of the user interface for the dexterous miniature robot consists of two

joystick controls that provide control for rotation of the shoulder joint and forearm

extension, as shown in Fig. 6.7 [41]. Two pushbuttons on the left joystick are used

to open and close the grasper jaws. The cautery is activated using a foot pedal. The

video from one of the robot cameras is displayed on the LCD screen located

between the two joysticks. The back of the control console contains magnets that

interact with magnets in the body of the robot to hold the robot to the interior

Fig. 6.7 User interface for dexterous manipulator robot. (With kind permission from Springer

ScienceþBusiness Media: [41])
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abdominal wall directly below the screen on the user interface. This provides for an

intuitive understanding of the robot position within the peritoneal cavity. Moving

the control console along the exterior surface of the abdomen effectively reposi-

tions the robot internally.

An alternative design for the user interface uses two modified laparoscopic tools

in place of the joysticks. In this design, the robot arms located internally act as

extensions of the external laparoscopic handles. This interface also includes an

LCD display for video feedback and a foot pedal for cautery activation. This user

interface is currently used to provide on-off control of the degrees of freedom for

the robot.

6.4.6 In Vivo Results

Multiple non-survival procedures in a porcine model have been performed using

iterations of this prototype dexterous manipulator robot design [41]. The basic

surgical procedure initiated with accessing the peritoneal cavity through the

upper gastrointestinal tract. An overtube was inserted through a transesophageal

incision and advanced through the esophagus and into through a transgastric

incision made using an endoscope. The robot was then configured for insertion

and advanced through the overtube and into the peritoneal cavity using a standard

therapeutic endoscope. The endoscope provided supplementary visualization and

observation of the robot throughout the procedure. The focus of two of the proce-

dures was to evaluate robot functionality. For these surgeries, the robots were

inserted into the peritoneal cavity through a single transabdominal incision with

supplementary visualization and retraction being provided by laparoscopic tools.

For each procedure, the robot was lifted from the floor of the abdomen following

insertion using the interaction of magnets embedded in the robot and in the external

surgical control console. The robot was then grossly maneuvered in the proper

orientation for manipulation of the gallbladder. Once in position, the grasper end

effector was used to grasp the cystic duct. The cautery end effector was next moved

into position to begin the dissection and the cautery was activated. The procedure

continued through iterations of this stretch and dissect task with repositioning of the

robot as necessary throughout to perform a cholecystectomy. Views of the robot

from a laparoscope used to observe the operation of the robot and from the on-board

robot cameras are shown in Figs. 6.8 and 6.9, respectively. At the end of each

procedure the robot was retrieved by its tether.

These procedures demonstrated the feasibility of using a dexterous in vivo robot

platform to perform LESS or NOTES from essentially a laparoscopic platform. The

configurations of the robot provided sufficient flexibility for insertion through a

natural orifice or a transabdominal incision. Further, the placement of the robot

cameras improved tool triangulation and the surgeon’s understanding of the surgical

environment. The robot design also enabled the application of sufficient off-axis

forces for tissue retraction and dissection.
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6.5 Conclusions and Future Work

Central to the widespread conversion of many surgeries in the peritoneal cavity to a

less invasive NOTES or LESS approach is the further development of devices that

provide the surgeon with a stable multi-tasking platform for visualization and

dexterous tissue manipulation. Many of the instruments that are currently being

developed are based on the design of existing laparoscopic or flexible endoscopy

tools. However, these instruments remain limited by working simultaneously

through a confined entrance point.

Miniature in vivo robots that are completely inserted into the peritoneal cavity

through a natural orifice or a single incision provide a novel approach for addressing

the constraints of LESS and NOTES. These devices can be used inside the perito-

neum without the typical constraints of the access point. Miniature robots can

provide the surgeon with a repositionable visualization platform using perito-

neum-mounted or mobile camera robots. Also, miniature robots with dexterous

end effectors, including cautery and grasping, can provide a stable platform for

off-axis tissue manipulation and visualization. Further, multiple devices can be

inserted through the same incision without being limited by simultaneously working

through a natural orifice or single incision.

Fig. 6.8 Views of the robot in the peritoneal cavity from the laparoscope. (With kind permission

from Springer ScienceþBusiness Media: [41])
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Although barriers remain to the universal application of the NOTES and LESS

approaches for performing abdominal procedures, continued developments in

robotic technologies promise to provide an improved platform for intuitive visuali-

zation and dexterous tissue manipulation to better enable complex procedures using

these less invasive approaches. Continuing work to the miniature in vivo robotic

platform includes improving robot dexterity and speed while also reducing the size

of the robot.
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Chapter 7

A Compact, Simple, and Robust Teleoperated

Robotic Surgery System

Ji Ma and Peter Berkelman

Abstract The utility of current commercial teleoperated robotic surgery systems is

limited by their high cost, large size, and time-consuming setup procedures.

We have developed a prototype system which aims to overcome these obstacles

by being much smaller, simpler, and easier to set up and operate, while providing

equivalent functionality and performance for executing surgical procedures.

The prototype system is modular and each component manipulator is approxi-

mately 2.5 kg or less, so that they system is easily portable and each manipulator

can be individually positioned and fixed in place by hand to a rigid frame above

the operating table. All system components and materials are autoclaveable and

immersible in fluids, so that each manipulator can be sterilized and stored by the

standard operating procedures used for any other surgical instrument, and no sterile

draping is required. The system is described and results of untrained user trials

performing standard laparoscopic surgery skill tasks are given.

7.1 Introduction

The development of minimally invasive surgical techniques has been a great benefit

to patients due to reduced trauma and risk of infection when compared to open

surgical procedures. Minimally invasive surgery is much more difficult for the

surgeon, however, as dexterity is reduced when handling long, thin instruments

through a keyhole incision, and visibility is reduced by the necessity of using a rigid

endoscope and video monitor to display the internal tissues and instruments to the

surgeon during the procedure.

Teleoperated robotic surgical systems aim to regain and enhance the dextrous

capabilities of surgeons to perform minimally invasive procedures by appropriate

scaling between motions of the teleoperation masters and slaves, reducing the
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manual tremor of the surgeon, and enabling direct control of instrument tips by

eliminating the reversed motions between manual minimally invasive surgery

instrument handles and tips caused by the instruments pivoting about a fulcrum at

the incision point. Commercial systems are being used in a steadily increasing

number of hospitals, however in practice their use is often limited to specific cases

and procedures, due to complex, costly, and time-consuming setup and mainte-

nance procedures.

At the University of Hawaii we have developed a compact prototype system

which aims to address the shortcomings of the first generation of robotic surgery

systems by being much smaller, simpler, and easier to set up and use than current

commercial systems. The manipulators are shown attached to a rigid frame

clamped above a table in Fig. 7.1. The most important features of our system are

that it is autoclaveable and immersible in fluids for sterility and cleaning, its small

size for easy setup and use, and its modular design so that any component of the

system may be easily added, removed, or replaced at any time during procedures.

7.1.1 Disadvantages of Current Systems

The most widely used teleoperated robotic system for minimally invasive surgery is

currently the da Vinci, from Intuitive Surgical Systems [5]. Although it is commer-

cially successful and approved for a number of surgical procedures, it is large and

costly, the layout of the operating roommust be reconfigured to accommodate its size,

Fig. 7.1 Endoscope and instrument manipulators
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and specialized procedures are necessary for the setup and use of the system. The

complete systemmay be difficult to fit into standard operating rooms, and typically an

entire roommust be permanently devoted to robotic system regardless of its frequency

of use, as it is too massive to be regularly moved between rooms. All parts of the

robotic system within the operating field must be carefully enclosed in sterile drapes

before each procedure, which adds to the setup time. Furthermore, it may be necessary

to replan standard procedures so that the external arms carrying the surgical instru-

ments do not collide. The large size of the surgical manipulators partially obstruct the

access and view of the patient by the surgical staff. An immersive teleoperationmaster

console with a stereo display provides a high degree of telepresence for operating

instruments inside the patient, but peripheral awareness of the exterior condition of the

patient is lost due to the physical separation and the immersive display.

The ZEUS from Computer Motion [13], which is currently unavailable due to

merging with Intuitive Surgical, was smaller than the da Vinci yet its large

manipulator bases attached to the operating table and its use of serial jointed robotic

arms to manipulate instruments also somewhat reduces free access to the patient

from all directions by the surgical staff and may require careful preplanning and

positioning to avoid collisions between the arms during a given procedure. The

Laprotek from [3] system from Endovia and the RAVEN [8] developed at the

University of Washington are also both somewhat smaller and less obtrusive than

the da Vinci and ZEUS systems. These two systems mainly rely on actuation by

cable tendons, which is a possible source of difficulty due to wear, stretching, and

variable tension and friction.

7.1.2 Advantages of Smaller, Simpler Modular Systems

Reducing the size and complexity of a robotic surgery system provides many

complementary advantages. First, small, lightweight instrument and endoscope

manipulators permit them to be fixed directly above the patient, allowing full access

to the patient from all sides and not occupying any floor space in the operating

room. Each manipulator can be easily positioned with one hand and clamped in

place on a rigid frame, and is small enough to fit inside a typical hospital autoclave

and stored in a cabinet. Individual manipulators can easily be added, removed, or

replaced in the system at any time during surgical procedures, to switch between

different types of instruments, to manually operated instruments, or to convert to an

open procedure in only minutes.

The small size and light weight of the mechanisms also result in reductions in the

motor torques required to counteract gravity loads. With lower motor torque

requirements, miniature brushless motors may be used, integrated directly into

the manipulator mechanism with a minimal amount of gear reduction and drivetrain

components. The use of miniature motors further reduces the total mass of the

manipulators, and the simplicity of the drivetrains improves the reliability of the

manipulators as the number of potential failure points is reduced, no lubrication or
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other maintenance procedures are necessary, and stretching and wear of actuation

cables are not a cause for concern.

Finally, the reduced mass and motor torque requirements in the manipulators

improve the safety of the system. Any unintended collisions between manipulators

or impacts with patient anatomy are less likely to cause damage, as the kinetic

energy from the moving mass of the manipulators would be more easily dissipated.

7.1.3 University of Hawaii System Components

A schematic diagram of the compact laparoscopic surgery robot system is shown in

Fig. 7.2, showing all the components of the system and the communications links

between them. The components of the compact surgery robot system include the

following:

Teleoperation Masters: The masters receive the surgeons hand motions then

change these motions into position signals. The

masters use PHANToM Omni haptic device which

can detect the motion of the surgeons hand. Miniature

brushless DC motors are used.1

Instrument Manipulators: The instrument manipulator follows the masters

motion signal to realize translation and rotation motion

of surgical instrument which is attached on the manip-

ulator.

Surgical Instruments: The surgical instruments provide serials of tools for

surgery. The surgical instrument can be attached to or

detached from the instrument manipulator rapidly dur-

ing instrument exchange in surgical procedure.

Endoscope Manipulator: The structure of endoscope manipulator is same as the

instrument manipulator except its lower force/torque

requirement for moving endoscope and one less DOF.

The endoscope manipulator moves according to voice

command or foot pedal input of the surgeon or moves

semi-autonomously to trace the object in the surgical

site.

Motor Controllers: Motor controllers are used to drive the DC brushless

motors in the manipulators and the instruments.2

Video Feedback: A video signal is acquired from the endoscope and

the video feedback is provided by a monitor for

the surgeon and nurses to observe the surgical site.

In the current surgery robot protope, an endoscope

1MicroMo Brushless DC.
2MicroMo MCBL 3003.
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and a TV monitor are used to provide the surgeon with

a 2-D video feedback.

Endoscope Command: Since the surgeons hands are occupied by two masters,

a voice command recognition system and a set of foot

switches are used to control the endoscope manipula-

tor.

Central Controller: The control software includes hardware device dri-

vers, control software and the user interface, and exe-

cutes on a PC in a compact enclosure with a

touchscreen and running Windows XP. The system

control software is described in further detail in [9].

A second enclosure contains additional motor controllers, power supplies, and a

multichannel serial port output card to send commands from the high-level PC

control to individual motor controllers. The entire system is modular and portable

and any of the components may be added, removed, replaced at any time, converting

between teleoperated minimally invasive surgery, manual minimally invasive sur-

gery, or to open procedures. Total setup time from packing cases to operation is less

than 15min. The endoscope and instrument manipulators, and the teleoperated

instruments described in detail in Sects. 2, 3, and 4.

Fig. 7.2 Schematic of communication between modular components of surgical robot system

prototype
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7.2 Endoscope Manipulator

Early development and testing of the endoscope manipulator used in our

teleoperated system was carried out at the TIMC-IMAG laboratory of Grenoble,

France, and is described in detail in [2]. The current version has been commercia-

lized by EndoControl S.A. of Grenoble as the ViKY (Vision Kontrol EndoscopY)

[6] and is shown in Fig. 7.3. The ViKY system has undergone extensive human

trials with over 300 procedures performed as a robotic assistant to position and hold

an endoscope during minimally invasive surgical procedures performed manually.

The device has received CE marking for use in Europe, and was approved by the

FDA in December 2008 for use in the United States.

The endoscope manipulator consists of an annular base placed on the abdomen,

a clamp to hold the endoscope trocar, and two joints which enable azimuth rotation

and inclination of the endoscope about a pivot point centered on the incision.

A compression spring around a telescoping shaft with an internal cable which is

wound around a motorized spool control the insertion depth of the endoscope.

Control of the robot is simple and straightforward, as the motion of each motor

directly corresponds to the horizontal and vertical motion and zoom of the

endoscope camera image. As a result, no kinematic calculations, initialization

procedures, or homing sequences need to be performed to operate the robot. No

calibration procedure is necessary and the manipulator is ready to be used immedi-

ately after being powered on. The endoscope can be quickly removed at any time

for cleaning or replacement, and the robot can be removed while leaving the trocar

in place in the abdomen. A set of foot switches and a voice command recognition

system are available as user control interfaces to enable the surgeon to control the

endoscope manipulator motions while holding surgical instruments in both hands.

Fig. 7.3 ViKY endoscope manipulator
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The manipulator is approximately 800 g. Rigid laparoscopic endoscopes with

video cameras are typically 300–500 g. The base diameter is 110mm and the

minimum height is approximately 100mm.

To meet the sterility and hygiene requirements of the operating room without

using sterile drapes, all components are autoclaveable and waterproof. In addition,

the surfaces of all moving parts must be accessible to cleaning brushes for rapid

cleaning after procedures without using tools for disassembly. To satisfy this

requirement, the rotating ring in the base of the manipulator is supported on a set

of smooth, rotating pinions rather than a ball bearing.

Earlier commercial endoscope manipulators include the Aesop [4] from

Computer Motion Inc., and the EndoAssist [1] from Prosurgics, formerly Arm-

strong Healthcare. Both of these manipulators are serial jointed robotic arms, with

large massive bases and passive gimbal joints where the endoscope is attached, to

allow the endoscope to pivot about the incision point.

7.3 Instrument Manipulation

The basic structure and design of the instrument manipulators in the system are

similar to the endoscopemanipulator described in the previous section. However the

performance requirements of instrument manipulators are more demanding with

respect to accuracy, sensitivity, response time, stiffness, and forces generated, and

an additional actuated degree of freedom is required to rotate the instrument shaft.

The instrument manipulators move a platform to which various different surgi-

cal instruments may be attached. Teleoperation masters control the motions of the

instrument manipulators and instruments together. The instrument manipulators

and teleoperation masters are described in this section and the articulated robotic

surgical instruments developed for the instrument manipulators are described in

the next section.

7.3.1 Instrument Manipulators

An instrument manipulator is shown in Fig. 7.4 holding a manual minimally

invasive surgical instrument. Figure 7.5 shows a manipulator with no attached

instrument.

A rack-and-pinion drive is used in the instrument manipulators to control the

instrument insertion depth instead of the cable-and-spring mechanism of the endo-

scope manipulator due to the greater precision and forces required in the instrument

manipulators. The rack-and-pinion motor and a fourth motor to rotate the instru-

ment shaft are both built into the upper platform of the instrument manipulators.

The base of the instrument manipulators is smaller in diameter than the endoscope
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manipulator in order to more easily place multiple robots next to each other on the

abdomen of the patient.

If the motors are disabled or powered off, their motions are backdriveable, which

is useful during initial device setup or in case of a motor failure. Each manipulator

is particularly compact and lightweight at 1.8 kg, 100mm in diameter and 360mm

in height.

A pair of commercial haptic interfaces as teleoperation masters [11] A grasper

handle with gripping force feedback, shown in Fig. 7.6, is used in place of the

original stylus to provide the user a more ergonomic operation of the wrist and more

precise and delicate gripper force control which can avoid tissue trauma caused by

large forces from the gripper. In the initial development, the two buttons on the

handle of the haptic device were used to control the gripper to open and close. But

Fig. 7.5 Instrument manipulator without instrument

Fig. 7.4 Instrument manipulator holding manual instrument
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we found induced motions in the system are caused by the forces required to press

the buttons. Precise opening and closing of a gripper or scissors is difficult to

control precisely using these on/off buttons only.

7.4 Articulated Wrist Instruments

We have produced instruments with articulated, motorized wrists at the active ends

to improve surgical dexterity compared to standard manual instruments in mini-

mally invasive surgery. The ability to bend an instrument tip up to 90 ∘ in any

direction, teleoperated from the master console, enables the tip to approach and

contact tissues from a wide range of angles, can avoid occlusions and obstructions,

and provides better access for gripping and cutting, and especially suturing, in

which the tip of a needle must follow a helical path. The use of articulated wrists in

our system provides the full teleoperated robotic surgical assistance functionality

equivalent to current commercial systems. Although the current prototype instru-

ment wrists in development have not yet been tested to withstand repeated auto-

clave cycles, all the motors and materials used in the instrument wrists are

commercially available in autoclaveable versions.

Fig. 7.6 Teleoperation master console
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7.4.1 Wire-Driven Flexible Spines

Instead of using cable-driven rotational joints in the instrument wrists, our instru-

ments use a wire-driven flexible spine for bending, in an approach similar to Van

Meer [12]. This actuation method is easier to fabricate, does not require small

bending radii in actuation cables, and is free from kinematic singularities.

The articulated instruments provide an additional two degrees of freedom in

wrist motion to increase dexterity and a single degree of freedom for tool actuation.

In Fig. 7.7, four wrist plates (1.8mm height and 6 mm diameter) and three spheres

(3mm diameter) are stacked together with each sphere between two plates.

The wrist plates have drilled holes for eight Nitinol wires (0.33mm diameter)

to pass through. Four Nitinol wires, actuated in antagonistic pairs, are used for

driving the wrist rotations and the other four wires are passive to provide the wrist

more axial rigidity.

Figure 7.8 shows the fabricated wrist with a gripper tip. The total length of the

flexible part of the wrist is 12mm. A conventional manual surgical tool tip (5mm

diameter) is attached to the end of the wrist. The opening and closing of the gripper is

driven by a ninth superelastic Nitinol alloy wire (0.43mm diameter) which passes

through the pierced spheres and wrist plates. The wrist bending motion range is 90

degrees in all directions. The diameter of the instrument is 6mm. The materials of the

wrist are biocompatible, low cost, and autoclaveable. During instrument exchange in

a surgery procedure, different instruments can be detached from and attached to

the instrument manipulator quickly. In the current prototype as shown in Fig. 7.9,

the driving motors and the instrument are assemble together. The total length of

the modular surgical instrument prototype is 450 mm and the weight is 380 g.

Miniature brushless DC are used for actuation of the two perpendicular wrist

bending directions and for the instrument gripper or scissor. To convert the motor

shaft rotations to the linear motions required for wire actuation and increase their

force capabilities, miniature worm gear assemblies are used for the antagonistic

Fig. 7.7 Flexible spine structure for articulated instrument wrist
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actuation of wrist bending and a miniature lead screw is used for the gripper/scissor

actuation. The motors and gear reductions at the top of a robotic instrument are

shown in Fig. 7.10.

7.4.2 Grip Force Feedback

In typical manual laparoscopic surgery, surgeons can feel approximate contact,

gripping, and cutting forces from instrument and tissue interactions, but the force

sensations are masked by friction and backlash in the manual instrument handle and

the trocar. In current robotic surgery without force feedback, the surgeons have no

contact sensation from their hand and must judge the forces applied to tissue based

on the tissue deformation seen in the video feedback and their surgical experience.

Fig. 7.9 Complete surgical instrument

Fig. 7.8 Surgical instrument wrist and gripper
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Aside from the force information from instrument and tissue interaction, the

grasping force of the gripper is also important because too much grasping force will

damage tissue and it is difficult to judge the grasping force from tissue deformation.

It is difficult to sense forces at the tip of the surgical instrument due to the miniature

size, the harsh environment inside the body, and biocompatibility and sterility require-

ments. In the design of our surgery instrument, we installed a load sensor between the

gripper motor lead screw and the actuation wire to indirectly measure grasping force.

This measure is approximate, however, as the measured friction between the driving

wire and the wrist varies from 0.5N to 2N as the wrist bends from 0∘ to 90∘ .

A miniature voice coil,3 linear bearing, and linear potentiometer were added to

the gripper control mechanism on the handles of the teleoperation masters, as

shown in Fig. 7.11. The voice coil can provide a continuous force of 2.3N and

peak forces up to 7.4N. Due to the friction and hysteresis in the motion gripper

actuation wire, it is difficult to provide user force feedback which is both stable and

useful to the user for gripping tasks. Further investigation and testing is necessary to

filter the sensed force signal and compensate for friction to stably provide realistic

grip force feedback to the teleoperator.

7.5 User Trials

The system has undergone sets of preliminary trials in the laboratory to compare its

performance to manual laparoscopic surgery and published results from other

systems when operated by untrained users. Student volunteers were recruited to

perform standardized surgical skills tasks including placing rings on pegs with a

single instrument, tracing motion trajectories, peg transfers with two instruments,

3MotiCont Inc.

Fig. 7.10 Actuation motors and reduction mechanisms at head of instrument
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suturing with knot tying, and precision cutting. The two tasks Sect. 5.1 were

performed with instruments with fixed straight wrists, to simplify the teleoperation

interface and reduce the training and familiarization period for the operators, and

the tasks in Sect. 5.2 were performed with the articulated wrists as described

in Sect. 4.

7.5.1 Comparison to Manual Instruments

In order to compare the performance of our surgical robotic system with typical

manual MIS instrument operation, user testing experiments were designed and

performed. Two tasks were performed by participants using both the manual MIS

instrument and the teleoperated robotic system. The positions of the instrument

incision point, the task object, the monitor and the user were arranged to be the

same for both the manual and robot instrument operations. An optical motion

capture system4 was used to capture the motions of the surgical instrument tips

for both the manual and the robot task operations. Further detail regarding these

comparative user experiments is provided in [10].

Four infrared LEDs were affixed to the handle of each surgical instrument to

enable tracking of the instrument tip position at a 30Hz sample rate. This motion

tracking technique accounts for all motion from hysteresis, vibration, and deforma-

tion in the manipulator support clamps, support frame, and mechanism, except for

flexing of the instrument shaft between the handle and tip.

4 Optotrak Certus, Northern Digital Inc.

Fig. 7.11 Grip force feedback actuator assembly in teleoperation handle
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Before the experiments, each participant was allowed 2–15min to practice until

the participant felt that he or she was familiar with the operations. In the experi-

ments, the novice participants preferred to spend much more time practicing

the manual surgical instrument operation than in the robotic teleoperation. The

practice time for participants in manual operation was about 5–10min while

the practice time in robotic operation was only about 1–2min.

Two tasks were used to compare manual laparoscopic instrument operation and

teleoperated robotic operation. Each task required one hand only.

Task 1: Pick and Place Use the gripper instrument to pick up nine rings and

place them on pegs. The pegs are arranged in a grid with 20mm separation and the

rings were lined up against the edge of the tray containing the pegs before each task.

The execution time results are shown in Fig. 7.12, indicating that manual instrument

operation takes more time than robot teleoperation except for subjects 5 and 6.

It was observed that in teleoperation, the motion of the instrument tips paused while

grasping the rings, but in manual operation rings could be easily grasped while

moving the instrument. The average grasping time was approximately 21% of total

robot teleoperation time.

Task 2: Trajectory Following Use the gripper instrument to follow the given

trajectory indicated on a horizontal plane. A 20mm square was plotted on graph

paper as the given trajectory. The participants were asked to control the tip of the

surgical gripper instrument to move along the square trajectory. Each participant

was asked to follow the trajectory in the clockwise direction for five circuits.

Figures 7.13 and 7.14 are sample instrument tip trajectories for manual and

Fig. 7.12 Manual and teleoperated ring placement task completion times
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Fig. 7.13 Manual instrument tip trajectory

Fig. 7.14 Teleoperated instrument tip trajectory
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teleoperated instruments. The trajectory of the manual operation is much coarser

due to hand tremors and vibrations. In the teleoperation data, although there are

some tremors from the teleoperation master device, the trajectory is much more

accurate and smoother than manual instrument operation.

7.5.2 Comparison to Results of Other Robotic
Surgery Systems

The Fundamentals of Laparoscopic Surgery (FLS) curriculum is a standard surgery

teaching and training curriculum which was created in the late 1990s by the Society

of American Gastointestinal Endoscopic (SAGES). The FLS curriculum includes

both cognitive as well as psychomotor skills. The FLS tasks have been used to teach,

practice and evaluate the skills of thousands of surgeons. The FLS curriculum

provides a structured and repeatable means to evaluate surgical skills, and the use

of the FLS tasks in the field of surgical robotics can allow researchers from different

groups to have a common basis for objective evaluation and comparison of their

systems. Sample FLS tasks were performed by volunteers to evaluate our surgery

robot system.

There are five tasks in the FLS curriculum: peg transfer, precision cutting,

placement and securing of ligating loop, simple suture with extracorporeal knot,

and simple suture with intracorporeal knot. Two of the tasks, placement/securing of

a ligating loop and extracorporeal knot tying, require special tools and therefore

these two tasks are not included in the current evaluation. The other three FLS tasks

are the peg transfer, precision cutting, and simple suture with intracorporeal knot

tasks. Standard commercial surgical training task kits were used.5 In the main study,

only the peg transfer task is used because the task is relatively easy for untrained

novice users. The precision cutting and suture task were performed by the first

author who has some experience in teleoperating the surgical robot system.

In the peg transfer task as shown in Fig. 7.15, a peg board with 12 pegs and 6

rings are manipulated by two gripper instruments. The user is asked to use the left

gripper to grasp a ring from the left peg board, transfer the ring to the right gripper

in midair, then place the object on the right peg board. After all six rings are

transferred to the right peg board, the process is reversed, and the user transfers all

the rings to the left peg board. In this task, the total number of object transfers is

twelve, including six transfers from left to right and six transfers from right to left.

In the suturing and knot tying task, a Penrose drain is attached on a foam block as

shown in Fig. 7.16. The instruments required in this task are two needle drivers. The

user is required to place a suture precisely through two marks on the Penrose drain.

At least three throws including one double throw and two single throws must be

5 Simulab Inc.

154 J. Ma and P. Berkelman



placed on the suture. The task requires needle placement, needle transferring,

suturing and knot tying skills.

Figure 7.17 shows the cutting task. The tools needed for this task are one gripper

and one scissors. A 100 �100mm gauze piece with a circle pattern is secured in

view of the endoscope. The user is asked to cut out the circle along the line

precisely. The gripper is used to hold the gauze and to place the gauze the best

angle for cutting. This task is designed to use hands in a complimentary manner.

Fig. 7.16 FLS suturing task

Fig. 7.15 FLS peg transfer task
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The results of the peg transfer task executed by volunteer subjects are shown in

Fig. 7.18. Each user performed three repetitions of the peg transfer task, and the task

times for right-to-left and left-to-right transfers were recorded separately.

The cutting and suture with knot tasks have been performed by the first author.

The average task completion tasks for each of the three tasks are given in Table 7.1

and compared with published results from the da Vinci system from Intuitive

Surgical Systems and the RAVEN system from the University of Washington [7].

As the number of users is small in each case and variations in experience levels are

Fig. 7.18 Manual and teleoperated peg transfer task completion times

Fig. 7.17 FLS precision cutting task
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not accounted for, these comparisons are not necessarily indicative of the relative

performance or ease of use of each system, however.

7.6 Conclusion

The prototype system is currently complete and fully functional. The endoscope

manipulator is the most mature component of our system, in that it has been separately

commercialized, has undergone human trials for use with manual instruments, and

has obtained CE marking for use in Europe and FDA approval for use in the United

States. The instrument manipulators were fabricated with a similar design,

components, and materials, so that they are also autoclaveable and immersible in

fluids. The teleoperated instruments currently carried by the instrument manipulators

can be made to be autoclaveable and waterproof by encapsulating the actuation

mechanism and substituting autoclaveable versions of the motors, wiring insulation,

and connectors.

The system is modular and portable, it is regularly transported for demonstrations

and testing and can be set up completely in less than 15min. Preliminary user testing

using the complete system has been carried out to validate the utility of the system in a

laboratory setting. Further testing and validation remains to be done, by users with

surgical training performing more realistic and detailed surgical procedures.
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Chapter 8

Raven: Developing a Surgical Robot

from a Concept to a Transatlantic

Teleoperation Experiment

Jacob Rosen, Mitchell Lum, Mika Sinanan, and Blake Hannaford

8.1 Introduction

For decades surgery and robotics were progressing along two parallel paths.

In surgery, minimally invasivesurgery (MIS) revolutionized the way a significant

number of surgical interventions were performed. Minimally invasive surgery

allows the surgeon to make a few small incisions in the patient, rather than making

one large incision for access. This technique allows for significantly faster recovery

times, less trauma, and decreased pain medication requirements for the patient.

In robotics, teleoperation integrated the human into robotic systems. Only in the

last decade have surgery and robotics reached a level of maturity that allowed safe

assimilation between the two in a teleoperation mode for creating a new kind of

operating room with the potential for surgical innovation long into the future [1].

A detailed historical overview of surgical robotics is beyond the scope of this

chapter. The reader may refer to several published papers, which collectively may

provide a comprehensive survey of the field of surgical robotics and its applications

in various sub-disciplines of surgery and medicine [2–17]. The remaining of this

section will provide a brief overview of key systems and millstones of the research

activities in the field of surgical robotics and telesurgery.

One of the earliest applications of robotics in surgery in mid 1980s included a

modified Puma 560 which was used as a positioning device to orient a needle for

biopsy of the brain on a 52 year-oldmale [18]. In parallel research efforts at IBMwere

focused on a bone cutting robot with clinical application in total hip-replacement – a

system later know as the ROBODOC [19]. The late 1980s also brought on a revolution

in surgical intervention. Jacques Perrisat, MD, from Bordeaux, France presented a
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video clip at SAGES (Society of American Gastrointestinal Endoscopic Surgeons) of

the first laparoscopic cholecystectomy (gall bladder removal). Minimally invasive

surgery techniques greatly influenced the approaches that roboticists have taken

toward robot assisted interventions. These key events set the stage for an introduction

of surgical robotics into a clinical setup.

Two ground braking systems were developed in academia in the mid to late 1990s

both using a four bar mechanism: the Silver and the Black Falcon [20] and the

Laparoscopic Telesurgery Workstation [21]. Intuitive Surgical Inc. and Computer

Motion Inc. both produced commercially available FDA-approved surgical robot

systems for MIS. Computer Motion’s Zeus surgical robot held a surgical tool on a

SCARA-type manipulator. The Intuitive Surgical Inc. da Vinci R uses a an extended

parallel 4-bar mechanism. The deVinci synthesized two sub systems: (1) The surgeon

console (master) including a 3D vision was originally developed by SRI as part of a

system known as the M7 – A surgical robot for open surgery; (2) the surgical robot

itself along with the wristed tools were based on the Black Falcon developed byMIT.

In 2003, after years of litigation and counter-litigation over intellectual property

rights, the two companies merged under the name Intuitive Surgical Inc. (ISI).

There are currently several hundreds da Vinci systems in use throughout the world.

Telesurgery on a human patient was accomplished on September 9, 2001 by

Marescaux and Gagner. In collaboration with Computer Motion, they used a

modified Zeus system to teleoperate between New York City and Strasbourg,

France under a 155 ms time delay using a dedicated Asynchronous Transfer

Mode (ATM) communication link [22, 23]. Several key non-clinical teleoperation

experiments were conducted with both the RAVEN, and the M7 in extreme

environment (desert, underwater, and zero gravity) demonstrated the capabilities

of surgical robotic systems to deliver surgical expertise along large distance with a

combination of wired and wireless communication [24–27].

In Asia, a group from the University of Tokyo has recently been working on a

new telesurgery system [19, 28], and has completed laparoscopic cholcystectomy

on a porcine model between sites in Japan, and more recently between Japan and

Thailand [1, 2]. In Europe, the Laboratoire de Robotique de Paris at University of

Paris, (LRP) uses a spherical mechanism similar to the RAVEN. This robot moves

the port in addition to the tool. This allows to embed force sensors in the device that

give a direct reading of the forces at the tool tip, instead of the combined interaction

forces of the tool/tissue and trocar/abdomen.

The Light Endoscopic Robot (LER) was developed at the University of Hawaii,

Manoa. This device was designed to guide an endoscopic camera, but is now

capable of holding disposable endoscopic graspers as well as a tool with wrist

articulation [29, 30].

The following chapter describes the research efforts lasted for more the a decade

in developing a fully operational surgical robot – the RAVEN, based on a profound

collaboration between surgeons and engineers. It will cover: (1) the surgical specifi-

cation of the system that was based on quantitative measurements in an animal lab as

well as the operating room (2) the mechanism kinematic optimization based on these

specs; (3) the system integration efforts; and (4) the experimental results of system

performance in multiple field and lab experiments of teleoperation under time delay.
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8.2 Design of the Surgical Robot

8.2.1 Clinical Requirements

The Blue Dragon is a passive device instrumented with sensors that are capable of

measuring the surgical tool position and orientation in space, along with the forces,

and torques applied on the minimally invasive tools by the surgeon hands and the

corresponding tissues (Fig. 8.1). Using the Blue Dragon, an extensive database was

collected of in-vivo tissue handling/examination, dissection, and suturing tasks

performed by 30 surgeons operating on a swine models [31–36]. The data is

summarized in Table 8.1.

Fig. 8.1 The Blue Dragon system: (a) The system integrated into a minimally invasive surgery

operating room. (b) Graphical user interface

Table 8.1 Design

requirements based on

in-vivo surgical

measurement. Reference

frames oriented such that

x-axis points superior/

inferior, y-axis is lateral/

medial, z-axis straight up

Quantity Symbol Units Value

Position/orientation Dyx [Deg] 53.80

Dyy [Deg] 36.38

Dyz [Deg] 148.09

DR [m] 0.1027

Dyg [Deg] 24.08

DX [m] 0.1026

DY [m] 0.0815

DZ [m] 0.0877

Velocity ox [rad/s] 0.432

oy [rad/s] 0.486

oz [rad/s] 1.053

Vr [M/s] 0.072

og [rad/s] 0.0468

Peak force Fx [N] 14.729

Fy [N] 13.198

Fz [N] 67.391

Fg [N] 41.608

Torque Tx [Nm] 2.394

Ty [Nm] 1.601

Tz [Nm] 0.0464
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Analysis of this data indicated that, 95% of the time, the surgical tools were located

within a conical range of motion with a vertex angle of 60 (termed the dexterous

workspace, DWS). A measurement taken on a human patient showed that, in order to

reach the full extent of the abdomen, the tool needed to move 90� in the mediolateral

(left to right) and 60� in the superior/inferior direction (head to foot) – Fig. 8.2a. The
extended dexterous workspace (EDWS)was defined as a conical range ofmotionwith

a vertex angle of 90and is the workspace required to reach the full extent of the human

abdomen without reorientation of the base of the robot – Fig. 8.2b. These parameters,

obtained through surgical measurement, served as a basis for the kinematic optimiza-

tion of the RAVEN spherical mechanism [15, 18].

8.2.2 Kinematics of a Spherical Mechanism

8.2.2.1 Description of the Mechanism and Frame Assignments

In the class of sphericalmechanisms, all links’ rotation and translation axes intersect at

a signal point or at infinity, referred to as the mechanism’s remote center of rotation.

Locating the remote center at the tool’s point of entry to the human body through the

surgical port, as typically done in minimally invasive surgery (MIS), constitutes a

point in space where the surgical tool may only rotate around it but not translated with

respect to it. The selected spherical mechanism has two configurations in the form of

parallel (5R – Fig. 8.3a) and serial (2R – Fig. 8.3b) configurations. The parallel

mechanism is composed of two serial arms: Arm 1 – Link13 and Link35 and Arm

2 – Link24 and Link46 joined by a stationary base defined by Link12 through Joints

Fig. 8.2 Workspace definitions of the surgical robot in MIS (a) dexterous workspace – High

dexterity region defined by a right circular cone with a vertex angle of 60and contains 95% of the

tool motions based on in-vivo measurements. (b) Extended Dexterous Work Space – An elliptical

cone with a vertex angle of 60–90 represents the reachable workspace such that any organ in the

abdomen can be reached by the endoscopic tool
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1 and 2. The parallel chain is closed at the two collinear joints, 5 and 6. Arm 1 and

2 will be further referred to as the even and odd side of the parallel manipulator

respectively. The spherical serial mechanism includes only one arm (Arm 1) with the

same notation as the odd side of the parallel mechanism. By definition, the links of

both mechanisms are moving along the surface of a sphere with an arbitrary radius R.

All the rotation axes of the links intersect at the center of the sphere. The kinematic

analysis is independent of the sphere’s radius, however, from a practical perspective;

the radius of the sphere should be kept as small as possible tominimize the overall size

of the mechanism and the dynamic effects. As configured for MIS, the end-effector of

the mechanism is inserted through Joint 5. Both the parallel and serial configurations

are considered a 2-DOFmechanism. Any two joint angles determine the orientation of

the end-effector in space; we chose y1 and y2 in the parallel configuration and by y1
and y3 in the serial configuration. For the purpose of kinematic analysis, the center of

the sphere serves as the origin for all reference frames of the mechanism’s links. Thus,

the transformations between themechanism links’ coordinate frames can be expressed

as pure rotations.

Following the Denavit–Hartenberg (D–H) frame assignment convention

(Table 8.2), frames are assigned to the mechanism joints such that the Z-axis of

the nth frame points outward along the nth joint [28]. Following the numbering

scheme set for by Ouerfelli and Kumar [25] the frames have odd numbers along

Arm1 (Frames 00, 1, 3 and 5) and even numbers along Arm2 (Frame 000, 2, 4 and 6) –
see Fig. 8.2a. The end-effector frame is Frame 5. Frame 00 is oriented such that the

z-axis points along joint 1 and the y-axis points to the apex of the sphere. The link

angle, aiþ1 expresses the angle between the ith and (i þ 1)th axis defined by the

mechanism geometry. The rotation angle yi defines the variable joint angle as a

between the rotation axis i � 1 and axis i.

For the parallel mechanism, when y1 ¼ 0 and y2 ¼ 0, Link13 and Link24 lie in

planes perpendicular to the plane created by intersecting axes z1 and z2. There are

two possible solutions to the orientations of Link35 and Link46 such that the

mechanism is closed. The default orientation will be the orientation for which

Fig. 8.3 Spherical mechanism – link and joint coordinate frame assignment (a) ParallelManipulator

(b) Serial Manipulator
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y6 < 180�. This will be referred to as the ‘end-effector in’ orientation. For the serial
mechanism, when y1¼ 0 Link13 lies in a plane perpendicular to the plane created by

intersecting axes z1 and x1. When y3 ¼ 0, Link35 is folded back onto L13.

The transformation matrices between frames (8.1) are based on the DH-parame-

ter notation that is summarized in Table 8.1. Because all the joints’ translation

parameters (ai, di) are zero, the kinematic problem is reduced to describing the

orientation of the end-effector in space. Thus, the generalized frame transformation

matrix is reduced from the typical 4 � 4 translation and rotation matrix, to a 3 � 3

rotation matrix (8.1). The short notation for trigonometric functions sin and cos as c
and s will be used throughout the manuscript.

i�1
i R ¼

cyi �syi 0

syi cai�1 cyi cai�1 �sai�1

syi sai�1 cyi sai�1 cai�1

2
64

3
75 (8.1)

8.2.2.2 Forward Kinematics

Given the mechanism parameters (ai�1, yi) the forward kinematics defines the

orientation of the end-effector 00u expressed in Frame 00. The following sections

describe the forward kinematics of the parallel and serial mechanisms.

Parallel Manipulator

Given the two joint angles y1 and y2, to find the end-effector orientation the full

pose of the mechanism must first be solved. A geometric or analytical approach

may be utilized in order to solve for parallel mechanism joint angles y3, y4 and y5.
The first step in the geometric solution is posing Link13 and Link24 based on joint

rotation angles y1 and y2. The second step is to sweep links Link35 andLink46 through
their range of motion by varying the joint angles y3 and y4. A closed chain parallel

manipulator is formed at the intersection of the two paths swept by joints 5 and 6.

The analytical approach was used, which involves taking a closed-loop coordi-

nate transformation around the 5R parallel manipulator, starting and ending at the

same frame (Frame 1). The rotation matrix around a closed chain is equal to an

identity matrix I formed as a series of transformation matrices. Using the rotation

matrices i�1
i R around the closed chain and the specified joint angles y1 and y2 (8.2)

sets up a system of three equations and three unknown joint angles, y3, y4 and y6.

I ¼ 1
1R ¼ 1

3R
3
5R

5
6R

6
4R

4
2R

2
0R

0
000R

000
1 R (8.2)
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The resultant matrix equation is given in terms of sinyi and cosyi (i ¼ 3, 4, 6) In

order to solve for the two solutions of this system the following trigonometric

relation is needed

syi ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c2yi

p
(8.3)

Once all the joints angles (y1. . .y6) are known, the end-effector orientation can be

determined by utilizing the forward kinematics expression of one serial manipulator

subset. See the following section for details.

Serial Manipulator

Given the two joint angles y1 and y3, the forward kinematics of the 2R serial

mechanism define the orientation of the end-effector. Using the rotation matrices

(i�1
i R) – (1) and the joint parameters (Table 8.1), the coordinate transformation from

the base to the end-effector is expressed as

00
5 R ¼ 00

1 R
1
3R

3
5R (8.4)

One may note that tool roll, y5, is not represented in (4). As a result, rather than

expressing the entire orientation of the end-effector frame, it is sensible to express a

vector that is collinear with the end-effector axis, Z5. This vector is expressed in

Frame 5 as 5uz ¼ ½0 0 1�T . The end-effector axis, Z5 vector in Frame 00 (0
0
u) is given

by (5) using (4). The vector 0
0
u has its origin at the center of the sphere, and it points

along the mechanism’s end-effector, representing the orientation of the tool

attached to the end-effector.

00u ¼
00ux
00uy
00uz

2
4

3
5 ¼ 00

5 R
0

0

1

2
4

3
5 ¼

cy1sy3sa35 þ sy1cy3ca13 � sy1sa13ca35
sy1sy3sa35 � cy1cy3ca13 � cy1sa13ca35

cy3sa13sa35 þ ca13ca35

2
4

3
5 (8.5)

8.2.2.3 Inverse Kinematics

Given the mechanism parameters (ai�1) and the end-effector orientation 00u
expressed in Frame 00 the inverse kinematics defines the mechanism joint angles

(yi). Multiple solutions are available for any 00u in the workspace for both parallel

and serial mechanism configurations. However, due to practical considerations of

the physical joint limits, all the solutions are eliminated except one.
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Parallel Manipulator

For any 00u, the inverse kinematics result in four different solutions. The “elbow up/

down” combinations of the two serial arms correspond to the four solutions that

define the unique poses of the mechanism.

Using the Z component 0
0
uz (the third line of 00uz – (5)) results in

cy3 ¼
00uz � ca13 ca35

sa13 sa35
(8.6)

The two solutions for y3 are as follows:

y3a ; y3b ¼ a tan 2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c2y3

p
; cy3

� �
(8.7)

Using the expression for 00ux,
00uy (the first and second lines of 00u – (5)) and the

previous result, then solving for siny1 and cosy1, results in (8).

cy1 ¼
00ux sy3 sa35 � 00uy ðcy3 ca13 sa35 � sa13 ca35Þ
ðsy3 sa35Þ2 þ ðcy3 ca13 sa35 � sa13 ca35Þ2

sy1 ¼
00uy sy3 sa35 þ 00ux ðcy3 ca13 sa35 � sa13 ca35Þ
ðsy3 sa35Þ2 þ ðcy3 ca13 sa35 � sa13 ca35Þ2

y1 ¼ atan2 ðsy1; cy1Þ

(8.8)

Thus, the inverse kinematic equations provide two solutions to the pose of the odd

side of the manipulator, y1a and y3a, and y1b and y3b.
The even side of the manipulator is solved in a similar fashion. The end-effector

z-axis in Frame 5 vector expressed in Frame 00 (0
0
u) is first translated into Frame 000.

000u ¼ 000
00 R

00u (8.9)

cy4 ¼
000uz � ca24 ca46

sa24 sa46
(8.10)

y4a ; y4b ¼ atan2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c2y4

p
; cy4

� �
(8.11)

cy2 ¼
000ux sy4 sa46 � 000uyðcy4 ca24 sa46 � sa24 ca46Þ
ðsy4 sa46Þ2 þ ðcy4 ca24 sa46 � sa24 ca46Þ2

sy2 ¼
000uy sy4 sa46 þ 000uxðcy4 ca24 sa46 � sa24 ca46Þ
ðsy4 sa46Þ2 þ ðcy4 ca24 sa46 � sa24 ca46Þ2

y2 ¼ atan2ðsy2; cy2Þ

(8.12)
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Providing two solutions to the pose of the even side of the manipulator, y2a and
y4a, and y2b and y4b. The complete solution of the inverse kinematic problem for all

four configurations is summarized in Table 8.3.

Serial Manipulator

The serial mechanism may be considered as a subset of the parallel mechanism, and

therefore the inverse kinematics of the odd side of the parallel mechanism is the

solution to the inverse kinematics of the serial mechanism. The two solutions to the

inverse kinematics problem for the serial manipulator are summarized in Table 8.2

highlighted in gray.

8.2.2.4 Jacobian Matrix

The Jacobian matrix AJ, the mapping between joint velocities ( _yi) and end-effector

angular velocities (jo5), can be expressed with respect to any frame (A) associated
with the mechanism. The advantage of expressing the Jacobian matrix in the end-

effector frame (Frame 5) – ð5JÞ is that the last row of the matrix is [0 0 1] for all

poses and joint velocities. Therefore, for computational purposes, the Jacobian

matrix (5J) may be reduced by one dimension using only the upper 2� 2 submatrix

of the full 3 � 3 Jacobian. This truncated version of the Jacobian maps the two

controlled joint velocities ( _y1, _y2 of the parallel mechanism and _y1, _y3 of the serial

Table 8.3 Four solutions to

the inverse kinematic problem

for parallel manipulator (Two

solutions to the inverse

kinematic problem for serial

manipulator are shaded in

gray)

Pose 1 y1a y3a y2a y4a
Pose 2 y1a y3a y2b y4b
Pose 3 y1b y3b y2a y4a
Pose 4 y1b y3b y2b y4b

Table 8.2 Parallel and serial

manipulator D–H parameters.

The serial manipulator

represents a subset of the

parallel manipulator denoted

by the even link number. Its

D–H parameters are marked

by a gray background (see

Fig. 8.3 for details)

i � 1 i I þ 1 ai�1 yi

00 1 3 0 y1
1 3 5 �a13 y3
3 5 – a35 y5¼ 0

00 00 0 2 a12 0

00 0 2 4 0 y2
2 4 6 �a24 y4
4 6 5 a46 y6
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mechanism) to end-effector angular velocity. This version of the Jacobian will later

be used for calculating the manipulator isotropy.

Parallel Manipulator

The Jacobian matrix of the parallel mechanism, expressed in Frame 5 (5Jpar) is a
3 � 3 matrix mapping the input joint velocities ( _y1, _y2, _y5) to the end-effector

angular velocities (5o5, (12)). The method we used for obtaining the Jacobian

matrix is to develop its inverse form using 5Jserial for the even and odd sides.

From these we can construct 5J�1
par and then invert this expression.

5o5x
5o5y
5o5z

2
4

3
5 ¼ 5JPar

� �
3x3

_y1
_y2
_y5

2
4

3
5 (8.13)

As previously explained the upper 2� 2 submatrix of the Jacobianmatrix 5Jpar maps

the two input joint velocities ( _y1, _y2) to the end-effector angular velocities (5o5) of

pitch and yaw. Eliminating tool roll,

5o5x
5o5y

� �
¼ 5Jpar

� �
2x2

_y1
_y2

� �
(8.14)

We used a standard recursive formulation of link iþ 1 angular velocity expressed in
frame iþ 1 (iþ1oiþ1) to derive the Jacobian matrices of the odd and even numbered

arms, treated as independent serial manipulators 5JSerialOdd and
5JSerialEven. Note that

by definition, joint i þ 1 is always rotated along its Z axis denoted by a unit vector

ẑiþ1 Using recursive (15) and tracing the odd arm and even arms of the mechanism

from Frame 5 to the base frame results in (16) and (17).

iþ1oiþ1 ¼ iþ1
i R ioi þ _yiþ1

iþ1 ẑiþ1 (8.15)

5o5 ¼ 5
1R

0

0

1

2
4

3
5 _y1 þ 5

3R
0

0

1

2
4

3
5 _y3 þ

0

0

1

2
4

3
5 _y5 (8.16)

5o5 ¼ 5
2R

0

0

1

2
4

3
5 _y2 þ 5

4R
0

0

1

2
4

3
5 _y4 þ

0

0

1

2
4

3
5 ð _y5 þ _y6Þ (8.17)

which is simplified into (18) and (19) to get the Jacobian matrix of the odd and even

numbered sides
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5o5x
5o5y
5o5z

2
4

3
5 ¼ 5JSerial Odd

� � _y1
_y3
_y5

2
4

3
5

¼ 5
1R
� � 0

0

1

2
4

3
5 5

3R
� � 0

0

1

2
4

3
5 0

0

1

2
4

3
5

2
4

3
5 _y1

_y3
_y5

2
4

3
5 (8.18)

5o5x
5o5y
5o5z

2
4

3
5 ¼ 5JSerialEven

� � _y2
_y4

_y5 þ _y6

2
4

3
5

¼ 5
2R
� � 0

0

1

2
4

3
5 5

4R
� � 0

0

1

2
4

3
5 0

0

1

2
4

3
5

2
4

3
5 _y2

_y4
_y5 þ _y6

2
4

3
5 (8.19)

By inverting these equations we obtain

_y1
_y3
_y5

2
4

3
5 ¼ 5

1R
� � 0

0

1

2
4

3
5 5

3R
� � 0

0

1

2
4

3
5 0

0

1

2
4

3
5

2
4

3
5
�1 5o5x

5o5y
5o5z

2
4

3
5

¼ 5JSerial Odd
� ��1

5o5x
5o5y
5o5z

2
4

3
5 (8.20)

_y2
_y4

_y5 þ _y6

2
4

3
5 ¼ 5

2R
� � 0

0

1

2
4

3
5 5

4R
� � 0

0

1

2
4

3
5 0

0

1

2
4

3
5

2
4

3
5
�1 5o5x

5o5y
5o5z

2
4

3
5

¼ 5JSerial Even
� ��1

5o5x
5o5y
5o5z

2
4

3
5 (8.21)

The first rows of (20) and (21) define y
:

1
and y

:

2
respectively as a function of end-

effector angular velocity 5o5 and the inverted Jacobian matrices of the even and

odd arms respectively. For k ¼ 1, 2, 3, the kth column of the Jacobian

y1
�
¼ 5J

SerialOdd
�1 ð1; kÞ

h i
5o5x

5o5y
5o5z

� �
T (8.22)

y2
�
¼ 5J

SerialEven
�1 ð1; kÞ

h i
5o5x

5o5y
5o5z

� �
T (8.23)

As previously explained, the benefit of expressing the Jacobian matrix in the end-

effector Frame 5 is the following simple representation of the joint angular velocity.
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y
�

5
¼ 0 0 1½ � 5o5x

5o5y
5o5z

� �
T (8.24)

Assembling individual joint velocities into matrix form allows us to formulate the

inverse Jacobian for the parallel manipulator

y
�

1

y
�

2

y
�

5

2
666664

3
777775 ¼

5J
SerialOdd

�1 ð1; kÞ
5J

SerialEven
�1 ð1; kÞ

0 0 1

2
4

3
5 5o5x

5o5y
5o5z

2
4

3
5 (8.25)

The relationship between the two input joint angular velocities ( _y1and _y2) and the

angular velocity of the end-effector, considering only the pitch and yaw of the tool

(5o5x,
5o5y) allows us to analyze only the upper 2 � 2 sub-matrix of the Jacobian

Inverse. For k ¼ 1, 2

y
�

1

y
�

2

2
64

3
75 ¼

5J
�1

SerialOdd ð1; kÞ
5J

�1

SerialEven ð1; kÞ

" #
5o5x
5o5y

� �
(8.26)

Inverting this inverse Jacobiangives the Jacobianmatrix for theparallelmechanism(14).

Serial Manipulator

Using the odd numbered side of the parallel mechanism, the Jacobian matrix of the

serial mechanism can be derived from (18). Based on the previous justification, the

upper 2 � 2 submatrix of the full 3 � 3 Jacobian relates the controlled axes of

motion to the end-effector velocity:

5o5x
5o5xy

� �
¼ J5truncated½ �2x2

_y1
_y3

� �
(8.27)

8.2.3 Kinematic Optimization

Experimental results led to the definition of engineering requirements as deriva-

tives from the clinical requirements (see Sect. 8.2.1). The optimization process

was developed to define the mechanism parameters (link angles a13, a35, a24, a46,
a12) so that the workspace of the mechanism covers the entire EDWS while
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providing high dexterity manipulation within the DWS. The goal of a high

performance yet compact mechanism was achieved by careful selection of the

scoring criteria.

Up to this point, the analysis has been purely mathematical. The manipulator

could move through singularities, fold on itself and solve for arbitrary poses

without regard to how a physically implemented device might accomplish this.

Based on mechanical design of the serial manipulator the range of motion of the

first joint angle is 180�(0� <y1<180�) and the range of motion of the second

joint is 160� (20� <y3 <180�). By adding these joint limits into the optimization,

the true reachable workspace of a physically implemented device could be

analyzed.

8.2.3.1 Mechanism Isotropy

The Jacobian matrix allows one to analyze the kinematic performance of a mecha-

nism. One performance metric using the Jacobian matrix is Yoshiakawa’s manipu-

lability measure, specified in [20]. The manipulability measure most commonly

used ranges from 1 to infinity.

o ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det J yð ÞJT yð Þð Þ

p
(8.28)

In contrast, mechanism isotropy is a scoring criterion that ranges from 0 to 1.

Isotropy is defined in (29) as the ratio between the lowest eigenvalue (lmin) and the

highest eigenvalue (lmax) of the Jacobian [37]. Note that the isotropy is a function of

the mechanism’s input joint angles (yi). For the serial mechanism, these angles are

y1; y3 and for the parallel mechanism, y1; y2

ISOðyiÞ ¼ lmin

lmax

ISO 2 h0; 1i (8.29)

Our analysis uses isotropy as the measure of performance because numerically the

range of scores was easier to deal with. Given a design candidate (serial mechanism

link angles a13 and a35 or parallel mechanism link angles a13,a35,a24,a46,a12), for
every mechanism pose there is an associated isotropy value in the range of 0–1.

An isotropy measure of 0 means the mechanism is in a singular configuration and

has lost a degree of freedom so there is a direction in which it can no longer move.

An isotropy measure of 1 means the mechanism can move equally well in all

directions.

Once the kinematic equations and a performance measure are defined, one can

evaluate the performance of a particular design candidate at each point its work-

space. The integration of the isotropy score over the DWS or EDWS is used as one

component of a scoring function for the specific design candidate.
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8.2.3.2 Scoring Criteria and Cost Function

Each design candidate must be assigned a single score so that the best overall

manipulator design can be selected. Three individual criteria including (1) an

integrated average score (2) a minimal single score (3) the cube of the angular

link length are incorporated into the composite score, expressed in (31).

In order to analyze the mechanism, the hemisphere was discretized into points

distributed equally in azimuth and elevation. Each point is associated with a

different area of the hemisphere based on elevation angle. One measure of how

well a manipulator performs is to calculate the isotropy at each point, multiply by its

corresponding area, then sum all of the weighed point-scores over the the DWS or

EDWS. This provides an average performance of the design candidate over the

workspace.

The set (K) of all possible cones (k) on the hemisphere with an azimuth angle (s)
and elevation angle (x) is

K ¼ k s; zð Þ : 0 < s2p; 0zp=4f g (8.30)

The set of discrete points (kps;z)contained in the cone (ks;z) is

kps;z � ks;z (8.31)

Each point has an associated isotropy and area. Thus the scoring functions are

Ssum ¼ MAX
K

X
kps;z

ISO y1; y3ð Þ 	 Area s; zð Þ
8<
:

9=
; (8.32a)

Smin ¼ MAX
K

MIN
kps;z

ISO y1; y3ð Þð Þ
( )

(8.32b)

There are many orientations of the DWS or EDWS with respect to the hemisphere,

noted as the set K. Each design candidate has a Ssum value that corresponds to the

highest summed isotropy score for that design.

The limitation of a summed isotropy score is that singularities or workspace

boundaries could exist within a region that has a good summed score. The minimum

isotropy value within the cone intersection area is an indicator of the worst

performance that can be expected over that area. For each design candidate the

highest minimum isotropy score on the set of all cones, K, will be referred to as Smin.
While a dynamic analysis is not explicitly addressed in this study, there is a

relationship between mass and size of a robot with dynamic performance. A design

with greater link angles will have a larger reachable workspace and generally better
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Ssum and Smin values. The drawback to larger link angles is reduced link stiffness and
higher mass and inertia (worse dynamic performance) compared to shorter links.

Based on long beam theory the mechanism stiffness is inversely proportional to the

cube of the sum of the link length (expressed as angles in the spherical case) [28].

As suggested by the experimental findings, in surgery the mechanism needs to be

operated in the smallest possible workspace that will satisfy the motion requirements

of the surgical tool. Thus, the optimization goal is to maximize the kinematic

performance over the surgical workspace while minimizing the link length.

Our composite design candidate performance function takes into account all

three individual criteria and is defined as follows

f ¼ Ssum 
 Smin

a13 þ a35ð Þ3 (8.33)

A requirement of the optimization is that over the target workspace, the mechanism

does not encounter any singularities or workspace boundaries. By multiplying the

summed isotropy by the minimum isotropy, candidates that fail to meet the

requirement have a score of zero. By dividing by the cube of the sum of the link

angles, the score penalizes mechanism compliance and inertia. Thus, in a scan of

the potential design space, the peak composite score should represent a design with

maximum average performance, a guaranteed minimum performance and good

mechanical properties.

8.2.3.3 Optimization Algorithm

Considering the target workspace to be the DWS, the 60�cone’s orientation in

azimuth and elevation was varied in order to obtain the best orientation of the

DWS for that design candidate. Optimizing for the EDWS, which is an elliptical

cone, would add another design parameter, namely cone roll angle. Introducing an

additional parameter will increase execution time of the optimization by an order of

magnitude. By considering the target workspace to be a 90� cone that encompasses

all roll angle orientations of the EDWS, an additional design parameter is avoided.

This 90� cone will further be referred to as a superset of the EDWS. Using a

superset of the EDWS could result in larger links than necessary; a design that can

reach 60� in one direction and 90� in an orthogonal direction may satisfy the EDWS

cone but not the superset 90�cone.
The algorithm for evaluating a design candidate is as follows: (1) Define a

hemisphere with points distributed evenly in azimuth and elevation (2) Calculate

inverse kinematics and isotropy for each point (3) Define a target cone (DWS or

superset of the EDWS) (a) Move cone around the hemisphere (b) At each orienta-

tion of target cone, calculate integrated isotropy and minimum isotropy within the

cone (4) Save the best minimum and integrated scores for that design candidate
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Parallel Manipulator

The parallel manipulator is composed of five links. The optimization considered a

symmetric device therefore taking into account three mechanism parameters; Base

Angle (a12), Link1 (a13 ¼ a24) and Link2 (a35 ¼ a46). Link1 and Link2 were varied
from 32� to 90� in 2� increments and a12 from 0� to 90� in 2� increments for a total

of 40,500 design candidates. The hemisphere was discretized into 900 points,

distributed evenly in azimuth and elevation angles. The optimization can be

summarized:

max f ða12;Link1; Link2Þ ¼
0o<a12<90o

32o<Link1<90o

32o<Link2<90o

8<
: (8.34)

The composite score,f, of the parallel mechanism as a function of the link length

angles Link1 (a13 ¼ a24), Link2 (a35 ¼ a46) and a base link length of a12 ¼ 0 is

plotted in Fig. 8.4 with a target workspace, the DWS (Fig. 8.5a) and the EDWS

superset (Fig. 8.5b). These plots of Link1 and Link2 versus score for a fixed base

angle will be referred to as ‘optimization design subspace plots’. Searching through

the entire design space, optimizing on the DWS indicates a peak composite score of

0.1319 was achieved by a parallel manipulator with link angles a13 ¼ a24¼ 38�

(Link 1) and a35 ¼ a46 ¼ 50� (Link 2) and base angle 0�. In contrast, running the

same optimization but using the superset of the EDWS as the target workspace gave

link angles a13¼ a24¼ 52 (Link 1) and a35¼ a46¼ 72 (Link 2) and base angle 0with

a score of 0.0960.

An important parameter for the parallel mechanism is the base angle, a12.
A sequence of plots (Fig. 8.6) of the parallel mechanism composite score for

different bases angles a12 ¼ 90��0� shows the overall dependency between the

mechanism’s best design in terms of link length and the base angle. This sequence

of plots indicated that the performance of the parallel mechanism increased as the

base angle decreased.

The maximal performance score as a function of the base angle is depicted in

Fig. 8.5. This result indicates that the performance score decreases as the base angle

increases in the range of 0–70� with a minimal value at a base angle equal to 70�. In
the range of 70–90� a reversed behavior is observed in which the performance score

increases as the base angle decreases.

In order to demonstrate how base angle, a12, effects the mechanism workspace, a

mechanism with fixed link lengths was chosen (a13¼ a24¼ a35¼ a46¼ 60) and the

base angle was varied. The workspace of each design is plotted as a sequence of

figures (Fig. 8.8). The gray region the reachable workspace and black is the

unreachable or singular region with the area of highest isotropy in dark gray.

With a 0base angle, the region of highest isotropy is a large strip whereas for

90and 45base angles it is a point.
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Serial Manipulator

The Serial mechanism is composed of two links. The optimization considered all

combinations of a13 and a35 from 16�to 90�in 2increments for a total of 1,444

design candidates. The hemisphere was discretized into 3,600 points, distributed

evenly in azimuth and elevation.

Fig. 8.4 The Composite score f of the parallel mechanism as a function of the link lengths angles

Link1 (a13 ¼ a24), Link2 (a35 ¼ a46) and a base link length of a12 ¼ 0: (a) Optimization design

subspace plot with base angle 0� for DWS (b) Optimization design subspace plot with base angle

0�for EDWS superset
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Fig. 8.5 The composite score f of a parrallel mechanism as a function of the link lengths angles

Link 1(a13 = a24) Link 2 (a35 = a45) with varying base angle a12 = 90�(a); 60�(b); 30�(c); 0�(d)

Fig. 8.6 The composite score ’ of a parallel mechanism as a function of the link lengths angles

Link1 (a13 ¼ a24), Link2 (a35 ¼ a46) with varying base angle a12 ¼ 90 (a); 60 (b); 30 (c) 0 (d)
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max f ða13; a35Þ 16o<a13<90o

16o<a35<90o

	
(8.35)

Using the scoring criteria and hemisphere point resolution of 2�, a numerical scan

of the serial mechanism design space was performed using all the combinations of

link angles a13 and a35 in the range of 16–90�. For the serial manipulator optimized

for the DWS, the best design was achieved with link angles of a13¼ 52(Link 1) and

a35 ¼ 40(Link 2) and with a composite score of 0.0520 (Fig. 8.9a). In contrast,

running the same optimization for the EDWS superset indicated that the optimal

mechanism design has link angles a13 ¼ 90(Link 1) and a35 ¼ 72(Link 2) with a

score of 0.0471 (Fig. 8.9b).

The difference in the results is not unexpected but it does pose an interesting

dilemma. If one chooses the design that optimizes on a 90� cone, the resulting

design might satisfy the requirements for a larger number of applications. However,

this design has lower overall performance and larger links. A compromise between

the requirements to maximize performance in the DWS and minimizing the size of

the mechanism while being able to reach the EDWS was achieved by selecting the

highest performing design over the DWS subject to the requirement that it also can

reach the EDWS superset. Considering all the potential mechanism design candi-

dates for the DWS (Fig. 8.9a) and eliminating those that cannot reach the EDWS

Fig. 8.7 Parallel mechanism peak performance for a fixed link length as a function of the

mechanism base angle
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give the subset plotted in Fig. 8.9e. The highest performing design from this subset

had link angles of a13 ¼ 74� and a35 ¼ 60� and a score of 0.0367.

8.3 System Architecture and Integration

The system includes two main sub systems: (1) the surgical console (master) and

(2) the surgical robot (slave). To enable teleportation the master and the slave may

be connected through various network layers for example wired, wireless, and

hybrid communication links. Figure 8.10 provide an overview of the system

architecture. The surgeon initiates the movement of the robot by moving the taylus

of a haptic master input device. The position of the stylus is sensed by position

sensors embedded in the master joints and acquired by the A/D converter that is

Fig. 8.8 The parallel mechanism workspace link lengths: a13 ¼ a24 ¼ a35 ¼ a46 ¼ 60�as a

function of base angle a12 ¼ 90�(a); 45�(b); 0�(c)
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Fig. 8.9 The composite score ’ of a serial mechanism as a function of the link length angles Link1

(a13¼ a24), Link2 (a35¼ a46) along with the workspace of the mechanismwith the best performance

for each design criterion (peak of a) DWS, a cone with a vertex angle of 60� (b) Workspace plot for

optimal mechanism (a) with link angles a13 ¼ 52� and a35 ¼ 40� (c) EDWS, a cone with a vertex

angle of 90� (d)Workspace plot for optimalmechanism (peak of c)with link angles a13¼ 90� and a35
¼ 72�, (e) subset of (a) which can reach a cone with a vertex angle of 90�. (f) Workspace plot for

optimal mechanism (peak of e) with link angles a13 ¼ 74� and a35 ¼ 60�. For subplots c,d,f, the
workspace plots show the hemisphere in green, the reachable workspace in purple, and the orientation

of the best cone in black, with the strip of maximum isotropy also in black
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connected to the Master PC via USB. Using a UDP protocol the position command

is transmitted through the network layer to the remote site and received by the slave

PC. Using the inverse kinematics, the position command is translated into joint

command and sent via the D/A to the servo controllers. The servo controllers

generate voltage commands to the DC actuators of the surgical robot which in

turn move the robot to the commanded position. A video stream of the surgical site

is first compressed in the remote site by either software or hardware and then stream

through the network layer to the surgical console. In the surgical console, the video

following its decompression is presented to the surgeon on a monitor. A foot paddle

controlled by the surgeon allows to engage and disengage the master and the salve

by activating the brakes. Indexing is the term describing the process in which the

surgeon disengage from the robot, reposition the input devices, and reengaged with

to robot to continue the operation. Indexing is enabled by brakes mounted on the

motors of the robot, which fix the position and the orientation of the robot in space

during the time when the robot is disengaged from the surgical console.

8.3.1 Surgical Manipulators

The seven-degree-of-freedom (7-DOF) cable-actuated surgical manipulator, shown

in Fig. 8.5, is broken into three main pieces: the static base that holds all of the

motors the spherical mechanism that positions the tool and the tool interface. The

motion axes of the surgical robot are: (1) the shoulder joint (rotational); (2) the

elbow joint (rotational) (3) tool insertion/retraction (translational) (4) tool rotation

(rotational) (5) tool grasping (rotational) (6) tool wrist-1 actuation (rotational) (7)

tool wrist-2 actuation (rotational).

Fig. 8.10 Overview of the system architecture including the surgical console (master) and

surgical robot (slave) connected through a communication layer with three different options that

were studying as part of the experimental evolution of the system (see Sect. 8.4)
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The first four joint axes intersect at the surgical port location, creating a spherical

mechanism that allows for tool manipulation similar to manual laparoscopy.

Themechanism links aremachined fromaluminum, and are generally I-section shapes

with structural covers. These removable covers allow access to the cable system,while

improving the torsional stiffnessof the links.The links are alsooffset fromthe joint axis

planes, allowing for a tighter minimum closing angle of the elbow joint.

The RAVEN utilizes DC brushless motors located on the stationary base, which

actuate all motion axes. Maxon EC-40motors with 12:1 planetary gearboxes are used

for the first three axes, which see the highest forces. The first two axes, those under the

greatest gravity load, have power-off brakes to prevent tool motion in the event of a

power failure. The fourth axis uses an EC-40 without a gearbox, and Maxon EC-32

motors are used for the remaining axes.MaxonDES70/10 series amplifiers drive these

brushless motors. The motors are mounted onto the base via quick-change plates that

allow motors to be replaced without the need to disassemble the cable system.

The cable transmission system comprises a capstan on each motor, a pretension

adjustment pulley, various pulleys to redirect the cables through the links, and a

termination point to each motion axis. The shoulder axis is terminated on a

single partial pulley. The elbow axis has a dual-capstan reduction stage terminating

on a partial pulley. The tool insertion/ retraction axis has direct terminations of the

cables on the tool holder. The tool rotation, grasping, andwrist cables are terminated on

capstans on the tool interface. The cable system transmission ratios for positioning the

tool tip are as follows. (1) Shoulder: 7.7:1 (motor rotations:joint rotations); (2) Elbow:

7.3:1 (motor rotations:joint rotations); (3) Insertion: 133:1 (radians:meters).

Each axis is controlled by two cables, one for motion in each direction, and these

two cables are pre-tensioned against each other. The cables are terminated at each

end to prevent any possibility of slipping. The cable system maintains constant

pretension on the cables through the entire range of motion. Force and motion

coupling between the axes is accommodated for in the control system.

Laser pointers attached to the shoulder and elbow joints allow for visual alignment

of the manipulator relative to the surgical port.When the two dots converge at the port

location, the manipulator is positioned such that its center of rotation is aligned with

the pivot point on the abdominal wall. The power-off brakes can be released by

flipping a switch located on the base. The brakes are normally powered by the control

electronics, but also have a battery plug-in for easy set-up and breakdown when the

system is not powered.ABS plastic coverswere created on a three-dimensional printer

to encapsulate the motor pack thereby protecting actuators, encoders and electrical

wiring. Figure 8.11b shows the complete patient site.

8.4 Experimental Evaluation

The methodology is divided into two sections: field experiments and lab

experiments that were performed with Raven [24–27, 38–43]. The field experiments

were used in part to define latencies associated with different configurations of
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network architectures. Based on this information discrete and fixed time delays were

selected and emulated in controlled lab experiments.

8.4.1 Preliminary Experimental Evaluation

An adjustable passive aluminum mock-up was fabricated to model the kinematics

of the spherical manipulator in parallel and serial configurations (Fig. 8.12 c, d).

The mock-up was designed such that a real MIS tool with a 5 mm shaft could pass

through the distal joint and allowed for varying the link angles (angles between

Joints 1 and 2, and 2 and 3). In a dry-lab set-up, a number of kinematic configura-

tions were compared utilizing a plastic human torso used for training (Simulab,

Seattle, WA) to assess range of motion and potential collision (Fig. 8.12a, b). The

results indicated that the parallel configuration had a limited workspace with

kinematic singularities contained within that workspace (Fig. 8.12a). It was found

that mechanisms with large link angles were subject to robot–patient collisions.

Fig. 8.11 (a) RAVEN-Surgical Robotic system. CAD rendering of surgical manipulator shownwith

plastic covers removed. (Mass: 12.3 kg folded dimensions 61 � 53 � 38 cm extended dimensions:

120 � 30 � 38 cm. (b) The RAVEN patient site (Slave) and (c) the surgeon site (Master)
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Using two parallel mechanisms created potential self-collisions and constrained the

distance between the two mechanisms, even with the link angles chosen as small as

possible. Similar problems and constraints were observed for a hybrid configuration

with a combination of one serial and one parallel mechanism. The best performance

in terms of avoiding self-collision and robot–patient collision was achieved with

both mechanisms in serial configuration (Fig. 8.12b).

Using two serial configurations in an experimental surgery with an animal

model, surgeons confirmed that the serial 2-link with the dimensions given by the

analytical optimization provided sufficient range of motion and did not suffer from

self-collision, robot–robot collision, or robot–patient collision during both gross

and dexterous manipulations (Fig. 8.12e).

Fig. 8.12 AluminumMock-upwith adjustable link length and base length. The surgical endo-scopic

tool is inserted into a guide located at mechanism apex in a configuration that allow to test different

design candidates in a real minimally invasive surgical setup. (a) Parallel Configuration (b) Serial

Configuration (c, d) Two configurations tested in a MIS setup. (e) Testing the make up in an animal

lab. Although the robot manipulator will be teleoperated, in this evaluation the surgeon guides these

passive mock-ups in order to evaluate the range of motion

8 Raven: Developing a Surgical Robot 183



8.4.2 Field Experiments

8.4.2.1 Flied Experiments

Seven field experiments were conducted with Raven with various network

architectures (wired and wireless) and a wide spectrum of physical distances

(Table 8.4). In experiment No. 1 (HAPs/MRT) the system was deployed in two

remote sites in desert-like conditions in Simi Valley, CA, while utilizing an

Unmanned Aerial Vehicle (UAV) as a wireless node between the sites. In Experi-

ment No. 2, (Imperial College London Collaboration), 6 (Surgical Robot Summer

School) and 7 (Tokyo Tech Collaboration), the surgical robot located in Seattle was

teleoperated from different sites around the world using commercial internet.

In experiments 4 and 5 the surgical robot was deployed in the Aquarius – an undersea

habitat, located 3.5 km off-shore in the Florida Keys, and teleoperated from Seattle,

WA as well as the National Undersea Research Center, at Key Largo, FL using a

combination of wired and wireless communication as part of NASA’s NEEMO

(NASA Extreme Environment Mission Operations) 12 mission (Fig. 8.13).

8.4.2.2 Lab Experiments

System Setup

In a real teleoperation, physical distance and a real network separate the patient and

surgeons sites with time varying delays (Fig. 8.14). When a surgeon makes a

gesture using the master device, motion information is sent through the network

to the Patient Site with a network time delay (Tn). The manipulator moves and the

Fig. 8.13 Field Experiments – Image Gallery (a) The surgical console (b) Overview of the

surgical site as it is presented to the surgeon during the NEEMO 12 mission (c) Raven located

in AQUARIUS during the NEEMO 12 mission (d) Panoramic view of the of the HAPs/MRT

experimental setup
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audio/video (a/v) device observes the motion. Digital a/v is compressed (Tc), sent
from the Patient Site to the Surgeon Site through the network (Tn), then decom-

pressed (Td) and observed by the surgeon. The surgeon has experienced a total

delay T ¼ 2Tn þ Tc þ Td, from the time (s)he made the gesture to the time that

action was observed. In the simulated teleoperation the Surgeon and Patient sites

are not separated by physical distance but are connected through a Linux PC with

two network cards running NISTNET that emulates a real network. This emulator

allows the experimenter to adjust the average packet delay between the Surgeon

and Patient sites. The a/v feed is connected directly from the camera at the Patient

Site to the monitor at the Surgeon Site through S-video eliminating any delay due

to compression/decompression. The surgeon experiences a total delay, Te due to

the emulator, from the time (s)he made the gesture to the time that action was

observed.

Fig. 8.14 Simplified teleoperation communication flow. Real teleopetaion in the field experiments

(top) – Detailed diagram is depicted in Fig. 8.1. A setup for the lab experiments with emulated time

delay (bottom)
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Experimental Design

The Society of American Gastrointestinal and Endoscopic Surgeons (SAGES)

developed a curriculum for teaching the Fundamentals of Laparoscopic Surgery

(FLS) which includes both cognitive and psychomotor skills. The skills assessment

consists of five tasks. The FLS skills tasks have been validated to show significant

correlation between score and postgraduate year and are considered by many the

“gold standard” in surgical skill assessment. The Block Transfer is one out of these

five tasks that emulate tissue handling and manipulation.

The experimental task consists of moving six blocks, one at a time, from the left

side of the FLS peg board (Fig. 8.15) to the right side and back to the original

position in a sequential predefined order (total of 12 transfers). In our experiment,

the completion time as well as the tool tip trajectory were recorded. The three

treatments of the experiment included emulated delays of 0, 250 and 500 ms

presented to the subjects in randomized order. Each experimental treatment was

conducted three times by each subject (nine times total) in a randomized order.

The subjects performed the training tasks first with no delay then with 250 ms

delay in order to learn how to teleoperate the RAVEN and minimize the learning

effects during the execution of the experimental protocol. Within 1 week from the

start of their training, they returned to perform the time delayed block transfer

experiment.

Subjects: Definition of the Population

Fourteen subjects, five surgeon and nine non-surgeons, ages ranging from 18 to 43,

participated in this study under University of Washington Human Subjects

Approval Number 01-825-E/B07.

Fig. 8.15 The Society of American Gastrointestinal and Endoscopic Surgeons (SAGES)

Fundamental Laaproscopic Skill (FLS) Block Transfer task board set up with the RAVEN
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8.4.3 Results

8.4.3.1 Field Experiments

Given the stochastic nature of the network there is a specific distribution of packet

delay. Figure 8.16 depicts the distribution of the delay during the NEEMO experi-

ments given a transmission rate of 1 K. The distribution of the latency is in the range

of 63–95 ms with a pick at 78 ms. Table 8.1 defines the average latencies during all

the field experiments. One should note that these latencies represent only the delay

in sending position command from the master to the slave (Tn). The latency due to

the digital a/v compressed (Tc) and decompressed (Td) which is usually larger and

hardware/software dependent and is estimated to be in the range of 200 ms

(hardware compression/decompression) in the HAPs/MRT and about 1 s for the

commercial internet (software compression/decompression).

Figure 8.17 summarizes the mean completion time for a single expert surgeon

(E1) who participated in multiple field and lab experiments performing the block

transfer task. In each of the first 3 weeks of training, E1 performed three repetitions

of the Block Transfer in the lab environment with effectively no delay. There is a

learning effect as E1’s mean time improved from week to week. During the

NEEMO mission E1 completed a single repetition of the task with the RAVEN in

Aquarius and another single repetition with it on-shore in NURC Key Largo, FL.

For comparison, E1, who uses a da Vinci clinically was able to complete the block

transfer task in about 1 min using the da Vinci, taking only slightly longer with the

stereo capability disabled.

Fig. 8.16 Histogram of number of packets with respect to delay between Seattle WA and

Aquarius, Key Largo, FL at a transmission/receiving frequency of 1 K
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8.4.3.2 Lab Experiments

A two-way analysis of variance (ANOVA) was used to determine the effect of the

time delays (0, 250, 500 ms) and the subject group (surgeon, non-surgeons) on the

three performance parameters: (1) block transfer completion time, (2) the number

of errors (dropping the block – recovered and unrecovered); (3) tool tip path length

as the response variables (time delays and group type). In general both the comple-

tion time and the tool tip trajectory length monotonically increased as the time

delay increased (Fig. 8.18). The ANOVA analysis indicated that the difference in

mean block transfer time as well as the tool tip path length between each of the three

treatments (0, 250, and 500 ms delay) are statistically significant (a < 0:02) –

Fig. 8.17. While the stated objective of the task was to minimize errors some errors

occurred but the number of errors in response to delay effect and surgeon effect

were not significant. It is possible that if the task was more technically challenging,

the frequency or severity of errors would start to differentiate between subjects with

more and less skill. The difference in mean block transfer completion time between

surgeons and non-surgeons is not statistically significant.

8.5 Conclusion and Discussion

This chapter provides a comprehensive overview of the development, integration

and the experimental evaluation of a surgical robotics system and it application in

telesuergry.

Fig. 8.17 Average block transfer completion times of a single expert surgeon during local training

on the RAVEN as well as during the NEEMOmission. Completion times using an ISI da Vinci are

included for comparison
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The design of surgical robotic is based in part on transformation of clinical

requirements that are translated to a set of quantitative specifications. The quantitative

specifications for the surgical robot were obtained in part during in-vivo experiments

with animal models and instrumented surgical tools. These specifications define the

Fig. 8.18 The effect of the block transfer completion time (a) and the tool tip path (b) are

significantly different (a < 0:02) for the three time delays (0, 250, 500 ms), for both the surgeon

(Y) and the non-surgeon (N)
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workspace of the surgical tools along with and the loads applied on the tissues through

the surgical tools in a MIS setup. The quantitative specifications enable a formal

mechanism optimization that led to the smallest mechanism with the highest manipu-

lability whichmeets the clinical requirements. As apart of the optimization process the

kinematic equations of parallel, and serial spherical manipulators with link length

angles less than 90�. The optimization cost function balanced a guaranteed minimum

isotropy and summed isotropy over the target workspacewithminimal total link length

in order to yield a very compact, high-dexterity mechanism. Given the definitions of

the DWS as the highly dexterous workspace and the EDWS as a reachable workspace

associatedwithMIS, the parallelmanipulatorwith the highest composite score had link

angles of a13 ¼ a24 ¼ 52� (Link 1) and a35 ¼ a46 ¼ 72� (Link 2) and base angle

a12¼ 0�. Given the same constrains the serial manipulator with the highest composite

score is the one with link angles of a13 ¼ 74� (Link 1) and a35 ¼ 60� (Link 2).
The base angle a12 of the parallel manipulator has a profound influence on

the workspace of the mechanism as well as its composite score. The reachable

workspace of the parallel manipulator can be defined as the intersection of the

workspaces of the left serial link and the right serial link arms acting as independent

serial manipulators. When the base angle is zero, these two workspaces have a

maximum overlap and therefore more space in which to place the required work-

space cone that led to the highest performance score.

As the base angle, a12 was varied from 90� to 0� the performance score first

decreased, then increased, with a maximal value at a base angle of 0� and a minimal

value at a base angle of 70�. In order to understand the relationships between the

performance score as a function of the base angle, Link1 and Link2 were fixed at

angle of 60� (a13¼ a24¼ a35¼ a46¼ 60�) and the base angle varied. A sequence of

plots shows how the singular region that bisects the workspace moves with varying

base angles(Fig. 8.8). When the base angle is 90�, the overlap between the odd and

even sides is smaller, and the singular region is near the edge of the parallel

workspace. Decreasing the base angle to 45�increases the overall workspace but

moves the singular region more toward the middle of the workspace, thereby

decreasing the usable workspace because the cone must not contain any singula-

rities. Decreasing the base angle to 0�results in maximum workspace and moves the

singularity down below the joint limits guaranteeing the reachable workspace that

contains no singularities.

Optimization of the parallel mechanism shows that for a fixed base angle, better

performance would be achieved by a mechanism design where the angle of Link2 is

greater than that of Link1 (a13< a35 and a24< a46). Based on a spherical geometry,

if Link2 is greater than Link1 and the base angle is 0, then the parallel mechanism

cannot be put into a singular configuration.

The results for the serial mechanism showed good performance in a small form

factor. For any serial design there exists a strip of maximum isotropy across

the reachable workspace. This corresponds to a pose where y3 is some specific

value and y1 can be varied. As the link lengths get larger the strip of best

performance pushes away from the base (located at Joint 1), yet remains roughly

centered in the overall workspace (Fig. 8.9b, d, f).
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Fabricating passive aluminum mock-ups of the mechanism under study was

critical to the evaluation of this class of manipulator for MIS applications. Through

evaluation of various combinations of parallel and serial configurations, it was

determined that two serial manipulators provide the smallest footprint and the

fewest collisions in the common cases where two or more mechanisms occupy

the limited space above the patient body. Based on the kinematic optimization, the

link angles of these serial manipulators should be 74�for the first link and 60�for the
second link. This configuration and design of manipulators results in the most

compact mechanism that will perform MIS procedures with high dexterity in the

entire workspace required.

The system integration of a surgical robot is an immense engineering effort that

was resulted in an open architecture surgical robotic system that enables a wide

spectrum of studies in surgical robotics and teleoperation. The chapter provides an

overview of lab and field experiments studying the effect of time delay on surgical

performance. A subset of a standard set of tasks (Fundamentals of Laparoscopic

Surgery – FLS), which adopted by the MIS surgical community many surgical

residency training programs was used in the majority of the field experiments and

all the lab experiments. Block transfer emulating tissue handling along with suturing

and knot tying defined the subset of the FLS that was adopted for the telerobotics

experiments. Time delay is an embedded characteristic of any network. As indicated

in the field experiments the latency related to the compression/and decompression of

the audio/video (a/v) is significantly larger then the latency related to the transmis-

sion of position commands between the master and the slave. As such the a/v

transmission latency is the limiting factor that determines the overall performance

of the system. The results acquired in the lab experiments indicated a degradation of

teleoperation performance characterized by increased completion time and tool path

length, which were used as performance measures.

8.6 Visions

The premise of surgical robotics is to deliver high level of dexterity and enhance

view of anatomical structures that is either too small or difficult to access (expose)

for conventional surgical tools, the surgeons’ fingers and a line of site. An approach

to this anatomical structure may use either an open surgery technique, MIS or

minimally access techniques that were otherwise. Aviation is often used a sources

of inspiration for surgery. In both of these frameworks the pilot and the surgeon

have to deal with complex system with high level situation awareness to communi-

cate with additional individuals such as Co-Pilot and air traffic control personal in

the aviation domain, and nurses (circulation nurse or sterile nurse) along with co-

surgeons, and anesthesiologist in the surgery domain in addition to the immediate

interaction with the system which is the airplane in aviation and the surgical

site during surgery. Regardless of the many similarities between the two domains

one should note that there is one fundamental difference between them. In aviation

192 J. Rosen et al.



the goal is to fly an airplane from point A to Point B with minimal interaction with

the environment. However in surgery the goal is to change the environment

(anatomical structure) in order to alter its function.

Although in small aircraft the pilot control the airplane through the stick which is

analogues to a surgeon holding a surgical tool, automation is a concept that is

widely used in a form of an automatic pilot in commercial and military airplanes.

Automation in this context removes the human form the low-level operation (e.g.

correcting a drift in the airplane flight path or manipulating the soft tissue due to

deformation in surgery) and reposition the pilot or the surgeon as a high-level

decision maker using supervisory control mode with interrupted intervention in

critical steps of the operation.

With the introduction of a surgical robot automation in surgery can be imple-

mented at two different levels: (1) system services and (2) surgical operation. The

Trauma Pod project as envisioned by Dr. Richard Satava and its translation into

practice as part of the a phase 1 DARPA project (see for details the chapter by Pablo

Garcia) demonstrated that services to the surgical robot along with overall operating

room (OR) management can be fully automated. The end-result was a fully auto-

mated operating room in which the only human in the OR may be only the patient.

A centralized robotic surgical nurse provided services to the surgical robot such as

tool dispensing from an automatic tool changer and changing, as well as equipment

dispensing and disposing from an automatic equipment dispenser, vital signs moni-

toring, and overall supply chain management (inventory monitoring) – actions that

took place upon voice command by a surgeon interacting with the surgical console.

A far as services to the surgical robot are concerned (tool change and equipment

dispensing) centralized solution was used in a form of a single surgical nurse. As a

result the performance of the entire system in providing these two services is

dictated by the performance of the surgical nurse alone. An alternative approach

in which each surgical robot is attached to another robotic arm in a micro–macro

configuration, allows each surgical robot to be an independent unit that may serve

itself (replacing it own tools and picking its own supplies) – Fig. 8.19. In this

configuration the nurse function is distributed among all the robotics arms allowing

each one to function autonomously.

The micro–macro approach to surgical robotics in which a gross manipulator

carry a high dexterous manipulator is inspired by the human arm and hand in which

the human arm serves as the gross manipulator positions the wrist in space for high

dexterity manipulation by the hand. This approach may allow to design small and

fast responding manipulator with high manipulability in a limited workspace which

occupy only a subset of the surgical site (micro) and mount it on a land slow

manipulator with a large workspace (macro). The macro manipulator may move the

base of the micro manipulator in case it will sense the micro manipulator operates

close to the edge of its workspace. The movement is obviously transparent to the

surgeon who should not be involved nor aware of these adjustments of workspaces.

This distributed architecture from the functional perspective may also allow to

distribute the surgical robotics arm around the patients in a way that will avoid

robot to robot collision.
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Automating the sub-tasks of the surgical procedure itself is another aspect that

may contribute to the process in which the surgeons can be removed from his or her

position of manually controlling the surgical robot to a position where he or she

supervise the operation. In the context of tissue manipulation the surgeon may point

to the target position and the robot will execute the command autonomously given

constraints regarding obstacle avoidance and stress thresholds. One may envision a

scenario in which the surgeon define the beginning and the end of the suture and the

surgical robot operating in an autonomous mode stitch the tissue and tie a knot. One

of the limiting factors to execute such a task autonomously is our limited capabilities

in simulating and predicting the response of soft tissue to external loads. Once the

robot interacts with the tissue its geometry changes significantly. Our limited

Fig. 8.19 Distributed approach of automating services in the operating room. CAD rendering of a

gross positioning arm (macro arm) carrying a surgical robotic arm (micro) replacing it own tool

(a) or picking its own supply (b). A design of a macro arm named the “C-arm” (c). CAD rendering

showing the Raven system (micro) carried by the C-arm (macro)
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capabilities in predicting the soft tissue response are due to the non-linear, and

un-isotropic nature of soft tissues. Another futuristic scenario may involve auto-

matic edge detection and dissection of a tumor based on preoperative scans or

biomarker that may be injected into the tissue.

Introducing a robotic system into the OR and utilizing such a system clinically

was a major milestone for the field of surgical robotics. Emerging technologies

based on scientific discoveries will continue to flow into the surgical robotic

systems and provide better tool in the hands of the surgeons for delivering high

quality healthcare.
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9.1 Introduction

In this chapter we describe the evolution of the da Vinci surgical system from the

very early days of Intuitive Surgical, through to 2009. In order to provide context,

we begin with a short summary of the origins of telerobotic surgery itself. This

involves a unique convergence of technologies and clinical needs, as well as several

groups of individuals who independently recognized the role that robotics and

telepresence technologies could play in medicine. The regulatory landscape has

played – and continues to play – an important role in the development and use of

surgical devices such as da Vinci. In this chapter, we describe some of the important

aspects of device regulation and how they affect the deployment of medical devices

such as ours. It should be noted that this story is told from the Intuitive Surgical

perspective and is not intended to be exhaustive. Nevertheless, we hope that it

provides some insight into the unique process of invention and development that

has resulted in a marriage of technology and medicine that benefits hundreds of

patients each day.
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9.2 The Origins of Telerobotic Surgery

The story of telerobotic surgery involves the convergence and intersection of two

very different technologies and the emergence of a completely new approach to

minimally-invasive surgery. The first of these technologies emerged in the 1940s

and was called “telemanipulation.” Robert A. Heinlein’s 1942 science fiction

short story, titled “Waldo,” described a glove and harness device that allowed

the lead character, Waldo Farthingwaite-Jones – born frail and weak, and unable

to lift his own body weight – to control a powerful mechanical arm by merely

moving his hand and fingers. It was not long before these kinds of remote

manipulators – popularly known as “waldoes” – were developed in the real

world for moving and manipulating hazardous radioactive materials. These

devices made use of cables and linkages to allow an operator to safely stand on

one side of a thick, leaded glass window while maneuvering a mechanical

manipulator located in a radioactive environment on the other side of the glass

partition. In the 1950s, Raymond Goertz and his contemporaries explored appli-

cations that required remote control over greater distances. They replaced the

mechanical linkages with electrical sensors, signals and actuators, thus allowing

for greater separation between the operators and their robotic “slaves,” as well as

for more complex applications [1] (Fig. 9.1).

In the medical arena, it is thought that the earliest ideas on endoscopic techniques

date back as far as an Arabian physician named Albukasim (936–1013 A.D.). How-

ever, it was not until the early 1800s that Phillip Bozzini developed some of the first

practical methods for observing the inside of the living human body – he used a light-

guiding instrument that he named the Lichtleiter to examine the urinary tract, the

Fig. 9.1 Examples of mechanical teleoperators for manipulation within hazardous environments.

At right, a Model H Telemanipulator from Central Research Laboratories (Red Wing, Minnesota)
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rectum, and pharynx. The development of endoscope-like devices and their applica-

tions continued into the 1980s, at which time the emergence of Charge Coupled

Devices (CCDs), video electronics and display technologies revolutionized the field

and led to laparoscopic techniques for minimally invasive surgery, culminating in the

first laparoscopic cholecystectomy in 1987, by French physician Mouret [2].

It would be another decade before the emergence of teleroboticminimally-invasive

surgery—a decade in which some key pieces of technology began to emerge. The

principles of telemanipulation had been further advanced for application to hazardous

material handling, deep sea and space exploration. In the 1980s – with the rapid

advancement of microelectronics and computing – virtual reality techniques started to

develop the concept of immersive environments, with technologies such as head-

mounted displays, graphically rendered synthetic 3Dworlds, and haptic interfaces. By

the late 1980s and early 1990s, laparoscopy had blossomed; however, limitations in

the technique were being reached. The tools that were being employed for manual

laparoscopy worked well for relatively simple surgical procedures that involved the

excision of tissue and basic tissue closure – procedures such as laparoscopic cholecys-

tectomy (removal of the gall bladder), oophorectomy (removal of an ovary or ovaries),

and simple hysterectomy (removal of the uterus) were broadly adopted. At the same

time, applications requiring complex reconstruction failed to adopt these laparoscopic

techniques in a significant way. Sophisticated mechanisms, such as staplers and

other tissue closure devices were developed; however, these still did not allow

laparoscopic techniques to gain traction in the most complex of surgical procedures.

During the late 1980s and early 1990s, several groups began to see the potential

cross-over between the telemanipulation and virtual reality principles that had been

developed for material handling and remote exploration, and the challenges that

were being experienced in minimally-invasive laparoscopic surgery. These groups

observed the limitations of minimally-invasive surgical techniques at the time and

recognized the impact that telerobotics could have in enabling new capabilities and

applications. Below are just a few of the groups who first began to marry telerobotic

technologies with minimally-invasive surgical techniques, and that would ulti-

mately influence the development of the da Vinci Surgical System:

l Dr. Russell Taylor and his group, then at the IBM Watson Research Center

(Yorktown Heights, NY), in collaboration with Dr. Mark Talamini, a general

surgeon from Johns Hopkins University, developed the Laparoscopic Assistant

Robotic System (LARS) – a “third hand” that allowed surgeons to manipulate a

laparoscopic endoscope under joystick control [3].
l At the University of California at Santa Barbara, Dr. Yulun Wang developed a

robotic system for NASA and later used it to manipulate an endoscope for laparo-

scopic surgery in 1992. This become the seed for the Automated Endoscopic

System for Optimal Positioning (AESOP) system and a company called Computer

Motion, Inc. Dr. Wang worked with Dr. Carlos Gracia, a leading endoscopic

surgeon at San Ramon Regional Medical Center (San Ramon, CA) [4].
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l At MIT, Professor Kenneth Salisbury and his students developed innovative

human–machine interfaces and haptics. One of his graduate students, Dr. Akhil

Madhani, developed the “Black Falcon” as part of his doctoral work: a teleoper-

ated surgical instrument with force feedback. Another alumnus of the Salisbury

lab, David Brock collaborated with Dr. Gary Rogers, a general surgeon from the

Boston University Medical Center (Boston, MA), and together they created a

company called Brock–Rogers Surgical in 1996 (renamed endoVia Medical,

Inc., in 2002) [5].
l Dr. Hari Das at the Jet Propulsion Laboratory (Pasadena, California) worked

with ophthalmic surgeon Steve Charles. Funded by NASA, their Robot Assisted

Microsurgery (RAMS) workstation also made the connection between telerobo-

tics and minimally-invasive surgery [6].
l Professor Brian Davies and his team at Imperial College (London, UK) devel-

oped robotic mechanisms for prostate and neurosurgical applications – their

I.C. PROBOT prostate surgery device was trialed in the early 1990s [7].
l Professor Blake Hannaford and his group at the University of Washington

(Seattle, Washington) began experimenting with teleoperation and haptics for

minimally-invasive surgical applications in the mid-1990s [8].
l Phil Green, then at SRI International (Menlo Park, CA), in collaboration with

surgeons at Stanford University, as well as army surgeon Dr. John Bowersox

developed the “telepresence surgery system,” a device that would later contrib-

ute key components to early da Vinci prototypes.

9.2.1 Early Funding Sources

Several of the early pioneers in telerobotic surgery shared common funding from

military sources. In the United States, Dr. Richard Satava, a program manager for

the Defense Advanced Research Projects Agency (DARPA), became interested in

the idea of robot-assisted battlefield surgery, and began funding telerobotics

research programs in the early 1990s. The team at SRI – after starting with their

own internal funding and funds from an NIH grant in the late 1980s – was one of the

first to begin receiving support from DARPA. Dr. Yulun Wang received initial

funding from DARPA to develop his early voice-activated robotic camera manipu-

lator, while Dr. Salisbury and his group at the MIT Artificial Intelligence Lab were

also funded by DARPA initiatives at this time.

The military vision for this technology was the idea that mobile telerobotic

systems could be used to perform surgery on wounded soldiers immediately at the

front lines of the battlefield, under the control of surgeons located out of harm’s

way, at remote locations. While this model of front-line surgery shifted toward

front-line stabilization and rapid evacuation during the Iraq conflict, these DARPA

funding initiatives can be credited with helping to provide a significant portion of

the early support for telesurgery research.
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9.2.2 The Intuitive Surgical Timeline

In 1994, Dr. Frederick Moll became interested in the telerobotic system that had

been developed by SRI. He left, his employer at the time, Guidant to attempt to

raise venture capital on his own and in 1995 was introduced to Rob Younge,

co-founder of Acuson Corporation (a manufacturer of diagnostic ultrasound

equipment). Fred Moll, Rob Younge and John Freund, a former venture capitalist

from Acuson, collaborated to write a business plan and succeeded in raising initial

venture capital for the newly incorporated company – Intuitive Surgical Devices

(Fig. 9.2).

This was the beginning of a fast-paced technology development effort. Intuitive

Surgical licensed the telepresence surgery technology from SRI and began hiring

engineers. An engineering team was in place by April of 1996 and over the next

3 years this team developed three generations of technology prototypes that would

support the first set of animal and human trials, eventually culminating in Intuitive’s

flagship product, the da Vinci Surgical System. Along the way, additional technol-

ogy and staff came from many of the early pioneers in the field, including from Dr.

Russell Taylor’s laboratory at IBM Research, as well as from Dr. Ken Salisbury’s

group at MIT.

While awaiting FDA clearance in the United States, Intuitive Surgical began

marketing the da Vinci System in Europe in 1999. The company raised $46 million

in an Initial Public Offering in June, 2000 and a month later was granted FDA

approval for applications in general surgery. The following year, in 2001, the FDA

cleared the use of the system for thoracoscopic (chest) and radical prostatectomy

surgeries.

Shortly before its Initial Public Offering in the year 2000, Intuitive Surgical was

sued for patent infringement by its then competitor, Computer Motion – makers of

the Zeus Surgical System that had launched in 1997. The Zeus System was based on

their earlier product called AESOP, a voice-controlled endoscope manipulator that

was the first surgical robotic device to receive FDA approval. The Zeus concept was
to provide the laparoscopic surgeon with improved precision and tremor filtration.

The da Vinci approach was somewhat different in the sense that it sought to recreate

the feeling of open surgery, but with the potential benefits of minimally-invasive

Fig. 9.2 The intuitive surgical timeline
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access. To achieve this, the da Vinci System had to provide the surgeon with 3D

stereo vision, intuitive and dexterous manipulation of surgical instruments inside of

the patient. While the Zeus system was marketed primarily to laparoscopists, the da
Vinci System was aimed at the open surgeon. Competition between the companies

centered around the differences between these two philosophies. Initially, the Zeus
was preferred by the general laparoscopic surgeon, while the da Vinci was adopted
by the open surgeon who did not perform laparoscopic surgery. Zeus was smaller,

had a lower price point, but was less capable. da Vinci was bulky and often accused
of being over-engineered. By 1999, Computer Motion had begun to adjust their

approach and started moving toward the course that Intuitive Surgical was on.

Shortly after Computer Motion brought forward its lawsuit, Intuitive Surgical

counter-sued and the two fledgling companies became embroiled in a legal battle

that severely limited growth on both sides. In 2003, as both companies were running

out of funds, Intuitive Surgical and Computer Motion agreed to merge, thus ending

the litigation between them. At that time, the Zeus System was phased out in favor

of the da Vinci System, because of da Vinci’s additional capability.

9.3 The Evolution of the da Vinci Surgical System

When Intuitive Surgical made its start toward the end of 1995 the product vision

included four key specifications, or product pillars. First and foremost, the system

needed to be reliable and failsafe in order to be feasible as a surgical device; second,

the system was to provide the user with intuitive control of the instrument; third, the

instrument tips were to have six-degree-of-freedom dexterity as well as a functional

gripper. The fourth pillar was that of compelling 3D vision. These product pillars

supported the ultimate goal to regain several key benefits of open surgery that had

been lost in the laparoscopic approach – while maintaining minimal invasiveness –

by virtually transposing the surgeon’s eyes and hands into the patient in a reliable

and effective way. The technology that was licensed from SRI, IBM and MIT

provided a starting point for realizing this vision.

In 1995, the SRI prototype system had four-degree-of-freedom instrument manip-

ulators, plus a gripper. It had a simple master interface that allowed the user to

command instrument motion, and a control system to intuitively match the motions

of the instrument tip with commanded motions of the master interface. Kinematic

similarities between the master and slave mechanisms simplified the mathematics

behind this intuitive mapping. From this prototype, three generations of prototypes

were derived over a period of 3 years, culminatingwith the daVinciSurgical System –

Intuitive Surgical’s first commercial product to be shipped to customers.

The da Vinci System was named during the very first month of Intuitive

Surgical’s existence. The renowned renaissance icon, Leonardo da Vinci had

combined art, science, anatomy and engineering throughout his career of invention

and innovation: a combination that seemed to befit Intuitive’s vision. Early proto-

types were not named da Vinci, as this title was reserved for later. The first
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prototype was named after Leonardo, but contracted to “Lenny” for fear that this

first attempt would fail to meet expectations.

9.3.1 Lenny

Beginning from the SRI prototype, this first design iteration added a wrist at the end

of the patient-side manipulator, thus increasing the total number of degrees of

freedom at the tip of the instrument from five to seven. At that time, the instrument

was not interchangeable, as shown in Fig. 9.3a. The kinematic similarity and

intuitive mapping between the master and slave manipulators – as exhibited by

the SRI prototype – were maintained. These patient-side manipulators were

mounted to the operating table by means of a simple positioning mechanism that

could be manually adjusted using a screwdriver and wrench (this is shown in

Fig. 9.7a).

In order to visualize of the surgical field, a commercially available Welch Allyn

3D endoscope – shown in Fig. 9.4 – was mounted to an endoscope manipulator that

was almost identical to that of the SRI prototype. This endoscope featured two CCD

video chips mounted at the tip of the endoscope, each with an image resolution

below that of Standard Definition NTSC video, but nevertheless sufficient to

provide the user – seated at a control console – with stereo video of the surgical

site. A commercial CrystalEyes display system was used to display the stereo video

coming out of the Welch Allyn endoscope. This system alternated left- and right-

eye video frames on a single video monitor, with the user having to wear a pair of

active shutter glasses that alternated left and right eye views in synchrony with the

display. The CrystalEyes system is shown in Fig. 9.8a.

The Lenny prototype was completed and taken to animal trials during the summer

of 1996, with an initial focus on complex general surgery applications. A great deal

of important learning occurred during this first set of in vivo experiments. For

example, it was clear from the experience that the six-degree-of-freedom motion

Fig. 9.3 Evolution of the patient-side manipulator (PSM). (a) the Lenny manipulator that was

derived largely from the SRI prototype; (b) theMonamanipulator with its exchangeable instrument

architecture; and (c) the da Vincimanipulator that ultimately became part of the commercial product
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afforded by the new wrist, in addition to the intuitiveness of the motion mapping,

were providing value that was worth their additional cost and complexity. On the

other hand, the system was not reliable – it was fragile – and the visualization

provided by the combination of the Welch Allyn endoscope and the CrystalEyes

display system was poor. Moreover, the importance of the patient-side manipulator

support mechanism and the ability to easily position and reposition the manipulators

became clear. Lenny had a relatively short 6–9 month lifespan, but provided the key

insights that would set the stage for a second generation prototype (Fig. 9.5).

9.3.2 Mona

Following the lessons learned from Lenny, several subsystems were dramatically

redesigned leading up to the Mona prototype, named after Leonardo’s renowned

painting, the Mona Lisa. These would be the first to be tested during human surgery.

Fig. 9.4 Development of the stereo endoscope. From top to bottom (a) or right to left (b): the

Welch Allyn stereo “chip on stick” endoscope; an Olympus endoscope with single optical train

and rear-mounted CCDs; and the da Vinci endoscope with dual optical trains and dual three-chip

camera heads

Fig. 9.5 Three generations of the Endoscope Control Manipulator (ECM): (a) the manipulator

from the Lenny prototype, which was very similar to that of the original SRI system; (b) the Mona

ECM; and (c) the da Vinci ECM
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Perhaps the most significant aspect of this re-design was that the patient-side

manipulators were completely revised to accommodate an exchangeable sterile

instrument architecture. This was a key feature missing in the Lenny prototype

and essential for first human use. It meant not only that the system could accom-

modate many different styles of instruments for different surgical tasks, but also

that these instruments could be separated from the non-sterile robotic manipulators

and sterilized independently. The instruments themselves (shown in Fig. 9.6) were

based on a low-friction cable and pulley design that was influenced by early work

by Professor Kenneth Salisbury and his group at MIT.

A second significant focus was on the patient-side manipulator positioning

problem that had been identified during experimental work with Lenny. A “setup”

mechanism was developed to allow for flexible positioning of three manipulators

positioned at the patient side. This mechanismwas clamped to rails on the side of the

operating table and used a system of gears, springs and linkages to support and

dynamically counterbalance the robotic manipulators as they moved above the

operating table. Two of these devices were mounted on one side of the table,

while a third was mounted on the opposite side. A portion of this mechanism is

shown in Fig. 9.7b.

Fig. 9.6 Three iterations of da Vinci EndoWrist® instruments with wrists at their tips and a

coupling mechanism at their rear that allowed for rapid exchange and the maintenance of a sterile

barrier

Fig. 9.7 Three generations of setup mechanisms that were used to support and position the

instrument manipulators at patient-side. (a) The extremely simple mounting that was used to

support the Lenny PSMs; (b) at early attempt at a repositionable setup arm that was used with the

Mona prototype; (c) an early prototype of a cart-mounted setup system that provided stable, yet

flexible positioning of the PSMs; and (d) the da Vinci patient-side cart that ultimately became the

commercial product
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In early 1997, the Mona prototype was used to perform Intuitive Surgical’s very

first human surgeries at the Saint-Blasius Hospital in Dendermonde, Belgium. This

provided valuable clinical experience; however, a number of critical lessons were

learned:

l While the new interchangeable instrument architecture was a significant step, the

coupling between the instruments and the patient-side manipulators was sensitive

to mechanical tolerances and lead to unreliable instrument engagement.
l Improvements in the master and slave interfaces focused new attention on the

visualization system, with the realization that both image acquisition and display

quality were not sufficient for clear and comfortable stereo viewing of the

surgical field.
l Perhaps the most challenging aspect of the Mona prototype was the operation of

the setup mechanisms. The table-mounted, counterbalancing mechanism proved

to be unstable and inflexible, as well as being too heavy for the table rails to

which they were mounted. It was clear that a radical change in the setup

approach would be required.

During this period of time, there was also a shift in the clinical landscape. The

Nissen Fundoplication procedure, a complex general surgery application, was

starting to be performed successfully by manual laparoscopic techniques. At the

same time Heartport Inc. – industry pioneers in developing less invasive cardiac

surgery products – was struggling with minimally-invasive cardiac surgery. These

factors resulted in a shift of Intuitive’s focus from general surgery toward cardiac

surgery. This new focus, in conjunction with the experience of first human use with

the Mona prototype, drove a third generation of prototype, one that would lead to a

first commercial product offering.

9.3.3 da Vinci

Early experiments with the Mona prototype had highlighted severe shortcomings

with the ability to position the instrument manipulators at the patient side in a

flexible yet stable way. Other engineering activities at Intuitive came to a halt in

order to focus on this problem of “setup.” Several new concepts were developed,

first with models constructed using toothpicks, then one-eighth-scale cardboard

models and finally full-scale wooden models; several designs were constructed

before settling on a design that was to be fabricated in metal. This design was

mounted on a free-standing cart. It was bulky and heavy (weighing in at approxi-

mately 1,400 pounds), yet it delivered the patient-side manipulators where they

needed to be in a flexible way and provided a stable working platform (Fig. 9.7c, d).

Shortcomings with the quality of the vision system were a second major concern

at this stage. A new stereo viewer concept was developed, which shifted from the

single-display shuttered approach to a dual-display approach, with one dedicated

video display for each eye. An early prototype of this concept is shown in Fig. 9.8b;
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a pair of Sony CRTs, some mirrors and baffling not only simplified the stereo

viewer, but also provided improved display image quality and a more compelling

sense of depth and stereo. In order to provide improved video quality on the

imaging side, the Welch Allyn endoscope – with its low-resolution distal video

chips – was replaced by an Olympus design that used a single optical channel and a

dual camera head located at the rear of the endoscope (Fig. 9.4). While image

quality was improved, the stereo separation achieved by this design was inadequate.

Therefore, it was decided to develop a custom endoscope design with portions of

the optics work contracted to a company called Precision Optics Corporation

(POC). This was a 12 mm endoscope with two independent sets of 5 mm rod lens

optics packaged side-by-side, leading to two three-chip camera heads mounted at

the rear of the endoscope.

The problem of temperamental instrument couplings was resolved with a new

design based on the principle of the Oldham coupling, which dramatically reduced

sensitivity to mechanical tolerances in the instrument and PSM interfaces. On the

surgeon console side of the system, there were significant changes in the master

interfaces, which evolved from a telescoping design (Fig. 9.9a) to a backhoe design

that was kinematically dissimilar to the patient-side manipulators, but with larger

range of motion and improved reliability (Fig. 9.9b).

At this stage, the technology had matured to the point that the latest in the

succession of prototypes finally earned the name of da Vinci, and it was clear that

the team saw this as their likely first product offering. The da Vinci prototype was

taken to human trials in Mexico, France and Germany in 1998 and 1999, with a

clinical focus on cholecystectomy and Nissen fundoplication procedures, thoraco-

scopic internalmammary artery harvesting andmitral valve repair. The setup problem

had been resolved, the system now had good 3D vision quality, and the intuitiveness

and dexterity of the surgical instrument control were proving to be invaluable. While

Fig. 9.8 Development of a stereo viewer. (a) The CrystalEyes shuttered eyeglass system used in

the Lenny and Mona prototypes. A stereo viewer box containing two Sony CRT displays – a

prototype that eventually lead to the da Vinci stereo viewer design. (c) The da Vinci high resolution
stereo viewer

9 The da Vinci Surgical System 209



system reliability was still poor (there were frequent system errors and interruptions

during early cases), the fault detection mechanisms that had been put into place meant

that procedures could be completed safely (Fig. 9.10).

The four key pillars of the product were finally standing. It had taken more than two

years fromApril of 1996 todevelopa systemwith the complexityof a car (approximately

10,000 components) and to ship the very first product to a customer – the Leipzig Heart

Center, Germany, in December 1998. Ten systems were shipped during the following

year. This numberwas intentionally limited in order to continue to prove out the product

and its market, while not overextending the still-fledgling company that was just

beginning to learn how to manufacture and support products in the field (Fig. 9.11).

Fig. 9.9 Evolution of the Master Tool Manipulator (MTM) that is manipulated by the surgeon in

order to control the patient-side manipulators and surgical instruments. (a) A telescoping MTM

design that was used in both the Lenny and Mona prototypes; (b) a backhoe design that was

developed for da Vinci in order to provide greater range of motion and improved robustness – this

prototype was used for clinical studies with the da Vinci prototype; and (c) the MTM design that

eventually shipped with the da Vinci product

Fig. 9.10 Early cardiac trials in France and Germany during May of 1998
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9.3.4 Continuous Improvement and Development

The next 4 years were focused on stabilizing the reliability of the system and

scaling up production and support teams. The evolution that brought an operative

surgical robot to the marketplace in 1999 continued after the release of the first

product.

On the da Vinci platform, slimmer 5 mm diameter instruments (as opposed to

8 mm instruments) were developed based on a novel vertebrae design. In 2003, a

fourth arm was added to the patient-side cart in order to give the surgeon greater

control over tissue retraction. This included a user interface to swap control among

all arms. The suite of surgical instruments was expanded from six to over 50.

The da Vinci STM product release in 2006 focused on improving the patient-side

experience by providing a more streamlined and ergonomic design that reduced set

up time by half, with just half the number of set-up steps. The slave arms were

smaller, lighter, more easily manufactured and serviced, with greatly expanded

range of motion. The fourth arm was integrated into the design (as opposed to the

retrofit arm that had been added to da Vinci in 2003). A smaller, simpler patient cart

with fewer degrees of freedom helped to better balance the need for flexibility with

simplicity in set-up. Distributed power and control were incorporated in order

to minimize cabling. Visualization was improved with WXGA high definition

Fig. 9.11 Evolution of the electronics chassis from a PC-based servo and control system to the

custom printed circuit assemblies housed within the da Vinci surgical console
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video (1280�768 pixel resolution; roughly equivalent to 720p) and matching image

capture equipment. A patient-side touch-panel display and TileProTM multi-input

display were added for improved interaction and control. Moreover, significant

architectural improvements were put into place to allow for greater reliability and

fault tolerance, and faster development.

The latest in the product line, the da Vinci Si – launched in April, 2009 – focused
the product development on refining the platform to meet the demands of a

maturing market. Where the prior model (the da Vinci Si) focused on the patient

cart, the da Vinci Si focused on the surgeon console and vision cart. The surgeon

console received improvements in ergonomic adjustability to accommodate a

greater range of users comfortably; as well as higher resolution 3D monitors

(SXGA), internally cabled master controllers and a simplified user interface.

Additionally, the footprint was reduced to make it easier to move around the

operating room for small nurses (Fig. 9.12).

The vision cart and associated camera assembly were revised: The touch-screen

monitor became widescreen and supported a higher resolution (WXGA+,

1440�900 pixel resolution). Prior to the da Vinci Si, the camera controllers were

separately controlled, requiring that users perform two steps each time they wanted

to adjust one setting (e.g., white balance). Taking all of these vision controls into

the system internally made it possible for synchronized 3D vision control. In

addition, the size of the camera head was reduced to make it easier to handle and

advanced controls were added to simplify vision system setup.

Lastly, da Vinci Si was built to support two consoles operating in concert with a

single patient-side system. An instrument “give-and-take” paradigm allows sur-

geons to share control of the da Vinci instruments, for the purpose of enhanced

surgeon training, as well as for enabling collaborative surgery (Fig. 9.13).

Fig. 9.12 The da Vinci Si surgical console (a) and redesigned master interfaces (b)
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9.4 The Regulatory Landscape

In the United States, the governing body that regulates medical devices is the U.S.

Food and Drug Administration (FDA). This agency was given the authority to

regulate medical devices in 1976 under the Medical Device Amendments [9]. In

1990, the Safe Medical Device Act further built upon the Medical Device Amend-

ments to provide a regulatory structure by which medical devices could ensure safe

and effective use [10]. In general, devices are classified into three main categories;

Class I devices representing the lowest risk, followed by Class II devices and lastly

Class III devices which involve those of highest risk. The determination of classifi-

cation of a medical device depends on the risk it poses to the patient and the user as

well as its intended use [11]. Class III devices are typically those that sustain life,

such as cardio-pulmonary bypass systems. Class II devices are typically tools

whose misuse or failure may cause serious injury. Class I devices are typically

those whose misuse or failure are unlikely to result in serious injury.

As pioneers in computer-assisted surgical devices, Intuitive Surgical andComputer

Motionwere responsible formanyfirst-time decisionsmade by the FDA for regulating

robotic medical devices. One such example was the determination of the classification

of the da Vinci Surgical System, which was initially evaluated as a Class III device but

was later moved to class II by FDA just prior to its approval in 2000. Today, Class II

devices include those that fall under a “fly by wire” definition – the type of control

system for an airplane or spacecraft, in which the controls are actuated by electrical

impulses, as from a computer [12].

Over the past decade regulators have worked hard to understand the numerous

computer-assisted systems under consideration for clearance and have only recently

created an internal nomenclature by which they are able to categorize a particular

device. FDA has created three main categories in which current computer-assisted

medical devices fall. The first category is “stereotactic devices or navigational sys-

tems” which includes devices for computer-controlled breast biopsies, orthopedic

navigation systems and stereotactic systems for navigation in neurology and

Fig. 9.13 The complete da Vinci Si System with dual surgical consoles offered as a optional

capability
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radiation therapy delivery systems. The second category includes “fly-by-wire sys-

tems,”where the surgeon’smovements aremimickedmuch like the controls for a pilot.

Tele-operators like the da Vinci System fall within this category. Systems designed to

perform autonomous clinical tasks under indirect supervision fall into the third cate-

gory of computer-assisted medical devices. Because most computer-aided devices

going through the FDA clearance process were developed in the last decade, the

nomenclature above is still not well-known outside of industry and FDA [12].

Pulling together the concepts above, the regulatory pathway that a new computer-

assisted device will travel through FDA depends upon its architectural type, its risk

to the health of the patient and provider, as well as its intended use. Submissions rely

upon providing regulatory agencies a combination of clinical data, bench-top data,

verification and validation information. In a recent paper by Janda and Buch, a

summary of computer-assisted devices by regulatory class and common require-

ments for testing, validation and clinical data was shared. While there may be

exceptions, Table 9.1 provides some guidelines as to the burden of testing and

clinical proof required to take a computer-assisted medical device to market.

The da Vinci Surgical System was first seen by the U.S. Food and Drug

Administration in 1997 and the first clearance received by Intuitive Surgical was for

the visualization of tissue using the robotically controlled endoscope. At its inception,

the system was classified as a Class III device requiring clinical data demonstrating

safety and effectiveness in order to be cleared for active use (i.e., cutting, cauterizing

suturing, ligating etc.). A description of the regulatory submissions over the last

10 years pertaining to the da Vinci platform evolution discussed earlier in this chapter

is shown in Table 9.2. This table does not include the numerous instruments and

Table 9.1 Summary of the classification of computer-assisted devices and their testing requirements

Device type

Regulatory

class

Bench

testing

Animal

testing

Software

validation

Clinical

data

Preoperative planning II

Stereotactic frames II X

Computer-assisted or

navigation/intraoperative

planning

II X

Robotic operating assistants II or III X

Fly-by-wire Systems II or III X

Robots Unclassified X X

Adapted from Janda and Buch [12]

Table 9.2 Device clearance

history
Platform Year of clearance

da Vinci Surgical System (standard) 2000

4th arm 2003

da Vinci Surgical System (S) 2006

da Vinci Surgical System (Si) 2009
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accessories that have gone through the premarket notification process. In total,

there have been 35 separate regulatory submissions to the U.S. FDA regarding the

da Vinci platform as of December 2009.

As mentioned above, clearance for a Class II device by the FDA is made for a

specific set of indications, approved uses of the device for which FDA reviews

evidence of the device’s safety and efficacy for its intended use. Table 9.3 describes

the history of regulatory submissions specific to new clinical indications for the

da Vinci Surgical System. The clearance of new indications for the da Vinci System
has required submission of clinical data to the FDA demonstrating its safety and

efficacy through the performance of both prospective clinical trials and analysis of

retrospective clinical trial data.

As public agencies seek to understand the impact of new technologies on health-

care outcomes and costs, peer-reviewed clinical publications and evidence-based

medicine have become increasingly important. Intuitive tracks the creation and

publication of peer-reviewed publications on clinical uses of da Vinci Surgical

Systems. The current library includes over 2,000 PubMed-indexed publications

representing multiple surgical specialties, the vast majority of which were researched

and written independent of Intuitive. Figure 9.14 shows publications by surgical

specialty from 1998 to June 2009. The da Vinci clinical library is increasing at a

current rate of approximately 90–110 publications per month. While some critics cite

the lack of clinical evidence for the efficacy of robotic surgery, the peer-reviewed

literature is, in fact, both deep and compelling across many clinical applications.

For companies seeking to commercialize computer-aided interventions, the regu-

latory process can be daunting. Submissions and communications with regulatory

bodies worldwide range from discussions of electronics design, imaging systems and

embedded software to clinical trial design and patient outcomes analysis. In the past

decade, regulatory agencies worldwide have made investments in learning both

the base technologies in our field and in understanding their clinical use. In general,

Table 9.3 Clinical indication

clearance history Indication

Year of

clearance

Visualization and tissue retraction (da Vinci) 1997

Endoscopic visualization (da Vinci) 1999

Laparoscopic/general surgery 2000

Thoracoscopic surgery 2001

Radical prostatectomy 2001

Mitral valve repair 2002

ASD closure 2003

Coronary anastomosis For CABG 2004

Cardiac tissue ablation/microwave energy 2005

Broad urology indication 2005

Broad gynecology indication 2005

Pediatric indication 2005

Coronary anastomosis for beating heart CABG 2008

Transoral otolaryngology (ENT) 2009
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the level of scientific sophistication in the clinical and technical reasoning and

documentation has increased over time. Success in bringing products to the market

has required a cross-functional approach (engineers, clinicians and regulatory experts)

on the part of both industry and regulatory agencies to examine the opportunities and

risks presented by computer-aided intervention.

9.5 Conclusion

The development of telerobotic surgery from science fiction to reality over the last

two decades has brought together many different disciplines in medicine, engineer-

ing, science and industry. In particular, the clinical and engineering research com-

munities put into place many of the key foundations of this technology and jointly

recognized the value of a marriage between their fields – an insight that provided a

key catalyst for creating a completely new way of performing surgery. Regulatory

bodies, too, had to innovate and adapt their processes in order to strike a balance

between the benefits and potential risks of this new technology, with the health and

safety of patients being their ultimate priority and a tremendous responsibility.

It is on the shoulders of giants that an industry has been built. As a community we

look forward to the innovations that the readers of this book are yet to imagine and to

build, in order to power the next revolution in surgery. Multi-disciplinary collabora-

tion has clearly been a key component of the development of our field to-date and

will become increasingly important as new capabilities are realized and new appli-

cations are explored. This teamwork between clinical scientists, surgeons and OR

staff, academic researchers, engineers, regulatory groups and many others will help

to transition novel ideas into technologies that will ultimately benefit patients and

their families in remarkable new ways.
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Chapter 10

RIO: Robotic-Arm Interactive Orthopedic

System MAKOplasty: User Interactive

Haptic Orthopedic Robotics

Benny Hagag, Rony Abovitz, Hyosig Kang, Brian Schmitz,

and Michael Conditt

10.1 Introduction

The dream of robots, automatons that can think, move, and act like humans, has

been with us for centuries, dating back to Leonardo daVinci, the ancient Greeks,

and possibly even earlier. The word robot was introduced by Czech writer Karel

Capek in his play R.U.R. (Rossum’s Universal Robots), published in 1920. Capek’s

play describes robots that are very close to the androids of films like Star Wars –
mechanical, intelligent servants with a purpose to serve their human masters.

The dream of robotics has had many false starts and prophets – it has been

intrinsically linked to the development of artificial intelligence, the computing soft-

ware that can process multiple sensory inputs and develop intelligent assessments of

the environment, and even abstract thought. To date, artificial intelligence has been a

dismal failure, with the expectation of the field far exceeding the promised delivery.

However, we have recently crossed into the beginnings of computational capability

powerful enough to contemplate artificial intelligence again. This may be better

thought of as Limited, or Focused Synthetic Intelligence – where the goal is to not

emulate human thought, but to exploit the superior aspects of machine computation

where possible. An analogy is the comparison of a bird to a jet: we have failed at

developing a birdlike machine, however we have developed machines that can fly

farther and faster than any bird. So begins the age of Synthetic Intelligence, where
machines both augment and complement human intelligence in ways yet to be

discovered.

The use of robotics in surgery appears to be, at first glance, one of the most

complex uses and ambitions for robotics. One would first contemplate the use of

robotics in supposed menial tasks, such as cleaning, or janitorial work. The issue

with such supposed menial tasks is that they present significant problems of

machines dealing with an unstructured environment, and one where very simple
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commands must lead to a series of complex and interrelated tasks. There has been

some limited success with robotics in this area, but it is very preliminary and subject

to a variety of special required conditions (e.g., the Roomba robotic vacuum

cleaner). A field of robotics which shows great promise, and can bridge the gap

between current computational limitations and full-fledged, general Synthetic

Intelligence is human-interactive robotics. This field, dominated by what is called

haptics, or the study of simulating tactile interactions, offers a unique blend: couple

the dexterity of the machine with its limited intelligence with the superior context

and general intelligence of the human. This combination is proving out to be a

formula for practical success in a number of fields, but it holds specific and uniquely

large potential in the field of surgery.

Many types of surgery benefit from less-invasive approaches, ones where the

surgeon will have limited direct visualization and even less limited portals into the

body for procedural access. The combination of the surgeon’s problem-solving and

context skill set, with a haptic robotic system’s ability to provide tactile interac-

tions, create a whole new toolset for surgery. The coupling of this capability with

advanced visualization technologies such as 3D scopes and/or patient specific

graphics models taken from imaging systems (CT, MR, X-ray) gives the surgeon

a wide array of dexterity and function enhancing capabilities, enabling the execu-

tion of techniques which can be quite favorable to a patient. The key existence

proofs of such systems exist in the widespread use of Intuitive Surgical’s daVinci®

teleoperative robotic system, and MAKO Surgical’s haptic centered RIO® robotic

arm. Both robotic systems have crossed the threshold of proof-of-concept, and are

now in practical, every day use in hospitals around the country. The success and

surgeon adoption and enthusiasm for such systems centers around the principle

concept of keeping the surgeon in control of the robot – of essentially integrating

human and machine in complementary and performance enhancing ways. Autono-

mous robotics may show promise for future applications, but in a very practical

sense, human-interactive robotics is no longer a futuristic concept – it is here today.

10.2 State of the Art in Orthopedic Surgical Robots

Recent advances in imaging technology such as computed tomography (CT) and

the rigid nature of bony structure have made orthopedics one of the first and a

natural application to adapt the robotic technology. Furthermore, the required

accuracy of bone preparation to fit orthopedic implants properly in joint replace-

ment surgery for maximizing the implant longevity provides a fertile environment

for introducing the robot assisted orthopedic surgery.

This section reviews the surgical robotic systems which are commercially

available now or soon to be commercially available in orthopedic application

even though there has been extensive research on different robotic systems.

The first commercial surgical robot, ROBODOC, in orthopedic surgery was

introduced by Integrated Surgical Systems in the early 1990s. The system was
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used to prepare the femoral cavity for total hip arthroplasty. An industrial SCARA

(Selective Compliance Assembly Robot Arm)-type robot augmented with an addi-

tional joint and safety features was used to prepare the femoral cavity for total hip

arthroplasty with a high-speed milling device at the end of the robot arm. ROBO-

DOC can be viewed as CAD/CAM robot which is operated in autonomous mode.

The robot basically executes the pre-planned cutting path. Due to its autonomous

operation, however, the bone must be rigidly clamped in place by a ‘fixator’ during

the milling procedure and cannot be moved after registering the bone with respect

to the base of the robot. This constraint significantly changes the nature of a typical

orthopaedic procedure, where the joint is regularly manipulated for better visuali-

zation and access, and for evaluating soft tissue, range of motion, and the fit of trial

implants. The automated cutting proceeds slowly for safety reasons and will stop if

any unexpected forces are encountered. Therefore, the soft tissues must also be

retracted or resected so that the robot does not encounter them during the bone

milling step. The specific patient soft tissue anatomy is not generally imaged or

used for planning the cutting paths, and some users have reported increased damage

to soft tissues relative to conventional instrumentation. While this system can create

accurate bone cuts, it is not interactive; the surgeon simply watches the automatic

cutting process. Given that the surgeon has less direct control over the cutting

procedures and early adverse events in Germany, regulatory approval and accep-

tance from orthopaedic surgeons is challenging.

ACROBOT, or Active Constraint Robot, is a robotic device designed for assist-

ing in unicompartmental and total knee arthroplasty and other procedures and is

being commercialized by The Acrobot Company, Ltd. It uses an interactive device

mounted on a large position controlled robot arm. The surgeon interacts with the

device using a force sensing handle mounted near the end of the robot arm. From its

name, the robot actively constrains the surgeon to cut within a predefined safe

region by providing haptic feedback to the surgeon during the execution phase of

the procedure. The latest version of the system, Acrobot Sculptor®, has an

improved bone fixation technique by adapting an instrumented mechanical linkage

over its early rigid fixation to the robot base and also has add-on passive remote

center mechanism joints which enables the tool to be freely orientated while its tool

tip is maintained at the same spatial position at the expense of limiting their

supporting cutting tool to a spherical cutter only. However, the need to interact

with the force sensing handle and the limitation to three haptic degrees-of-freedom

limits its application for MIS procedures that require significant dexterity.

BRIGIT, Bone Resection Instrument Guidance by Intelligent Telemanipulator,

was originally developed by MedTech S.A. and was acquired by Zimmer in 2006.

It is a positioning arm which places the cutting guide for guiding an oscillating saw

and surgical drill in total knee replacement surgery, targeting to reduce the instru-

ments and procedure time. BRIGIT provides an imageless system, requiring collect-

ing anatomical landmarks with a robotic arm through a force sensor. Acceptance rate

from the surgeon is still challenging, even though it obtained the FDA 510(k)

clearance early, due to the fact that the leg needs to be fixed to the robot base during

whole procedure.
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iBLOCK developed by PRAXIM is a miniature robot with two motorized

revolute joints for preparing the femoral implant in total knee arthroplasty, orient-

ing the cutting block for a standard surgical saw while the early prototype, PRAX-

ITELES, provided a side milling tool guide. iBLOCK is laterally mounted on the

distal femur with two or three bicortical pins with a two degree-of-freedom passive

angle adjustment device which adjusts varus/valgus and internal/external rotational

angles with a navigation system. However, it supports only the femoral preparation

while the tibia is prepared with a navigated instrument.

Pi GALILEO ACCULIGN, Smith & Nephew, is a software controlled electro-

mechanical device, two motorized linear joints with a navigation system, to posi-

tion the 5-in-one cutting block to prepare the femoral cut in TKA.

Precision Freehand Sculptor (PFS) is a handheld tool with an optical tracking

system which retracts the rotating burr inside a protection guard when a user goes to

the forbidden region.

10.3 User Interactive Haptic Robotics

There are a number of reasons supporting the introduction of a user interactive

surgical robot. One compelling rationale is the degree of unpredictability of the

surrounding soft tissues even though the primary objective structure, bone, in

orthopaedic surgery is considered as a rigid body which can provide the convenient

reference frame to general autonomous robotic applications. This interaction with

soft tissue becomes more critical in minimally invasive surgery (MIS). MIS is the

performance of surgery through incisions that are considerably smaller than inci-

sions used in traditional surgical approaches. For example, in an orthopedic appli-

cation such as total knee replacement surgery, an MIS incision length may be in a

range of 4 in. whereas an incision length in traditional total knee surgery is typically

in the order of 12 in. As a result of the smaller incision length, MIS procedures are

generally less invasive than traditional surgical approaches, which minimizes

trauma to soft tissue, reduces post-operative pain, promotes earlier mobilization,

shortens hospital stays, and speeds rehabilitation.

One drawback of MIS is that the small incision size reduces a surgeon’s ability to

view and access the anatomy. As a result, soft tissue management and re-positioning

the leg may become necessary during surgery, requiring the surgeon to interact with

the environment for optimal joint exposure and safety. Autonomous robots are less

suited to clinical application where MIS procedures are preferred. The combination

of the human’s inherent ability to perceive the complex environment and the robot’s

nature of reproducible accuracy provide the foundation of human–robot interaction.

For this reason, a new user interactive haptic robotic arm, the RIO® shown in

Fig. 10.1, was developed. The design concept of RIO® is not intended to replace a

surgeon with robots, but to enhance the surgeon’s skills by providing him with

intuitive and interactive tools which increase the safety of the patients, relieve the
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surgeon’s burden to handle the complex surgical environment, and improve surgi-

cal outcome. The surgeon can grasp the cutting tool mounted at the end of the arm

and can maneuver the arm to interact with the environment. In this way, he or she

can feel more comfort level working closely with this robotic arm and as a result, it

helps to increase the surgeon’s acceptance rate.

One of the appealing features in RIO® is to embrace multimodal sensory

feedback.

Nowadays, surgical navigation systems visualize the spatial 3D positions and

orientations of tracked objects with respect to the operated anatomy in real time and

have become a mainstream in computer-assisted orthopaedic surgery (CAOS).

Most interfaces in navigation systems utilize a visual display and an auditory

feedback. Unlike visual and auditory feedback, haptic feedback allows a user to

both feel and interact with an interface. Haptic, from the Greek word Haphe, means

the sense of touch by interacting the mechanical stimulation such as forces and

vibrations. The haptic interaction in RIO® is implemented through haptic rendering.

The haptic rendering consists of two main elements, a virtual haptic environment

and a haptic device as shown in Fig. 10.2. The virtual haptic environments are

computer-generated synthetic environments to emulate a physical world and they can

compute the interacting forces in response to the user’s interaction with virtual objects.

The haptic device is a mechanical device to convey the haptic information to the user.

The primary functions of the RIO® are,

– Measure the human operator motion in the physical world to explore the virtual

haptic environment

– Display the haptic information to constrain the human motion according to the

interacting forces generated in the virtual haptic environments

The haptic device in RIO® is a highly back-drivable six degree-of-freedom manip-

ulator which simulates the mechanical impedance – measures the pose (position

Fig. 10.1 User interactive robot
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and orientation) of the tool tip and applies a wrench (forces and torques) to the

tool tip. The back-drivable manipulator permits the surgeon to freely maneuver

the cutting tool within the haptic cavity that is designed to match the features of the

operated implant. During this freehand cutting procedure, the surgeon can feel

the natural cutting dynamics of the cutting tool which can provide another intrao-

perative assessment on the bone quality. Only when moving beyond the desired

cutting boundaries will the system push back against the user, creating haptic

guidance boundaries that help to keep the surgeon from cutting outside the planned

volumes. This supplementary haptic integration improves the quality of surgical

work, provides intuitive feedback to the surgeon, and reduces the surgical time.

The RIO® does not require the bone to be clamped in place. A standard

orthopaedic leg holder is used to restrain the leg, combined with bone-mounted

trackers to track the bones during the haptic-guided cutting operation. The camera-

observed positions of the trackers are used to automatically adjust the position of

the haptic environment to compensate for motion of the bony anatomy.

One other novel feature is that the RIO® permits an intraoperative revision of the

preoperative plan. In general, orthopaedic surgery is a highly interactive process

and a hands-on discipline. Many intraoperative revisions of the preoperative plan

are made in the operating room to optimize results and improve the longevity of the

implants. For example, variations in bone quality and ligament balancing can make

the surgeon decide to revise the plan intraoperatively.

10.4 The MAKO Robotic System Design

The MAKO RIO® Robotic Arm Interactive Orthopedic System (RIO) is comprised

of three major hardware components as shown in Fig. 10.3. The Robotic Arm

supports the cutting system and provides sufficient dexterity to allow the surgeon to

create the desired resections of bone. The Camera Stand supports both the computer

explore

constrain

Haptic
device Virtual haptic

environment

Fig. 10.2 Haptic rendering
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monitor used by the surgeon to view the bone resections as well as the localizing

camera system for tracking the patient anatomy though the use of tracking arrays

mounted to the bone. The Guidance Module is used by the physician’s assistant or a

surgical technician to assist the surgeon navigating through the implant planning

and surgical application. The three components are connected electrically to pro-

vide communications and distribute power through the system.

In the MAKOplasty® application, the robotic arm is used in a passive way by the

surgeon, meaning the surgeon moves the robotic arm manually to guide the cuts

within the planned anatomy defined in the planning portion of the procedure prior to

surgery. The robotic arm applies haptic force feedback only if and when the surgeon

attempts to move the cutting burr outside the pre-defined surgical plan. If the

surgeon attempts to cut outside the plan, the motors, drive systems and control

systems inside the robotic arm apply forces against the surgeon’s movements to

maintain the cutting burr inside the surgical plan.

Figure 10.4 is a screenshot of the RIO® system software showing the model of the

patient’s femur bonewith the planned resection volume in green aswell as a portion of

the bone already removed. This is the interface the surgeon uses to guide the bone

resections. The surgeon essentially cuts all of the green colored bone away until he hits

thePlannedboundaries shownaswhite. If the surgeonattempts tomove thecuttingburr

outsideof the plannedgreen resectionareas, theRIO robotic armapplies a force against

the surgeon’s hand preventing him from cutting outside the planned boundaries.

As a result of the passive nature in theMAKOplasty® application, one of the most

important aspects of the surgeon interactive robotic arm is that it moves freely with

low friction and low inertia such that the surgeon does not become fatigued during a

surgery – a term called “back-drive-ability”. This need for back-drive-ability in the

RIO® robotic arm and the need to provide haptic force feedback to the surgeon

differentiates the RIO® robotic arm from most industrial robots, which are difficult

or impossible to move manually.

Fig. 10.3 MAKO RIO® robotic arm interactive orthopedic system
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The RIO® robotic arm is also defined as a “serial” robot, meaning the arm joints

are configured with the first stage being affixed to ground (a non-movable stationery

reference coordinate system), as opposed to a parallel robot arm that may have

several joints affixed to ground. In the RIO® robotic arm, the first degree of freedom

(arm joint) is affixed to the ground and the remaining five joints are attached one to

the other with the input of the next sequential joint being attached to the output of

the previous joint, or degree of freedom. The advantage of a serial robot over a

parallel robot is an increase in the overall range of motion (reach) of the final output

end of the robot arm while providing adequate dexterity to accommodate a wide

range of arm positions.

In the RIO® robotic arm, the total range of motion of each joint is designed to

accommodate both right-handed and left-handed surgeons, as well as providing

sufficient range of motion to perform the worst case surgery envisioned. Figure 10.5

identifies each of the defined degrees of freedom of the RIO® robotic arm.

As described earlier, the RIO® robotic arm is a passive robot that requires the

arm be easily moved by the surgeon with very little friction. The arm also must be

able to provide haptic force feedback to the surgeon based on the cutting burr

location relative to the surgical plan. The robotic arm must also be extremely

accurate, with total errors in positioning of the cutting burr less than 1 mm from

the desired locations. These requirements are accomplished in part through the use

of cable driven systems in the RIO® robotic arm to provide motion control with low

friction and negligible amounts of backlash in the mechanisms. Wire cables attach

the drive motor for each joint to the rotational output of each joint through a series

of pulleys – to reduce the amount of unsupported cable in the system – and

tensioning mechanisms, to remove all back-lash.

Fig. 10.4 RIO® system software screen showing femur resection
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Figure 10.6 is an image of one of the cable drive systems used in the second

stage portion of the J6 arm joint for RIO®. The drive cables are rigidly affixed to the

drive pinion on the left, traversing around a number of idler pulleys to reduce

unsupported cable runs, to the output pulley that also incorporates the mechanism to

tension the cables to eliminate any slack that could contribute to backlash.

Figure 10.6 also illustrates one of the many safety features designed into

the RIO® robotic arm that make the system safe for use in surgery. Since the

MAKO RIO® robotic arm is used in medical applications, special attention was

made to ensure safe operation of the system. The RIO® system is designed such that

a failure of a single component cannot create an unsafe condition or allow unsafe

operation of the robotic arm. Shown in Fig. 10.6 is a completely redundant set of

Fig. 10.6 Joint 6 assembly second stage cable drive

Fig. 10.5 Joint motion definitions of the RIO® robotic arm
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drive cables that allow up to two cables to fail without affecting the accuracy or

safety of the robotic arm. An additional safety feature designed into each arm joint

of the RIO® robotic arm is the use of a high resolution encoder on the output of the

joint as well as a high resolution encoder for the drive motor (input) for the joint.

The electronics of the RIO® robotic arm continuously compares the encoder signals

of the joint output to the joint input for each joint in the arm. If the encoder counts of

the two encoders ever disagree as to the position of the arm joint, the entire robotic

arm is disabled from operation. Supporting this safety mechanism is the use of fail-

safe mechanical brakes for every joint of the robotic arm. In the event of any failure

that could jeopardize the safety of the patient or the surgeon, the arm brakes are

engaged, preventing any motion of the RIO® arm.

Accuracy and precision are of paramount importance for the MAKOplasty®

procedure, and are provided in the design of the RIO® robotic arm. Accuracy and

precision are enabled by using high resolution angular encoders in the joint output

stages as described previously, as well as the structural design of the robotic arm to

minimize compliance of the arm joints in the planes orthogonal to joint motion

which cannot be measured using the high resolution encoders.

Figure 10.7 is a CAD model of the Joint 6 arm assembly illustrating the upper

and lower structural arm covers that provide a high degree of bending stiffness to

the joint while providing access for inspections and adjustment of the tensioning

mechanisms for the drive cables. Figure 10.7 also depicts the modular design of the

RIO robotic arm facilitating manufacturing, service repair, and expansion for future

applications; each arm joint having all of the functional mechanical and electrical

drive elements required to operate the joint assembly residing in the joint module.

This enables high volume production methods and makes field service much easier,

as entire joints of the robotic arm can be assembled, tested and serviced as separate

components.

The RIO® robotic arm ultimately supports, tracks and controls the location of a

high speed cutting burr located inside the End Effector Assembly shown in

Fig. 10.7 Joint 6 arm assembly
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Fig. 10.8. The surgeon grasps the End Effector Body in his dominant hand to move

the cutting burr (as well as the robotic arm) in the planned resection areas of the

bone. The cutting burr spins at up to 80,000 RPM, quickly and easily removing the

bone volume to be replaced by the implant. A variety of cutting burrs can be used in

the system and easily and quickly changed during a surgery. Irrigation is provided

to the area of the resection using irrigation tubing attached to the End Effector

Assembly (not shown) to cool the bone during cutting, preventing thermal necrosis

which can lead to loosening of the prosthetic implant over time.

The RIO® system is designed to be easily and quickly moved in and out of the

operating room, allowing quick turn-around between procedures, but also must be

very stable during the surgical procedure, as any movement of the robot during the

procedure can create error in the location of the bone resection. A lifting mecha-

nism in the base of the enables the RIO® robotic arm to move up onto the casters to

allow it to be rolled for positioning, moving, and storage, as well as lowered down

on to rigid legs to be stable during a surgical procedure. As shown in Fig. 10.9,

lifting the Robotic Arm up onto the casters is accomplished by depressing the foot

pump pedal several times, while lowering the Robotic Arm down on the rigid legs is

accomplished by depressing the lowering release pedal.

The RIO® robotic arm is powered and controlled by electronics and a real-time

operating system running proprietary control software, all of which reside beneath

the arm as shown in Fig. 10.10. A dedicated computer is housed in the Card Cage

Assembly that runs the real-time software needed for highly accurate and high

bandwidth control of the robotic arm. Also included in the Card Cage Assembly are

the controller boards required for each of the arm joints.

To support worldwide operation, the RIO® system includes a voltage selectable

isolation transformer which converts the power for the system into 120 V AC

regardless of the input voltage of the various countries using the system. The

RIO® also includes an un-interruptible power supply to keep the system powered

and running for up to 10 min in the event of a power interruption during surgery.

Fig. 10.8 End effector assembly

10 RIO: Robotic-Arm Interactive Orthopedic System MAKOplasty 229



In summary, the RIO® system is a robotic arm platform designed specifically to

enable accurate and precise bone resection for minimally invasive orthopedic

implants. It provides flexibility to support multiple orthopedic procedures with

built-in mechanisms to ensure safe and effective operation in worldwide markets.

Fig. 10.9 Robotic arm assembly

Fig. 10.10 Robotic arm electronics
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10.5 Surgical Technique

The RIO® system is currently used for implantation of medial and lateral UKA

components as well as patellofemoral arthroplasty. The platform allows pre-op

planning with the ability to adjust the plan intra-operatively. The robotic arm is

under direct surgeon control, and gives real time tactile feedback to the surgeon as

the procedure is performed. This surgical platform blends surgical interactive

robotics, computer assisted planning and guidance with an intelligent bone cut-

ting/shaping tool through minimally invasive techniques.

10.5.1 Preoperative Imaging

Preoperative CT scans are obtained for all patients. Scans are taken with the patient

in a supine position with a motion rod attached to the affected leg. One-millimeter

slices are taken at the knee joint with 5-mm slices taken through the hip and ankle.

Images are saved in DICOM format and transferred to the software of the RIO®

System so that sagittal slices of the distal femur and proximal tibia may be

segmented, defined, and recombined to produce 3-dimensional (3-D) models of

each bone. Implant models are then positioned on the reconstructed bone models,

resulting in patient-specific CT-based planning (Fig. 10.11). CT-based planning is

Fig. 10.11 CT based patient specific preoperative planning
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limited in that soft tissues cannot be visualized with CT. Consequently, only bony

alignment can be achieved pre-operatively, and the plan must be intraoperatively

modified to achieve precise gap balancing and long-leg alignment. CT planning

allows for assessment of the subchondral bone bed, osteophyte formations, and

volume definition of cysts and avascular necrosis.

10.5.2 Preoperative Planning

The preoperative plan is based on four main parameters: metrics of component

alignment, 3-D virtual visualization of implant position, intraoperative gap kine-

matics, and dynamic lower limb alignment assessment. Accurate implant position-

ing requires integrating into the system the precise dimensions of the femoral and

tibial prostheses, with their target positions programmed into the preoperative

planning software. The implant computer assisted design (CAD) models are posi-

tioned on the 3-D models of the patient’s distal femur and proximal tibia, and

alignment parameters reported on the computer display unit (currently planning and

resection of the patellar implant is done manually). During this step, the surgeon

can visualize the predicted implant congruence and attempt to minimize areas of

edge loading through adjustments to the plan. Feedback regarding alignment

metrics and bony anatomy (e.g., subchondral bony bed, cortical rim) is continu-

ously displayed. Although the implants are not customized to the patient, implant

orientation is patient-specific and includes quantitative feedback from both bony

and soft-tissue anatomy. Thus, bone resection volumes are defined automatically by

the system, and boundaries for the cutting instrument are set to prevent inadvertent

surgery to areas outside these predefined zones. The preliminary plan is based on

alignment parameters and 3-D visualization of implant position. During surgery,

the plan is modified according to gap measurements throughout flexion and

dynamic lower limb alignment values. Before surgery, the alignment parameters

reported by the robotic system (and recommended by MAKO) are used in combi-

nation with parameters supported by the literature. Specifically, tibial slope in the

coronal and sagittal planes is carefully controlled. The medial tibial plateau typi-

cally has varus with respect to the mechanical axis of the tibia in patients with

medial compartment osteoarthritis. Collier and colleagues [1] demonstrated that

correction of this varus slope with the tibial implant can improve survivorship. In

addition, more than 7� of posterior slope of the tibial component has been shown to

increase the risk for ACL rupture [2] It is recommended to place the tibial

components in 2–4� of varus and avoiding more than 7� of posterior slope. In

patients with ACL deficiency, the posterior sagittal slope of the tibia is maintained

between 2 and 5�. Three-dimensional visualization of implant position ensures

proper sizing. For example, a 2-mm rim of bone surrounding the pocket created

for the inlay tibial component is advocated. This rim can be planned and measured

directly on the 3-D model. On the femur, the prosthesis is sized such that coverage

is maintained while symmetric flexion and extension gaps are created. In addition,
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depth of resection can be planned precisely; 3 mm of tibial bone resection is

typically planned. This resection depth can be modified according to intraoperative

gap kinematics.

10.5.3 Setup

The RIO® is positioned before the patient arrives in the OR. Positioning is based on

the knee to be operated on and on surgeon preference (right- or left-hand dominant).

Once the system is positioned, the robot base unit is secured with brakes to prevent

motion. After conventional positioning and sterile draping of the affected limb,

robot registration is performed (Fig. 10.12). The surgeon moves the robotic arm

through a defined 3-D path to calibrate its movements while optimizing the RIO®

accuracy in the surgical volume and setting the center point for the cutting instru-

ment. The femoral and tibial reference tracking arrays are then attached to the

patient. Bone pins are placed in the femur and tibia, and optical arrays are securely

attached. The camera is now positioned to track the robot and leg arrays through all

ranges of motion (ROMs). Anatomical surface landmarks are registered before the

skin is incised, and the leg is put through full ROM while the appropriate valgus

load is applied on the joint. After skin incision, small articular accuracy checkpoint

pins are inserted on tibia and femur, and the two bone surfaces are registered at

these points to match them to the CT models. Incisions can be made as short as

2.25 in. in some patients with minimal strain on soft tissue.

Fig. 10.12 Robot registration
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10.5.4 Intraoperative Soft-Tissue Balancing

After intraoperative registration of bony anatomy and implant position target setting, a

dynamic soft-tissue gap balancing algorithm is initiated. Virtual kinematic modeling

of the knee and intraoperative tracking allow real-time adjustments to be made to

obtain correct knee kinematics and soft-tissue balancing. First, osteophytes interfering

with medial collateral ligament function are removed, and capsular adhesions inter-

fering with knee function are relieved. As one indication for UKA is a correctable

deformity, removal of these impediments makes it possible to achieve correct leg

kinematics and tissue tension during passive manipulation throughout the full ROM

with an applied valgus stress. Three-dimensional positions of femur and tibia are

captured throughout the ROMwith the medial collateral ligament properly tensioned.

This provides correct bone spacing (extension and flexion gaps) during implant

planning such that, after resection and component implantation, knee mechanics

will be properly restored throughout the ROM. The articular surfaces of the compo-

nents are then adjusted to fill that space throughout theROM.Once optimized, the plan

incorporates alignment metrics, implant congruence, and gap kinematics in a highly

individualized fashion. Finally, any varus deformity is manually corrected with

application of a valgus force to the knee, while lower limb alignment is simultaneously

monitored and recorded by the navigation system. As the virtual components are

optimized to fill the space necessary to correct this deformity, final lower limb

alignment is reliably predicted.We target final lower limb alignment of approximately

2� of varus. Care is taken to avoid undercorrection (final alignment, <8� varus) and
overcorrection (final alignment in valgus) of long-leg alignment [3].

10.5.5 Robotic Arm

The RIO® has three components: robotic arm, optical camera, and operator com-

puter. The end of the robotic arm has a full 6 degrees of freedom, and its movement

is restricted to the incision site by the 3-D virtual boundaries preset in the software

at the time of customized preoperative planning; intraoperative adjustments of that

plan are made to ensure correct soft tissue balancing. The optical camera is an

infrared system. The system computer runs the software that drives the surgical

plan. A high-speed burr is attached to the distal end of the robotic arm (Fig. 10.1).

The surgeon moves the arm by guiding its tip within the predefined boundaries. The

robot gives the surgeon active tactile, visual, and auditory feedback during burring.

While inside the volume of bone to be resected, the arm operates without resisting.

As the burr approaches the boundary, auditory feedback (a series of warning beeps)

is given, and, when the burr reaches the boundary, the arm resists that motion and

keeps the burr within the accepted volume. Thus, the arm effectively is a 3-D virtual

instrument set that precisely executes the preoperative plan. In addition, excessive

force at the limits of the 3-D cutting volume or rapid movement of patient anatomy
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immediately stops the cutting instrument to prevent unintentional resection outside

the defined implant area. Unlike other active and semi-active robot systems, the

RIO® does not require rigid fixation of the robot to the patient. Rather, osseous

reference markers track the position of the tibia and the femur. As the bones move

during surgery, the haptic 3-D resection volume moves coincidently. During resec-

tion, a leg holder is used to keep the limb stable while allowing optimal positioning

of the knee to ensure access to the targeted surfaces.

10.5.6 Bone Resection Burr

A hand-powered or foot-pedal-operated high-speed (80,000 rpm) electric burr is

used for resection. Burrs of different sizes are used: a 6-mm-diameter spherical burr

for rapid removal of major bone material and to allow insertion of the femoral

prosthesis post; a 2-mm-diameter spherical burr for fine finishing, including fine-

finishing of the edges and corners of the resection area, and a 2 or 1.4 mm router

may be used for keel canal preparation. All burring is visualized on a computer

screen display, which shows the 3-D models of distal femur and proximal tibia. The

models are color-coded and updated in real time based on resection progress, such

that the resection area color is different from the color of the surrounding bone. If

the robotic arm goes 0.5 mm outside the planned resection area (green), red appears

on the display, and the arm stiffens progressively; if the user is pushing the arm any

farther outside the green area, the robot will resist such motion (haptic feedback).

The user will be warned with a visual and audio feedback and the burr will

immediately stop spinning. These safety features are intended to prevent the user

from cutting outside of the plan.

10.5.7 Prosthesis Selection

Implant choice depends on surgeon preference and the specific characteristics of the

patient’s osteoarthritis pattern. Current treatment options include isolated medial

UKA, lateral UKA and patellofemoral arthroplasty (PFA) (Fig. 10.13). In addition,

bicompartmental arthroplasty may be performed consisting of simultaneous medial

UKA and PFA. Two implant types are available for selection of the tibial compo-

nent, inlay and onlay designs. An inlay tibial prosthesis is an all-polyethylene

design and utilizes the patient’s formed tibial subchondral sclerotic bone bed to

support the tibial component (Fig. 10.14) [4, 5]. The cavity resected utilizes the

intact tibial rim for rotational control. The angle of the tibial component is usually

within several degrees of varus to reproduce the patient’s normal varus inclination.

The patient’s posterior slope is recreated with a deeper pocket posteriorly. Onlay

tibial components utilize the patient’s cortical rim for support (Fig. 10.15). The

prosthesis is modular with a metal backing. The tibial angle is usually 90� to the

mechanical tibial axis in the coronal plane.
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10.5.8 Operative Technique

The robotic arm assists the surgeon during defined burring of the tibial and femoral

surfaces. The arm helps control depth, width, and length of burring with graphical

feedback on the navigation monitor. It is recommended that the arm be used to

prepare the tibial cavity before addressing the femoral surface so as to allow easier

access to that surface, particularly its posterior side. The arm also allows

Fig. 10.13 UKA and PFA

implants

Fig. 10.14 Inlay UKA
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intraoperative conversion to a metal-backed onlay implant. With use of only soft-

tissue retractors, initial burring of tibial and femoral surfaces (including the femoral

post hole) is performed with a 6-mm spherical burr; fine-milling is performed with

the 2-mm spherical burr. The femoral keel slot is burred with the 2/1.4-mm fluted

router. The navigation screen continuously shows the planned cavity vs. the actual

cavity (Fig. 10.16). Once both have been completely milled (Fig. 10.17), femoral

and tibial component trials are inserted, and a complete flexion–extension arc is

performed. Dynamic long-leg alignment is displayed on the computer monitor so

that final alignment can be tracked. Finally, once the implant is satisfactorily

positioned, both implant components are cemented, and a final ROM of the knee

joint is executed so that original, trial, and final implant kinematics and knee

alignment can be compared. Before site closure, the mini-checkpoints and bone

reference arrays are removed.

Fig. 10.15 Onlay UKA

Fig. 10.16 Cavity milling

process
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10.5.9 Post-operative Regimen

For UKA and PFA, patients can be discharged at home the same day if cleared by

Physical therapy and medically stable. A 23 h overnight stay for pain control,

antibiotics and anticoagulation is often used. The patient is mobilized the same day

with PT and a CPM is used overnight to begin motion and determine comfort level.

The patients usually require minimal therapy over the next several weeks. Surgical

teams should focus on quadriceps stability and gait; the range of motion returns

quite rapidly. Squats or lunges are initially avoided to minimize stress to the healing

pin sites. Follow-up can occur semi annually.

10.6 Clinical Experience

With the recent resurgence of unicompartmental knee arthroplasty (UKA), investiga-

tors have overcome previous deficiencies with regard to implant design and patient

selection and havemore recently sought to improve upon existing surgical techniques.

Attempts at minimally invasive surgery (MIS) and accuracy of component alignment

are two areas that have received significant attention. UKA performed through a

minimally invasive approach has resulted in significant clinical and financial benefits,

including shorter length of hospital stay, faster recovery time, and reduced post-

operative morbidity, when compared to conventional open approaches. However,

the technical challenges of conventional jig-based UKA techniques appear to be

magnified with the MIS approach. Impaired visualization has resulted in inferior

component alignment and a high incidence of early implant failure in some series.

Thus, these two goals have been difficult to achieve simultaneously using manual

instrumentation. In addition, there appears to be a significant learning curve with

respect to the manual MIS UKA technique, such that a surgeon’s initial case series

may result in inferior clinical outcomes when compared to subsequent cases.

Fig. 10.17 Finished implant

cavity
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10.6.1 Accuracy

In a study by Roche et al. [6], postoperative radiographs of 43 MAKOplasty®

patients were examined for outliers, as defined by a panel of orthopedic surgeons.

The radiographs shown represent a typical series of pre- and post-operative radio-

graphs from one patient. Of the 344 individual radiographic measurements, only

four (1%) were identified as outliers (Fig. 10.18).

In a comparative study, Coon et al. [7] examined a cohort of 33 MAKOplasty®

patients and 44 standardUKApatients. The coronal and sagittal alignment of the tibial

components were measured on post-operative AP and lateral radiographs and com-

pared to the pre-operative plan. The RMS error of the tibial slope was 3.5� manually

compared to 1.4� robotically. In addition, the variance using manual instruments was

2.8 times greater than the robotically guided implantations (p< 0.0001). In the coronal

plane, the average error was 3.3 � 1.8� more varus using manual instruments

compared to 0.1 � 2.4� when implanted robotically (p < 0.0001) (Fig. 10.19).

In a study of the first 20 MAKOplasty® patients at one institution, Sinha et al [8]

similarly found that using the robotic arm resulted in extremely accurate and

precise reconstruction of the individual patient anatomy. Postoperatively, all femo-

ral components matched their preoperative alignment in terms of varus/valgus and

flexion. They also reported a change in the femoral joint line of only 0.4 � 0.5 mm.

On the tibial side, the bone preparation matched the preoperative alignment with

respect to posterior slope and varus, but there was slightly higher error in the final

tibial component position, indicating that care must be taken such that pressuriza-

tion and polymerization of polymethylmethacrylate does not change the tibial

component position within the prepared cavity.

Fig. 10.18 Pre-operative AP X-ray and post-operative AP and lateral views
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10.6.2 Bone Preservation

In a study by Coon et al. [9] comparing MAKOplasty® inlay vs. manual onlay

implantations, the average depth of medial tibial plateau resection was significantly

less with inlay tibial components (3.7 � 0.8 mm) relative to onlay tibial compo-

nents (6.5 � 0.8 mm, p < 0.0001). In a separate study by Kreuzer et al. [10], the

depth of resection was compared between a group of 26 MAKOplasty® patients and

16 patients who received an all-poly manual “resurfacing” UKA implant. Average

depth of bony medial plateau resection was significantly greater in the standard

technique onlay design group (8.5 � 2.26 mm) compared to the robotically assisted

inlay group (4.4 � 0.93 mm) (p < 0.0001). At conversion to a standard TKA, the

proposed tibial osteotomy would require medial augmentation/revision components

(insert thickness >15 mm) in 75% of the onlay group as compared to 4% of the

robotically assisted inlay group (p < 0.0001) (Fig. 10.20).

10.6.3 Clinical Outcomes

In the study of 43 MAKOplasty® patients from Roche et al. [6], it was found that

the average flexion significantly increased at 3 months post-operatively to 126 � 6�

compared with 121 � 8� pre-operatively ( p < 0.001). Post-operative KSS and

WOMAC total scores significantly improved from 95 � 16 to 150 � 27

( p < 0.001) and 41 � 15 to 21 � 17 ( p < 0.001), respectively. Quality of life, as

measured by the SF-12 Physical Summary also significantly improved from 30� 9 to

39� 12 ( p< 0.001). Robotically guidedUKA significantly improved everymeasured

clinical outcome. In a comparative study by Coon et al. [11], while the average

length of hospital stay was the same for both onlay (LOS ¼ 1.0 � 0.2 days) and
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inlay (LOS ¼ 0.9 � 0.5 days) UKA procedures, a significantly higher percentage of

inlay patients went home the day of surgery (18 vs. 2%, p < 0.0001). There was no

significant difference in terms of average KSS, change in KSS, or Marmor rating

between the two groups at any of the three follow-ups. At 12 weeks, for example, the

average increase in the combined KSS was 83.6 in the conventional group and 79.7 in

the haptic-guided group ( p¼ 0.66). Furthermore, therewere no significant differences

in the measures that comprise these scores, such as range of motion, pain, and use of

assist devices ( p > 0.05) (Fig. 10.21).

We examined a cohort of 159 MAKOplasty® patients, consisting of 86 females

and 73 males with an average follow-up of 1 year (range: 6 weeks to 25 months).

The average age at surgery was 69 years with an average BMI of 28.3 kg/m2. The

clinical outcomes of these patients were measured pre-operatively and at follow-

ups of 6 weeks, 3 month and 1 year. MAKOplasty® significantly improved all

measured clinical outcomes (Fig. 10.22).

10.6.4 Learning Curve

Integrating new technology into the operating room can be associated with a

significantly long learning curve, which introduces inefficiency in to the surgeon’s

practice and the hospital’s OR work flow. In a study by Jinnah et al. [12], the surgical

times of 781 MAKOplasty® patients, performed by 11 different surgeons, were

Fig. 10.20 MAKOplasty inlay and manual onlay implantations templated for a TKA with the

predicted insert thicknesses as indicated

10 RIO: Robotic-Arm Interactive Orthopedic System MAKOplasty 241



examined. Each surgeon had performed at least 40 surgeries with the new technology.

The average surgical time for all surgeries across all surgeons was 55 � 19 min

(range: 22–165 min). The surgeon with the shortest steady state surgical time aver-

aged 38 � 9 min, while the surgeon with the longest steady state surgical time

averaged 64 � 16 min. The average number of surgeries required to have three

surgeries completed within the 95% confidence interval of the steady state surgical

time was 14 � 8 (range: 5–29) (Fig. 10.23).

90

100

110

120

130

140

Pre-Op 3 week 6 week 12 week 6 month

R
an

ge
 o

f M
ot

io
n 

(d
eg

)

Robotically Assisted

Manual Instrumentation

Fig. 10.21 Patient range of motion outcomes in UKA with manual instrumentation vs. robotically

assisted UKA. There was no significant difference between the two groups at any of the four

follow ups

0

20

40

60

80

100

pre-op 6 wk 3 mo 1 yr

KSS Knee Score KSS Function Score

Fig. 10.22 KSS Knee and Functional Scores for 159 MAKOplasty patients. Both scores were

significantly improved at all three follow ups

242 B. Hagag et al.



10.6.5 Complications

10.6.5.1 Intra-Operative Conversions

To date, 770 procedures have been performed at 18 hospitals by 39 different

surgeons. Thirty cases have been converted intra-operatively to either a manual

UKA or a TKA, for a 96% success rate. Six were converted to a TKA because of

abnormal anatomy or progression of osteoarthritis into the patellofemoral or lateral

compartment unrecognized pre-operatively. Three procedures were converted (two

to a manual UKA and one to a TKA) due to user error such as ignoring accuracy

check warnings or malpositioning of the infrared array on the bone. Twenty-one

other procedures were safely and successfully converted due to camera, software or

array issues detected by either the surgeon or the multiple internal accuracy/

registration checks performed throughout the procedure. Three were finished man-

ually with the intended implant, seven were converted to a manual UKA with a

different implant and 11 were converted to a TKA.

10.6.5.2 Revisions

Ten MAKOplasty® patients have been revised, for a clinical failure rate of 1.3% at

an average follow-up of 7.7 months (range: 1 day to 30 months). There have been

five failures due to loosening of the tibial inlay component, with one of those due to a

fall. Four were revised to an onlay UKA and one converted to a standard TKA. Two

patients have been revised to a TKA due to infection. Two patients have been revised

for persistent pain, one to an onlay UKA and one to a TKA. One patient who initially

received an onlay UKAwas revised to another onlay UKA one day post-operatively

due to the initial pre-operative plan positioning the tibial component too posterior.
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10.6.6 Conclusions

This new robotically guided UKA procedure provides comprehensive, three-

dimensional planning of UKA components, including soft tissue balancing, fol-

lowed by accurate resection of the femur and the tibia. We have shown that this

preparation allows for placement and alignment of the components significantly

more accurately and less variably compared to manual, jig-based instrumentation.

We have also shown that, when appropriate, resurfacing inlay components resect

less bone and provide quicker recovery than standard onlay UKA components.

These bone preserving, resurfacing implants provide the potential to convert to an

onlay UKA or a standard TKA with no augmentation should failure occur. All

patients showed significant improvement in the post-operative function in every

functional measurement. Clinical results of this initial series of UKAs using a new

haptic-guided surgical technique are comparable to those using established techni-

ques, thus alleviating concerns regarding the acquisition of a new skill set and

inferior outcomes during the learning curve, which has been shown to be relatively

short. Finally this new procedure has been shown to have a low complication and

revision rate. The early use of robotic guidance for unicompartmental knee arthro-

plasty has been proven to be safe and effective and provides a more precise and

accuracy “instrument set” compared to manual jig-based instrumentation. In addi-

tion, robotic guidance allows the realization of the clinical benefits of resurfacing

implants.

10.7 Summary

We have discussed many of the motivations for surgical robotics, surveyed the

current landscape, discussed key design principles in developing a surgical robot,

illustrated a human-interactive surgical technique, and described clinical results to

date. We have shown that surgical robotics is not only viable and feasible, but it can

produce wonderful clinical results that benefit patients in significant ways.

Surgical robotics is no longer in its infancy, yet it is still far from achieving its

goal of becoming a fully mature and integrated part of the surgical workflow in

every hospital around the world. It is very likely that surgical robotics will be

omnipresent in multiple fields in just a few decades – it seems to be a natural

progression from the introduction of imaging and computing technology to medi-

cine.

Robotics is enormously complex because the very nature of robotics implies a

highly integrated system with emergent properties. These systems, unlike almost

any other machine, can take on very human like properties and sometimes even

behaviors. The need and demand for machines that can complement, and some-

times emulate human capabilities puts our ability to develop software that has

contextual state awareness in the forefront. We have the ability to design and
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manufacture highly dexterous machines. There are still major limitations in terms

of power/size motor ratios and the need for highly efficient, lightweight, portable,

and very long lasting battery sources. We will always crave faster processors and

more graphics power. However, the need to get our machines to be more aware of

us, their surroundings, and how to behave in unexpected situations will continue to

grow. We are well on the road to developing a complementary partner for the

surgeon – the capabilities of such machines are bound to grow without any limit we

can foresee today.

What we should always keep in mind as both a design principle and philosophy,

is that these devices should complement and serve our purposes, not replace us. We

believe that products and technologies that emerge based on this philosophy will be

warmly welcomed by users, and become highly successful. Safety systems and

inherent safety of the architecture should be a principle for all future systems. The

“human in control” principle is clearly one that enables the current success of

surgical robotics, and we should tread cautiously in designs that oppose this

principle.

Surgical robotics offer the possibility of democratized medicine – the possibility
of excellent outcomes everywhere, at every hospital. The field also may be one of

the best pathways to significant cost reductions and efficiency gains in healthcare –

automation often leads to both significantly increased speed without sacrificing

quality, and sometimes even improving quality. Best practice techniques may be

delivered to each patient in the same manner – allowing patients to experience a

consistency of outcomes never before seen.

Today the field is still dominated by technology savvy and pioneering surgeons

partnering with innovative companies and research teams. The next level of accep-

tance will be based on simplification and ease of use, through an understanding the

new psychology of human–robot interactions, and by continued validation and

publication of positive clinical outcomes.

The reader should note that the dream of surgical robotics is no longer a dream –

it is a practical reality in the early twenty-first century. In the same way that flight,

television, radio, and computing gripped and changed the twentieth century, the

next 100 years may be the era of the robot. We can and should actively shape these

technologies to be things that make life better, to promote and prolong our time and

enjoyment. We believe that we have established the basic principles and philoso-

phy, if followed, will be the right path for future robotics in medicine.

The authors also wish to thank all of their teams, families, research collaborators,

surgeon partners, and patients for being part of a whole new chapter in medicine.
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Chapter 11

Robotic Surgery: Enabling Technology?

Moshe Shoham

Abstract Since its emergence, modern robotics has empowered mankind to reach

goals ranging from the hazardous to unfeasible. In the medical field, robots have

ushered in an era of minimized invasiveness, improved accuracy, lessened patient

trauma and shortened recovery periods.

This chapter offers an overview of currently available medical robots and

especially evaluates their technology-enabling capacities. Combination of signifi-

cantly higher accuracy than conventional free-hand techniques with minimally

invasive capability renders robotics an enabling technology. Obviously, dramatic

dimensional changes in robots, to levels allowing for their introduction to the body

for diagnostic and therapeutic purposes, also designates them to an enabling

technology. The few currently available surgical robots are categorized in this

chapter according to their enabling potential, along with a presentation of a future

micro-robot for in-body treatment.

Keywords Active constraint � Enabling technology � Micro-robots � Minimally

invasive � Pedicle screw � Snake robot � Spine surgery � Surgical robots

11.1 Introduction

Evolution of industrial robotics from its early inception in the early 1960s, has

advanced this technology to autonomously perform common tasks in a more cost-

effective and accurate manner. Its first applications were often toward activities

which involved difficult or hazardous working environments. Later, as in the case of
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Unimate, robots were implemented in pick and place manufacturing applications to

ease the tedious and boring labor characteristic of production lines. Introduction of

remotely operated systems allowed for robot exploitation in execution of tasks

otherwise impossible for humans to withstand, such as radioactive, subterraneal or

undersea operations. Modern-day robotics integrates sensory and advanced naviga-

tional hardware into automative systems, rendering themmore adaptable to dynamic

environments. In industry, the advanced degrees of repeatability, accessibility and

speed offered by robots, yield increased throughput and facilitate quality control.

The potential contribution of robotic precision and delicacy toward revolutionizing

medical applications soon became appreciated. In practice, major surgical operations

are performed under robotic guidance via less invasive methods, leading to lessened

patient trauma and enhanced recovery rates. In addition, development of micro-

robotics is currently underway to locate, diagnose and specifically treat diseases

from within the body. Yet, although the seeds of introducing robotic talent to surgical

practices were planted some 20 years ago, only a handful are in routine use.

Looking back at the 50-year robotic era, one may wonder whether modern robots

accomplish missions unconquerable by unassisted humans. When considering

extreme examples, such as the Mars Exploration Rover or NASA’s Pathfinder

and Sojourner operating in outer space, the muser will be convinced that robotics

indeed possess enabling features. However, in most cases, robotics simply offers

improved consistency and accuracy and performs tasks within shorter periods of

time. Economically, accelerated operative capacities and notable operational accu-

racy are often sufficient enough justification for product marketing. Yet, the intent

of the current article is to evaluate the enabling features of the growing medical

applications of robotics. While numerous research and development projects aim-

ing at incorporating robots in the medical arena are underway, only those which

have matured and are in ongoing use are presented below.

Do surgical robots merely provide highly regulated clinical assistance, as in the

case of Computer Motion’s (now Intuitive Surgical) laparoscopic camera holder, or

can they execute tasks otherwise impossible by free-hand performing surgeons?

Are there insurmountable applications limited by human physical capacities that

can be achieved by the robot?

11.2 OR-Implemented Surgical Robots

Integrated Surgical Systems Inc. (ISS) made the pioneering breakthrough in robotic-

aided surgeries by developing the ROBODOC® designed to provide optimal fit and

alignment of hip prosthesis placement procedures. The application’s precision was

manifested in its ability to accurately direct the robotically held mill along prede-

fined trajectories and was applied in over 20,000 joint replacement cases. After

several years of suspended operations, use of the ROBODOC® system was reini-

tiated by Curexo Technology Corporation with broadened applications for revision

surgeries, and received FDA clearance in August 2008. The cumulative results of its
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clinical application demonstrate enhanced implant fit to the robotically-shaped

cavity, with broader implant-to-bone contact areas and less susceptibility to bone

severage. Yet, these reports and the long term results did not provide sufficient

evidence demonstrating a substantial edge on free-hand techniques. While to date,

the advantages of this pioneering robot did not provide ample justification for its

standardized integration into operating rooms (OR), reevaluation of its accumulat-

ing clinical impact may modify this ruling.

The growing need and demand for robotics supporting less invasive surgeries, a

critical feature currently lacking in the ROBODOC® platform, initiated the devel-

opment of new approaches to surgery-assisting robot design. The emergence of

image-guided robotic assistance enabled surgeons to visualize and navigate com-

plex anatomical structures during planning and executing stages. These remarkable

advances ushered in an era of heightened accuracy and greater prospects for mini-

mally invasive surgical approaches. More specifically, the Mako Surgical orthope-

dic device company engineered the RIO® robotic arm in response to the need for

tools offering both accuracy and minimally invasive (MIS) surgical approaches for

uni-compartmental knee replacement. As in the case of Acrobot’s Sculptor® active-

constraint robot, this robot is programmed to prevent the surgeon from moving a

bone cutting tool beyond a predefined milling area. In this manner, the device keeps

the active milling to within specific limits of the pre-planned field and at the same

time offers minimally invasive access to the region of interest.

Prosurgics’ Pathfinder and Neuromate® robots offer image-guided stereotactic

neurosurgery robotics directing surgeons along a predefined path to the specific

point of interest within the brain. While these systems claim sub-millimetric

accuracy, beyond that of a free-hand surgeon, can they be considered enabling

devices?

Robotically-guided radiotherapy provides accurate non-invasive treatment as

reported for the CyberKnife and Gamma Knife streotactic radiotherapy systems

which direct focused beams to their target tissue while correcting for natural patient

breathing motions. Similarly, BrainLAB’s Novalis Tx radiosurgery shaped-beam

technology directs treatment beams to tumors in an accurate and non-invasive

manner. Insightech’s Exablate® provides a highly controlled and targeted method

for uterine fibroid removal through noninvasive MRI-guided focused ultrasound.

These systems offer accurate, non-invasive treatment and can therefore be desig-

nated enabling technologies.

Intuitive Surgical’s da Vinci, currently the most widespread surgical robot,

replicates and scales down surgeon hand motion and eliminates tremor leading to

heightened accuracy. It allows dexterous manipulation of surgical tools within the

body cavity, through small ports, thereby allowing for combined accuracy and

minimal invasiveness. In these respects, the da Vinci robot system enables new

operational technology otherwise impossible by the free-hand surgeon. Moreover,

as the design of the teleoperating da Vinci also allows the surgeon to operate from a

remote console physically separated from the robotic arms performing the surgery,

future uses can be made in such remote locations as space, undersea or battlefields

and will also globally extend expert abilities.
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When looking back at the short history of surgical robotics, it seems that accuracy

enhancement alone might not suffice marketing justification. Rather, the accelerat-

ing commercial competition and technological expertise demand advanced qualifi-

cations of such robotic systems, including significant minimizing invasiveness

features, or decreased radiation exposure. Yet, marketing success will still not

always reflect the degree to which a robotic device is enabling.

11.3 The SpineAssist Robot

Consider Mazor’s SpineAssist robot (Figs. 11.1 and 11.2) developed by a team

including the author of this chapter, designed to direct surgeons to accurate loca-

tions along the vertebra in efforts to enhance procedural accuracy of pedicle screw

insertion, tumor resection or biopsy. This robot presents marketing advantages

through its high accuracy, minimal invasiveness, and reduced radiation exposure

[1–7]. It has performed in over 1,000 clinical cases, with more than 4,000 implants

and reported no permanent neurological deficits, as compared to 2–5% reported in

the literature for pedicle screw insertions [8–10]. Moreover, in 49% of the cases,

surgeons acting with SpineAssist positioning preferred percutaneous over open

approaches for screw insertions, in contrast to the 5% of non-robotically guided

surgeries rate reported throughout Europe [11]. While these contributive elements

do not mandate designation of SpineAssist an enabling technological advance,

specific clinically complex cases where anatomical landmarks are missing and

when free-hand surgeries are viewed as high-risk, as in severe cases of scoliosis

and repeated revision surgeries, transform this positional platform into an enabling

device.

Fig. 11.1 SpineAssist surgical robot
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A novel, developing application of SpineAssist may merit its characterization as

an enabling technology. The Guided Oblique Lumbar Interbody Fusion (GO-LIF)

procedure is a unique approach to vertebra fixation, such that two diagonally

inserted screws connect and stabilize neighboring vertebrae. The required trajectory

comprises delicate extension of implants both anteriorly and superiorly, crossing

the inferior vertebra as well as the interbody disc space into the superior vertebra.

This strategy requires instrumentation of two screws alone, in place of the four

screws and two stabilizing rods otherwise necessary in spinal fusion procedures

performed according to typical pedicle screws stabilization protocols (Figs. 11.3

and 11.4). However, the close proximity to the spinal cord and nerve roots render

such a procedure neurologically risky. Thus, the GO-LIF approach would be

inapplicable under unguided free-hand percutaneous surgical technique. SpineAs-

sist’s innate ability to accurately move along predefined trajectories along with its

bone-attached structure, can be exploited in such cases to high degrees. In applica-

tions of this nature, the SpineAssist robot can be unequivocally classified as an

Fig. 11.3 Spinal fixation by

pedicle screws and stabilizing rods

vs. GO-LIF screw

Fig. 11.2 SpineAssist assembly in a less invasive pedicle screw insertion. A guiding tube attached

to the robot arm guides the surgical tool along a predefined trajectory

11 Robotic Surgery: Enabling Technology? 251



enabling technology by enabling percutaneous GO-LIF procedures with the added

advantage of precision while considerably minimizing degree of invasiveness.

In collaborative efforts with Clevelend Clinic, fine-tuning of the SpineAssist

platform to the GO-LIF implant technique has been effectuated. A preclinical

cadaver fitting study has shown that GO-LIF fixation of 23/24 screws yielded a

mean deviation of 1.3 � 0.2 mm when compared to the preoperative plan, with no

encroachment on nerve roots [12]. This early study, along with the results of 50

recent live cases, demonstrated that SpineAssist-guided GO-LIF is percutaneously

attainable under robotic guidance.

11.4 Micro-Robots

With the advance of robotically-guided surgeries, along with the advent of sensors

and micro-manufacturing abilities, much research is being devoted to deve-

lopment of micro-robots, designed to enter, traverse and operate in areas too

small or too dangerous for humans or large robots. Micro-robots are being engi-

neered to provide enhanced visualization of the surgical environment and dexter-

ous task assistance unconstrained by entry port incision limits.

The objectives of robot miniaturization encompass design of those which are

inserted through small ports to operate from within the body under external supervi-

sory control. Other micro-robots have been prepared to autonomously propel from

within, without the need for actuation from the small entrance port.

Fig. 11.4 GO-LIF screw trajectory guided by SpineAssist robot. Fixation of L5-S1 vertebrae
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Future supervisory-controlled robotic enabling technologywill provide accessibility

via minimally invasive procedures, to locations far beyond human hand reach.

Development of such devices have been described in the planning of miniature

snake-like robots such as Carnegie Mellon’s CardioArm designed to dynamically

negotiate complex three-dimensional configurations with possible implications in

cardiac treatment [13].Accurate catheter placement is advancedbyHansen’sSensei®

Robotic Catheter System by translating hand motions at the workstation to full

catheter control within the heart [14], while the Stereotaxis Magnetic Navigation

System applies external magnetic fields to maneuver the working tips of catheters,

guidewires and other magnetic devices in interventional procedures. Similar princi-

ples arebeingemployedbyJohnsHopkins/Columbia robotic engineers inpreparation

of miniature snake robots designed to perform in narrow throat regions or in

the delicate areas of the eye [15, 16]. In addition, preliminary experience describing

da Vinci-based support of 30 NOTES (Natural Orifice Translumenal Endoscopy)

procedures in porcine has been recently published [17].

Much research in this fascinating field of autonomous micro-robots focuses on

applications within the human body, e.g. [18–20]. However, to the best of the

author’s knowledge, no routine clinical use of micro-robots has been made to date.

The ViRob, for example, engineered by Shvalb, Salomon and the author of this

chapter (Fig. 11.5), is 1 mm in diameter and actuated by an external magnetic field,

stimulating it to crawl through cavities. The vast, still theoretical, applications of

the ViRob can encompass drug or catheter delivery, tissue sampling, blood vessel

maintenance or imaging of internal organs. Other works have described a modular

crawler which successfully explored the gastric cavity, collected liver biopsies and

enhanced imaging resolution for surgical procedures performed in porcine models

[21]. Similarly, autonomously propelled robots have been developed to explore

hollow cavities such as the colon or esophagus with “inch-worm”-based locomo-

tion technique [22].

Fig. 11.5 ViRob – a

crawling micro-robot
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Due to their size and dexterity, miniature robots bear great potential when

applied toward delicate surgical applications. Moreover, cooperative robots can

be simultaneously inserted and manipulated to allow for maximal visualization,

precision and overall procedural efficacy. Many future surgical applications are

expected to demand precision extending beyond human hand capacities, rendering

accuracy an adequate promoting factor for novel surgical technologies. In this

manner, upon materialization, micro-robotics will transform to an enabling techno-

logical discipline.

11.5 Summary

Surgical robotics offers enhanced dexterity, increased accuracy and minimal

invasiveness directed toward reducing patient trauma and improving clinical

results. Significant robotic advances have simplified complex surgical procedures

and have broadened the range of conditions treatable in the modern operating room.

However, labeling of surgical robots as technology enablers requires the combina-

tion of significantly enhanced accuracy in conjunction with the option of minimally

invasive surgical approaches. In parallel, in cases of complex microsurgery, accu-

racy extending beyond human limits also encapsulates the enabling features of

surgical robots. In the future, robots will be designed to work in vivo at the level of

single cells, in arenas beyond the surgeon’s reach. In this manner, technologically

enabling surgical robots will be engineered to distinguish between tumor and

healthy cells, clear blocked blood vessels, deliver drugs or perform biopsies.

Equipping the surgeon’s armament with such enabling devices will allow for

development of new surgical procedures solely based on the high precision, minia-

turization and enhanced accessibility features provided by robots. While once

categorized as science fiction, robotics is slowly advancing the medical field by

enabling the otherwise unconquerable.

References

1. Shoham,M., Burman,M., Zehavi, E., Joskowicz, L., Batkilin, E., Kunicher, Y.: Bone-mounted

miniature robot for surgical procedures: concept and clinical applications. IEEE Trans. Robot.

Autom. 19(5), 893–901 (2003)

2. Shoham, M., Lieberman, I.H., Benzel, E.C., Togawa, D., Zehavi, E., Zilberstein, B., Fridlander,

A., Joskowicz, L., Brink-Danan, S., Knoller, N.: Robotic assisted spinal surgery – from concept

to clinical practice. J. Comput. Aided Surg. 12(2), 105–115 (2007)

3. Togawa, D, Kayanja, M., Reinhardt, M.K., Shoham, M., Balter, A., Friedlander, A., Knoller, N.,

Benzel, E.C., Lieberman, I.H.: Bone-mounted miniature robotic guidance for pedicle screw and

translaminar facet screw placement: part 2 – evaluation of system accuracy. Neurosurgery. 60,

129–139 (2007)(Operative Neurosurgery 1)

4. Dietl, R., Barzılay, Y., Kaplan, L., Roffman, M.: Miniature robotic guidance for vertebral

body augmentation. Minim. Invasive. Spinal. Tech. (Serial Online) 1, 2 (2008)

254 M. Shoham



5. Lieberman, I.H., Hardenbrook, M, Wang, J, Guyer, R.D, Khanna, A.J.: Radiation exposure

using miniature robotic guidance for spinal surgery. Spine J. 7, 5 (2007)

6. Pechlivanis, I., Kiriyanthan, G., Engelhardt,M., Scholz,M., Lucke, S., Harders, A. Schmieder,K.:

Percutaneous placement of pedicle screws in the lumbar spine using a bone mounted miniature

robotic system, first experiences and accuracy of screw placement. Spine J. 34, 4 (2009)

7. Zaulan, Y., Alexandrovsky, V., Khazin, F., Silberstein, B., Roffman, M., Bruskin, A.: Robotic

assisted vertebroplasty: our experience with a novel approach to the treatment of vertebral

compression fractures. In:World Society for Endoscopic Navigated and Minimal Invasive

Spine Surgery (WENMISS) Annual Congress, London, UK (2008)

8. Castro, W.H., Halm, H., Jerosch, J., Malms, J., Steinbeck, J., Blasius, S.: Accuracy of pedicle

screw placement in lumbar vertebrae. Spine 21, 11 (1996)

9. Schulze, C.J., Munzinger, E., Weber, U.: Clinical relevance of accuracy of pedicle screw

placement, a computed tomographic-supported analysis. Spine 23, 20 (1998)

10. Schwender, J.D. Holly, L.T., Rouben, D.P., Foley, K.T.: Minimally invasive transforaminal

lumbar interbody fusion (TLIF): technical feasibility and initial results. J. Spinal Disord. Tech.

18, S1–S6 (2005)

11. iData Research Inc. Europe Statistics (2009)

12. Selvon, S.C., Lieberman, I.H.: Guided oblique lumbar interbody fusion (go-lif): a surgical

anatomic study of fixation. Computer Assisted Orthopedic Surgery (CAOS), Boston (2009)

13. Ota, T., Degani, A., Zubiate, B., Wolf, A., Choset, H., Schwartzman, D., Zenati, M.A.:

Epicardial atrial ablation using a novel articulated robotic medical probe via a percutaneous

subxiphoid approach. Innovations 1(6), 335–340 (2007)

14. Kanagaratnam, P., Koa-Wing, M, Wallace, D.T, Goldenberg, A.S, Peters, N.S, Davies, D.W:

Experience of robotic catheter ablation in humans using a novel remotely steerable catheter

sheath. J. Interv. Card. Electrophysiol. 21, 1 (2008)

15. Simaan, N., Xu, K, Wei, W, Kapoor, A, Kazanzides, P, Taylor, R, Flint, P: Design and

integration of a telerobotic system for minimally invasive surgery of the throat. Int. J. Robot.

Res. 28, 1134–1153 (2009)

16. Wei, W, Goldman, R.E., Fine, H.F., Chang, S., Simaan, N : Performance evaluation for multi-

arm manipulation of hollow suspended organs. IEEE Trans. Robot. 25, 1 (2009)

17. Haber, G.P., Crouzet, S., Kamoi, K, Berger, A,Monish, A, Goel, R, Canes, D, Desai, M, Gill, I,

Kaouk, J.H : Robotic NOTES (Natural Orifice Translumenal Endoscopic Surgery) in recon-

structive urology: initial laboratory experience. Urology 71, 996–1000 (2008)

18. Kosa, G, Shoham, M, Zaaroor, M : Propulsion method for swimming micro-robots. IEEE

Trans. Robot. 2, 1 (2007)

19. Yesin, K.B, Vollmers, KNelson,B.J: Modeling and control of untethered biomicrorobots in a

fluidic environment using electromagnetic fields. Int. J. Robot. Res. 25, 5–6 (2006)

20. Stefanini, C, Menciassi, A, Dario, P : Modeling and experiments on a legged microrobot

locomoting in a tubular, compliant and slippery environment. Int. J. Robot. Res. 25, 5–6

(2006)

21. Rentschler, M.E, Dumpert, J, Platt, S.R, Farritor, S.M, Oleynikov, D: Natural orifice surgery

with an endoluminal mobile robot. Surg. Endosc. 21, 1212–1215 (2007)

22. Phee, L, Accoto, D, Menciassi, A, Stefanini, C, Carrozza, M, Dario, P : Analysis and

development of locomotion devices for the gastrointestinal tract. IEEE Trans. Biomed. Eng.

49, 613–616 (2002)

11 Robotic Surgery: Enabling Technology? 255



Chapter 12

Enabling Medical Robotics for the Next

Generation of Minimally Invasive Procedures:

Minimally Invasive Cardiac Surgery with Single

Port Access

Howie Choset, Marco Zenati, Takeyoshi Ota, Amir Degani,

David Schwartzman, Brett Zubiate, and Cornell Wright

Abstract Minimally invasive cardiac surgery (MICS) is an evolving strategy

aimed at delivering the desired form of cardiovascular therapy with the least change

in homeostasis, ideally matching the same degree of invasiveness of percutaneous

cardiac interventions. Cardiac surgery is different from other surgical procedures

because the large sternotomy incision required to access the heart requires general

endotracheal anesthesia (GETA) and the heart–lung machine that is required for

open-heart surgery (e.g. valve repair) adds further morbidity. We have developed a

novel, highly articulated robotic surgical system (CardioARM) to enable minimally

invasive intrapericardial therapeutic delivery through a subxiphoid approach. The

CardioARM is a robotic surgical system consisting of serially connected rigid

cylindrical links housing flexible working ports through which catheter-based

tools for therapy and imaging can be advanced. The CardioARM is controlled via

a computer-driven user interface which is operated outside of the operative field.

We believe single port access to be key to the success of the CardioARM. We have

performed preliminary proof of concept studies in a porcine preparation by

performing epicardial ablation.

Keywords Minimally invasive cardiac surgery � Single port surgery � Snake

robotics � Surgical robotics

12.1 Introduction

Minimally invasive interventions have the potential to revolutionize surgical

practice by offering reduced pain, faster recovery, and fewer complications. We

believe the key to achieving such potential is to eliminate the need for multiple (up

to 8) ports by using a single port entry. Single port access approaches may facilitate
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existing procedures but perhaps more importantly, they will enable new ones, and at

a lower cost. This reduced cost has the added benefit of making therapies available

to a larger portion of the general public.

A key feature requirement for single port entry is the need for dedicated robotic

technology that can operate without access limitation and full feedback from a

single entry point. Although they have great visual feedback, conventional surgical

robots, such as the Intuitive Surgical’s DaVinci SystemTM, are not adequate for

single port entry because the three or four large robot arms manipulate linear chop-

stick laparoscopic-like devices which have limited access to line-of-sight regions

from the ports. A small articulated device or a miniature mobile/crawling unit, not a

conventional robot, is key to accessing many anatomical targets from a single port.

We have developed a novel, highly articulated robotic surgical system

(CardioARM) to enable minimally invasive intrapericardial therapeutic delivery

through a subxiphoid approach. The principle benefit of the CardioARM is that it

has many internal articulated degrees of freedom to virtually provide unlimited but

controllable flexibility which allows access to anatomic targets deep in the body

without disturbing surround tissue. The CardioARM also has working channels

through which catheter-based tools for therapy and imaging can be advanced. In six

experimental subjects, CardioARM was introduced percutaneously via subxiphoid

access. A commercial 5 Fr radiofrequency ablation catheter was introduced via the

working port, which was then used to guide deployment. In all subjects, regional

(“linear”) left atrial ablation was successfully achieved, without complications.

Based on these preliminary studies, we believe that CardioARM promises to enable

deployment of a number of epicardium-based therapies. Minimally invasive cardiac

surgery is one application for this technology; we are currently investigating the use

of this robot for natural orifice transluminal endoscopic surgery (NOTES).

12.2 Relationship to Prior Work

12.2.1 Minimally Invasive Cardiac Surgery

Two approaches in the 1990s attempted to make cardiac surgery less invasive. First,

the MIDCAB (Minimally Invasive Direct Coronary Artery Bypass) procedure

involved a single vessel coronary bypass on the anterior surface of the heart on a

beating heart through a small anterior thoracotomy [1]. Although the MIDCAB

procedure catalyzed the minimally invasive movement in cardiac surgery, it now

constitutes a minority of procedures; however, it did evolve into the current

OPCAB (off pump coronary artery bypass grafting) procedure in which multi-

vessel bypass is performed on a beating heart through a median sternotomy incision

[2]. Second, the Port Access approach attempted totally endoscopic coronary artery

bypass surgery on an arrested heart through ports but still using cardiopulmonary

bypass [3]. Because of the complexities involved with the challenge of endoscopic
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microvascular reconstruction of coronary vessels, the totally endoscopic approach

was prohibitive.

Computer-assisted telemanipulation systems like Intuitive Surgical’s DaVinci™
Surgical System are being evaluated in prospective randomized trials as potential

enabling technology for endoscopic cardiac surgery for such procedures as closure

of atrial septal defects, mitral valve repair and coronary artery bypass; however, the

prohibitive cost and the complexity of the technology limit the potential for

widespread adoption [4]. Furthermore, totally endoscopic cardiac procedures

require multiple (3–4) ports in the left, right or both chest and require special

anesthetic techniques with double-lumen endotracheal tubes in order to collapse

alternatively the left or the right lung [5].

An innovative MICS approach for epicardial interventions is subxiphoid video-

pericardioscopy (SVP) pioneered by Zenati [6] (Fig. 12.1). The SVP is designed to

minimize the changes in patient’s homeostasis by: (1) requiring only one port

(<20 mm diameter), (2) not requiring general endotracheal anesthesia (as no

invasion of pleural spaces is necessary), (3) not requiring the use of the heart–lung

machine. This new original approach has the potential for redefining MICS, allow-

ing a truly minimally invasive access to the beating heart and bridging to interven-

tional cardiologists and electrophysiologists as potential users as well as minimally

invasive surgeons. Dr. Zenati has used this approach for epicardial left heart pacing

lead implantation for resynchronization [6, 7].

The subxiphoid videopericardioscopy (SVP) device (Guidant Corporation,

Santa Clara, California) is the only dedicated technology available for endoscopic

video exploration of the pericardial cavity; Guidant received approval for clinical

use of this device by the Food and Drug Administration (510k number K023629,

November 12, 2002). The SVP device is an elongated instrument made of stainless

steel that contains two contiguous circular lumens. Its aggregate maximal diameter

is 16 mm. The superior lumen, 4.2 mm in diameter, is used to house a 4 mm

diameter endoscope (Scholly Fiberoptic, Denzlingen, Germany) and is enclosed

distally by a conical, transparent plastic tip. The inferior lumen, 7.3 mm in

Fig. 12.1 (left) Subxyphoid access, (middle) Guidant’s videopericardioscope (SVP), Images from

SVP in porcine model
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diameter, is open-ended and used as a “working port” with ability to accommodate

a 7 mm diameter instrument.

One major problem associated with the present configuration of the SVP device

is its rigidity and hence the significant potential for compression of the beating heart

with trigger of life-threatening arrhythmia. Most of the anatomical targets for

videopericardioscopy are located in remote areas of the pericardium, away from

the entry point in the pericardium below the xiphoid process. A number of cardio-

vascular therapies based on the epicardium could be effectively delivered by the

SVP approach if these physical constraints (rigidity, lack of maneuverability) could

be solved, including but not limited to epicardial ventricular and atrial ablation for

life-threatening arrhythmias [8, 9], left atrial appendectomy [10, 11], pulmonary

vein electrical isolation [12], myocardial revascularization, cell transplantation

[13, 14], injection of myocardial growth factors [15], gene therapy [16].

12.2.2 Snake Robots

The highly articulated mechanism development in our work is born out of Hirose’s

seminal 1972 work in which he developed mechanisms to crawl like snakes [17].

Inspired by this work, others developed the hyper-redundant manipulator and some

basic techniques to position the end-effector (i.e., perform inverse kinematics) [18].

These works, and others that followed, were generally limited to one plane and

could not travel in three-dimensional volumes.

Many spatial snake robots have a fixed based and typically are a serial chain of

linearly actuated universal joints stacked on top of each other. Takanashi developed

at NEC a new two-DOF joint for snake robots that allowed a more compact design.

This joint used a passive universal joint to prevent adjacent bays from twisting

while at the same time allowing two degrees of freedom: bending and orienting.

This universal joint enveloped an angular swivel joint, which provided the two

degrees of freedom. The universal joint being installed on the outside rendered the

joint too bulky. Researchers at Jet Propulsion Laboratory (JPL) “inverted” Takana-

shi’s design by placing a small universal joint in the interior of the robot. This

allowed for a more compact design, but came at the cost of strength and stiffness

(backlash). A small universal joint cannot transmit rotational motion at big deflec-

tion angles nor can withstand heavy loads.

Over the past 5 years, our group has developed a family of “snake robots”

(Fig. 12.2), both fixed-base elephant trunk-like probes [19] and free-crawling robots

[20]. The development of these robots was geared toward urban search-and-rescue in

collapsed buildings [19, 21]. One robot is a series of innovative two-degree-of-

freedom universal joints with a camera at its distal end to report imagery to remote

users. The efficacy of this snake robot has been demonstrated in urban search and

rescue training scenarios with the Chemical Biological Response Force (Marines) and

the Center for Robotics Assisted Search and Rescue (see http://snakerobot.com).
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12.2.3 Novel Forms of Actuation

For MICS, a snake robot would require an outer diameter of less than 10 mm. The

many degrees of articulation that furnish a small snake robot with its enhanced

capabilities also offer its main research challenges: constructing a maneuverable

device with many degrees of freedom in a small space. Much prior work, therefore,

has been geared toward developing novel actuators that are small and hopefully

strong and robust to operate an articulated device.

Numerous works have been presented on active catheters and endoscopes, most

actuated by non-conventional actuation technology such as shape memory alloys

(SMA) actuators (Tohuko University, Olympus Optical Co). SMA spring and wire

actuation has been implemented by Hirose to detect contact forces; the overall

accuracy of the device is 2.3 mm [17]. Another endoscopic active device developed

was an 8-mm diameter worm-like mechanism formed by a sequence of segments

articulated to each other by SMA driven pin joints [22]. This device was specifically

designed to explore the intestine with a camera. A 2.8-mm diameter active catheter

was developed based on silicon micromachining [23]. This multilane manipulator

is connected by joints made of SMA, fixed at equilateral triangular locations to

allow bending in several directions. Unfortunately, SMA-based designs generate

indirect heating, which can cause collateral tissue damage. Several other papers

have reported additional endoscopic, SMA-based, tools [24–29]. However, disad-

vantages of these tools include its relatively low stiffness and its requirement of

high activation voltage causing heat to be generated.

An alternative to SMAs are electrostrictive polymer artificial muscles (EPAM),

which have been used to create snake-like endoscopic robot composed of several

blocks joined by a concentric spine [30]. In addition, another snake-like manipulator

using EPAM has been designed with a special actuator design, allowing con-

trol of curvature [31]. A different activation concept involves a 5 mm diameter

two-degrees-of-freedom tool driven by super-elastic nitinol (NiTi) wires [32]. How-

ever, wire actuation, SMA, and EPAM actuation all become a challenge with robots

havingmultiple degrees of freedom due to limited space inside the robot’s mechanical

Fig. 12.2 (left) Fixed base “elephant trunkbot” on a mobile base (right) Free crawling snake robot
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envelope. For this reason, the previous work was not able to achieve a complex curve,

such as an “S” shape, in a three-dimensional space and therefore was limited to a

confined luminal tube-like environment.

12.3 CardioArm Mechanism

The CardioARM is composed of 50 rigid cylindrical links serially connected by

four cables. Two adjacent links can rotate approximately �10� relative to each

other. The current distal apparatus is 10 mm in diameter, 300 mm in length with 105

degrees of freedom. A novel feature of this mechanism is that all of the links do not

have to be individually controlled and hence this device is sometimes called a

“follow-the-leader” mechanism. When the user specifies inputs for the distal tip of

the robot, all the other links follow its location. Since the distal apparatus is capable

of preserving its previous three-dimensional (3-D) configuration, in a sense the

CardioARM traces a curve in three dimensions. The radius of curvature of the distal

apparatus is 35 mm at minimum. The maximum speed of forward and reverse

movement is up to 20 mm/s. See Fig. 12.3.

A feeding mechanism, rigidly attached to the operating room table via an

adjustable support mechanism, inserts the CardioARM through a small incision

Fig. 12.3 Feeder mechanism (upper left and right) inserting CardioARM (lower right) into a pig

(lower left)
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or port. The feeder contains four motors that pull on the cables to marionette the

CardioARM. The feeder also has two motors to push and pull the CardioARM.

Finally, the feeder houses all of the electronics that drive the probe and interface it

with a user input device, such as a joystick, and computers to take high level

commands to direct the CardioARM. See Fig. 12.4.

Control of the CardioARM requires a toggle and a straight-forward inverse

kinematics procedure: The toggle selects direction with a button on the joystick

to choose between forward or reverse motion. In forward mode, the joystick

heading angle is converted into cable tensions via simple inverse kinematics to

steer the CardioARM. The cable lengths are set via their associated motors as the

motor pushing the mechanism engages. The process repeats as the joystick is in use.

In reverse mode, the controller simply invokes the tensioning/advancing commands

in reverse order causing the CardioARM to retract along the path it originally

followed. The operator uses a 2-DOF joystick to control the distal link together with

a button to control forward/backward motions.

We are able to pass catheter-based tools for therapy and imaging through the

CardioARM. Visualization is provided by an on-board optical 15K bundle fiber

scope with an integrated light guide, 65� FOV, 640 � 480 CCD camera. (fiber:

FIGH-30-850N, Myriad Fiber Imaging Technology, Dudley, MA, camera:

EO-2AN, Edmund Optics, Barrington, NJ).

12.4 Experiments

The CardioARM has been tested (Fig. 12.5) in 15 large (35–45 kg) healthy

Yorkshire pigs of either sex at the Surgical Research Laboratory of the University

of Pittsburgh [33, 34]. Initially, Zenati performed preclinical feasibility testing of

Fig. 12.4 CardioARM user interface

12 Enabling Medical Robotics for the Next Generation of Minimally 263



the CardioARM prototype in the open-chest intrapericardial environment. We then

performed preclinical testing accessing the intrapericardial environment through

the subxyphoid.

The thoracic experiments were performed in the anesthetized animals following

a median sternotomy. A 15 mm opening was created on the pericardium at the

junction with the diaphragm; through this opening, the CardioARM was remotely

guided to slide between the pericardium and the anterior wall of the right ventricle

on the beating heart. After opening of the pericardium, the CardioARM was guided

through the transverse sinus of the pericardium. This path was successfully com-

pleted both with the CardioARM entering through a subxiphoid access (Fig. 12.6),

and from a right thoracic port. An endoscopic biopsy forceps was advanced through

the CardioARM’s working channel to simulate a pericardial biopsy; several speci-

mens of pericardium were successfully harvested through the CardioARM

(Fig. 12.6-left).

Furthermore, we were able to insert through the CardioARM’s working channel

a customized EndoloopTM (Ethicon Endosurgery), and simulate an LAA ligation

(Fig. 12.6-right). The endoscopic biopsy forceps were found to be a useful adjunct

to presentation of the LAA for optimal placement of the EndoLoop at its base. After

the completion of the experiment, absence of any gross epicardial damage to the

heart was confirmed by visual inspection. No adverse hemodynamic or electrocar-

diographic interference induced by the motion of the CardioARM was detected.

Fig. 12.5 CardioARM mount, display, and insertion into porcine model
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Our initial experiments verified that we can indeed perform an ablation in hard to

reach portions on a live beating heart (in a porcine model). The CardioARM system

was introduced through a 15-mm subxiphoid incision into the pericardial space.

Upon reaching the base of the left atrial appendage, a 7 Fr commercially available

ablation catheter was introduced through one of the ports (Fig. 12.7), and under

direct vision, epicardial ablation was performed. Epicardial transmural lesions were

confirmed by histopathology. A detailed account of these experiments was pub-

lished on the official journal of the International Society for Minimally Invasive

Cardiac Surgery [35].

Further experiments entailed navigating to multiple portions of a live beating

heart (in a porcine model) and performing ablations [36]. Six healthy large swine

were anesthetized and placed in a supine position. A small subxiphoid skin incision

(20 mm in length) and pericardiotomy (15 mm in diameter) were created under

direct visualization. CardioARM was mounted on a surgical table (Fig. 12.5a) in a

position for easy insertion through the subxiphoid incision. The distal apparatus of

CardioARM was introduced into the pericardial space under the surgeon’s control

while watching a monitor display of the on-board optic fiber view (Fig. 12.5a).

First, navigation trials to acquire several anatomical targets (i.e., right atrial

appendage, superior vena cava, ascending aorta, left atrial appendage, transverse

sinus from the left side, and atrioventricular groove in the posterior wall of the

heart) were performed. When one target was acquired, the distal apparatus retracted

to the initial position (i.e., the subxiphoid incision), then moved to another target.

Following the navigation trials, left atrial ablation trials were performed. Once

the tip of CardioARM was positioned at the vicinity of a target on the left atrium, a

5 Fr radiofrequency ablation catheter (Biosense Webster, Diamond Bar, CA) was

passed through a working port of CardioARM, and a linear ablation lesion was

created on the left atrial epicardium. A radiofrequency energy generator (Stockert

70, Biosense Webster) was set to deliver a power of 30 W for 30 s per lesion.

Blood pressure and electrocardiogram were monitored throughout the trials.

The animals were euthanized at the end of the trials, and postmortem examination

was performed.

Fig. 12.6 Inserting tools through CardioARM’s working channel: (left) Using biopsy forceps to

perform pericardium biopsies; (right) Using Endoloop to ligate the LAA
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All animals tolerated the procedures until their elective euthanasia. In the

navigation trials, the distal apparatus of CardioARM followed a complex 3-D

path from the subxiphoid incision along the ventricular wall to each target

(Fig. 12.8). All navigation targets were acquired without complications (e.g., fatal

arrhythmia, hypotension, bleeding). The on-board camera provided adequate visu-

alization for navigation (Fig. 12.9a).

In the ablation trials, a linear lesion composed of several consecutive “dot-to-

dot” lesions at the base of the left atrial appendage was successfully completed

(Figs. 12.9b, c). No adverse event was noted during the trials. There was no injury

Fig. 12.7 (left) 7 Fr irrigated ablation catheter before insertion into CardioARM. (right) Two
discrete ablation lesions are clearly visible on the LAA

Fig. 12.8 The accomplished courses of the distal apparatus of CardioARM in the navigation

trials. (a) Front view. (b) Left lateral view. #1: superior vena cava, #2: right atrial appendage, #3:

ascending aorta, #4: left atrial appendage, #5: transverse sinus, #6: atrioventricular groove
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due to the positioning of the robot and the tool’s manipulation to the surrounding

mediastinal structures (i.e., phrenic nerve, lung, pulmonary artery) upon postmor-

tem examinations.

12.5 Conclusion

Despite the success of commercially available robotic systems aimed at minimally

invasive cardiac surgery, current technology has significant limitations. The ability

to operate in highly confined and dynamic spaces is of particular concern in cardiac

surgery. The CardioARM was developed in an effort to provide dedicated intraper-

icardial therapeutic delivery with single port access (i.e., subxiphoid approach) and

it has the potential to navigate the entire surface of the heart with visualization.

Moreover, the CardioARM can accommodate any commercially available catheter-

based tools through the working ports of the robot (up to 8 Fr for the current

CardioARM model). Therefore, it is technically feasible to perform not only

epicardial ablation but also epicardial injection, biopsy, mapping, and left atrial

appendage ligation.

Fig. 12.9 (a) On-board view during the epicardial ablation trials (b) The distal apparatus of

CardoARM is seen through the pericardium (arrow). The tip of the robot is navigated to the left

atrial appendage. (c) A linear “dot-to-dot” lesion at the base of the left atrial appendage of the

excised heart
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Perhaps the greatest feature of the CardioARM is its ability to preserve its shape

in 3-D space during navigation. This feature is distinctively different from general

endoscopic devices which rely on a static shaft and the ability to only control the

tip. The “shape-keeping” ability of CardioARM is especially important in the

pericardial space, where there is concern about interference with the beating heart.

Our future work will focus on improving the maneuverability of the device by

decreasing the diameter and the radius of curvature of the mechanism. Moreover,

haptic feedback will be incorporated to signal interaction between the device and its

surrounding tissue to improve operator controllability. We are also seeking to

develop new technology that will make the CardioARM a platform for natural

orifice transluminal endoscopic surgery.
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Chapter 13

Wireless Intraocular Microrobots:

Opportunities and Challenges

Olgaç Ergeneman, Christos Bergeles, Michael P. Kummer,

Jake J. Abbott, and Bradley J. Nelson

Abstract Many current and proposed retinal procedures are at the limits of human

performance and perception. Microrobots that can navigate the fluid in the interior

of the eye have the potential to revolutionize the way the most difficult retinal

procedures are conducted. Microrobots are typically envisioned as miniature

mechatronic systems that utilize MEMS technology to incorporate sensing and

actuation onboard. This chapter presents a simpler alternative approach for the

development of intraocular microrobots consisting of magnetic platforms and

functional coatings. Luminescence dyes immobilized in coatings can be excited

and read wirelessly to detect analytes or physical properties. Drug coatings can be

used for diffusion-based delivery, and may provide more efficient therapy than

microsystems containing pumps, as diffusion dominates over advection at the

microscale. Oxygen sensing for diagnosis and drug therapy for retinal vein occlu-

sions are presented as example applications. Accurate sensing and therapy requires

precise control to guide the microrobot in the interior of the human eye. We require

an understanding of the possibilities and limitations in wireless magnetic control.

We also require the ability to visually track and localize the microrobot inside the

eye, while obtaining clinically useful retinal images. Each of these topics is

discussed.
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13.1 Introduction

During the past decade, the popularity of minimally invasive medical diagnosis and

treatment has risen remarkably. Further advances in biomicrorobotics will enable

the development of new diagnostic and therapeutic systems that provide major

advantages over existing methods. Microrobots that can navigate bodily fluids will

enable localized sensing and targeted drug delivery in parts of the body that are

currently inaccessible or too invasive to access.

Microelectromechanical systems (MEMS) technology has enabled the integra-

tion of sensors, actuators, and electronics at microscales. In recent years, a great

deal of progress has been made in the development of microdevices, and many

devices have been proposed for different applications. However, placing these

systems in a living body is limited by factors like biocompatibility, fouling, electric

hazard, energy supply, and heat dissipation. In addition, the development of

functional MEMS devices remains a time-consuming and costly process. Moving

microsized objects in a fluid environment is also challenging, and a great deal of

research has considered the development of microactuators for the locomotion of

microrobots. However, to date the most promising methods for microrobot loco-

motion have utilized magnetic fields for wireless power and control, and this topic

is now well understood [2, 28, 32, 49, 66]. A large number of micropumps have

been developed for drug delivery, but as size is reduced diffusion begins to

dominate over advection, making transport mechanisms behave differently at

small scales. Consequently, future biomedical microrobots may differ from what

is typically envisioned.

In this chapter we focus on intraocular microrobots. Many current and proposed

retinal procedures are at limits of human performance and perception. Microrobots

that can navigate the fluid in the interior of the eye have the potential to revolution-

ize the way the most difficult retinal procedures are conducted. The proposed

devices can be inserted in the eye through a small incision in the sclera, and control

within the eye can be accomplished via applied magnetic fields. In this chapter we

consider three topics in the design and control of intraocular microrobots: First, we

discuss functional coatings – both for remote sensing and targeted drug delivery.

Next, we discuss magnetic control, and the ability to generate sufficient forces to

puncture retinal veins. Finally, we discuss visually tracking and localizing intraoc-

ular microrobots. The eye is unique in that it is possible to observe the vasculature

and visually track the microrobot through the pupil.

Throughout this chapter, we consider the assembled-MEMS microrobots as

shown in Fig. 13.1, but the conclusions extend to other microrobot designs. Fabri-

cating truly 3-D mechanical structures at the microscale is challenging. With

current MEMS fabrication methods, mechanical parts are built using 2-D (planar)

geometries with desired thickness. Three-dimensional structures can be obtained by

bending or assembling these planar parts, and it has been demonstrated that very

complex structures can be built with such methods [33, 59, 65, 66]. The philosophy

of designing simple structures with no actuation or intelligence onboard begs the
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question: Are these devices microrobots? It may be more accurate to think of these

devices as end-effectors of novel manipulators where magnetic fields replace

mechanical links, sensing is performed wirelessly, and system intelligence is

located outside of the patient. However, this matter of semantics is inconsequential

if the goal is to develop functional biomedical microdevices.

13.2 Functionalizing Microrobots with Surface Coatings

We present an alternative approach for the development of biomicrorobots utilizing

a magnetic platform and functional coatings for remote sensing and targeted drug

delivery (Fig. 13.2). Coatings possessing sensor properties or carrying drugs may be

superior to more complicated electromechanical systems. Luminescence dyes

immobilized in coatings can be excited and read out wirelessly for detecting

analytes or physical properties. Drugs coated on a carrier can be used for diffu-

sion-based delivery and may provide more efficient therapy than microsystems

containing pumps. Because of the discrepancy in scaling of volume and surface

area, reservoirs built inside microfabricated devices may be insufficient, whereas

surface coatings alone may provide sufficient volume. Fabrication of devices

utilizing coatings will also be simple compared to systems with many electrical

or mechanical components. All of these properties make wireless microrobots

consisting of magnetic bodies and functional coatings feasible in the near term.

13.2.1 Biocompatibility Coatings

Magnetic microrobots contain nickel, cobalt, iron, or their alloys. These elements

and their alloys are declared to be non-biocompatible. Hence, they are not used in

Fig. 13.1 Relatively simple 2-D parts can be assembled into complex 3-D structures (#IEEE

2008), reprinted with permission. The parts shown have dimensions 2.0mm � 1.0mm � 42mm
and can be further miniaturized
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medical devices. Ti and Ti-alloys are used extensively in biomedical applications

because of their excellent combination of biocompatibility, corrosion resistance,

and structural properties [51]. In order to achieve biocompatibility without sacrifi-

cing the magnetic properties, microrobot pieces can be coated with a thin layer of

Ti, forming a titanium dioxide layer once exposed to air.

In [17] microrobot pieces made of Ni are coated by Ti with thicknesses of

100 nm, 200 nm, 300 nm, and 500 nm using a DC sputterer. Biocompatibility covers

a broad spectrum of non-toxic and non-allergic properties, with various levels of

biocompatibility associated with the purpose of a medical device. Biocompatibility

tests involve toxicity tests, corrosion tests, and allergy tests. To validate the quality

of coatings, against possible faults and crack formations, in vitro direct-contact cell-

toxicity tests, in line with ISO 10993-5 8.3 standard, were performed on coated and

uncoated microrobots using NIH 3T3 fibroblast cells. Results show that as thin as a

100-nm-thick Ti coating is sufficient to obtain biocompatibility.

13.2.2 Coatings for Remote Sensing

Surface coatings can be used to fabricate minimally invasive wireless sensor devices,

such as the intraocular sensor depicted in Fig. 13.3. The proposed device consists of a

luminescence sensor film that is integrated with a magnetically controlled platform.

This system can be used to obtain concentration maps of clinically relevant species

(e.g., oxygen, glucose, urea, drugs) or physiological parameters (e.g., pressure, pH,

temperature) inside the eye, specifically in the preretinal area. Effects of specific

physiological conditions on ophthalmic disorders can be conveyed.

These devices can also be used in the study of pharmacokinetics as well as in the

development of new drug delivery mechanisms, as summarized below [48].

Fig. 13.2 Microrobot utilizing a

functional coating (#IEEE 2008),

reprinted with permission. Right:
A bare magnetic microrobot made

of thin assembled nickel pieces,

based on [66]. Left: A microrobot

coated with an oxygen-sensitive

film
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The study of pharmacokinetics of drugs that diffuse into the eye following intraocular

drug injection requires analysis of ocular specimens as they change in time. The risk of

iatrogenic complications when penetrating into the ocular cavity with a needle has

restricted ocular pharmacokinetic studies on animals and humans. Microdialysis has

become an importantmethod for obtaining intraocular pharmacokinetic data and it has

reduced the number of animals needed to estimate ocular pharmacokinetic parameter

values. However, the insertion of the probe and anesthesia have been shown to alter

the pharmacokinetics of drugs. The microrobotic system presented here can replace

microdialysis probes for obtaining intraocular pharmacokinetic data as it provides a

minimally invasive alternative for in vivo measurements of certain analytes. Concen-

tration as a function of time and position can be obtained by steering the magnetic

sensor inside the vitreous cavity. Knowledge of concentration variations within the

vitreous will expedite the optimization of drug administration techniques for posterior

segment diseases.

13.2.2.1 Luminescence Sensing

Photoluminescence is the emission of electromagnetic radiation (i.e. photons) from a

material in response toabsorptionofphotons.The intensity and the lifetimeofemission

can be decreased by a variety of processes referred to as luminescence quenching.

Cornea

Iris

Lens

Sensor

Vitreous
Humor

Aqueous
Humor

Retina

Short Pass Filter Long Pass Filter

Blue LED Photodiode

Sclera

hnexc hnems

Fig. 13.3 Artist’s conception of the

magnetically controlled wireless

sensor in the eye (#IEEE 2008),

reprinted with permission [21]
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Optical luminescence sensors work based on quenching of luminescence in the pres-

ence of a quencher (i.e., analyte of interest); the decrease in luminescence is related to

the quantity of the quencher. A number of devices using this principle have been

demonstrated and the basic principles of different methods can be found in [40]. The

quenching of luminescence is described by Stern-Volmer equations:

I0
I
¼ 1þ K½Q� (13.1)

t0
t
¼ 1þ K½Q� (13.2)

where I0 and I are the luminescence intensities in the absence and in the presence of

quencher, respectively, t0 and t are the luminescence lifetimes in the absence and

presence of quencher, respectively, [Q] is the quencher concentration, and K is the

Stern-Volmer quenching constant whose units are the reciprocal of the units of [Q].
Luminescence dyes with high quantum yield, large dynamic range, and large

Stokes shift are preferred for luminescence sensors. To be used as a sensor, these

dyes need to be immobilized. They are usually bound to transparent and quencher-

permeable supporting matrices such as polymers, silica gels, or sol-gels. Quencher

permeability, selectivity, and the luminophore solubility are the important factors

for choosing appropriate supporting matrices.

Luminescence sensing can be done either based on luminescence intensity or

luminescence lifetime. The main difference between the two methods is that

intensity is an extrinsic property whereas lifetime is an intrinsic property. Extrinsic

techniques depend on parameters such as the dye concentration, optical surface

quality, photo-bleaching, and incidence angle, which change from sample to sam-

ple. When the sensor’s position changes, the optical path distance (OPD) from the

light source to the sensor and back to the photo detector changes. The total amount

of light collected by the sensor changes depending on the OPD and orientation.

These quantities are hard to control in such a wireless sensor application, limiting

the accuracy of this technique. Intrinsic properties do not depend on the parameters

described above, making lifetime measurements more promising for wireless

microrobotic applications.

There are two methods that are used for measuring luminescence lifetimes: time-

domain measurements and frequency-domain measurements. In time-domain mea-

surements the sample is excited with light pulses, and the intensity signal that

changes as a function of time is measured and analyzed. In frequency-domain

measurements the sample is excited with a periodic signal that consequently causes

a modulated luminescence emission at the identical frequency. Because of the

lifetime of emission, the emission signal has a phase shift with respect to the

excitation signal. The input excitation signal is used as a reference to establish a

zero-phase position and the lifetime is obtained by measuring the phase shift

between the excitation and emission signals.
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13.2.2.2 An Intraocular Oxygen Sensor

The retina needs sufficient supply of oxygen and other nutrients to perform its

primary visual function. Inadequate oxygen supply (i.e. retinal hypoxia) is corre-

lated with major eye diseases including diabetic retinopathy, glaucoma, retinopathy

of prematurity, age-related macular degeneration, and retinal vein occlusions [25].

Retinal hypoxia is presumed to initiate angiogenesis, which is a major cause of

blindness in developed countries [14]. Attempts to test this hypothesis suffer from

the current methods of highly invasive oxygen electrodes. Hypoxia is typically

present at the end stages of retinal diseases. However, during the early stages, the

relation between blood flow sufficiency, vessel patency, and tissue hypoxia are still

unknown [55]. The influence of oxygen on these diseases is not well understood and

the ability to make long-term, non-invasive, in vivo oxygen measurements in the

human eye is essential for better diagnosis and treatment. Measuring the oxygen

tensions both in aqueous humor and vitreous humor, and particularly in the pre-

retinal area, is of great interest in ophthalmic research.

To address these issues, an intraocular optical oxygen sensor utilizing a lumi-

nescence coating has been developed [21]. The sensor works based on quenching of

luminescence in the presence of oxygen. A novel iridium phosphorescent complex

is designed and synthesized to be used as the oxygen probe. The main advantages of

this iridium complex, when compared to other metal complexes, are its higher

luminescence quantum yield, higher photo-stability, longer lifetime, stronger

absorption band in the visible region, and larger Stokes shift. Polystyrene is chosen

as the supporting matrix because of its high oxygen permeability and biocompatible

nature. The microrobots are dip-coated with polystyrene film containing lumines-

cence dye, and good uniformity is achieved across the magnetic body. Biocompati-

bility tests must still be performed on the polystyrene film with embedded dye.

If needed, an additional layer of pure polystyrene could be added to isolate the

sensing layer.

An experimental setup has been built to characterize the oxygen sensitivity of

the sensor. The details of the sensor and characterization setup can be found in [21].

A blue LED is used as the excitation source for the oxygen sensor system and

a photodiode is used to detect the luminescence. Optical filters are used to separate

the emission signal from the excitation signal. The frequency-domain lifetime

measurement approach is used in this work. De-ionized water is used for the

dissolved oxygen measurements. The sensor’s location in the setup is maintained

with a magnet. The distances between the components and the sensor are chosen

considering the geometry of the eye. A range of oxygen concentrations is achieved

by bubbling air or nitrogen gas. Nitrogen replaces oxygen molecules in the solution,

and air provides oxygen. Figure 13.4 shows the Stern-Volmer plot as a function

of oxygen concentration. As seen in this figure, a linear model proved to be

an excellent predictor (R2¼ 0. 989) for oxygen concentrations compared to a

commercial sensor.
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13.2.2.3 Measuring Gradients

It may be desirable to measure spatial gradients in a quantity. This can be accom-

plished by taking measurements while moving the microrobot. However, these

measurements will be separated in time, and the movement of the microrobot

could potentially affect the environment, particularly in a low-Reynolds-number

regime. It is possible to measure gradients directly with a stationary microrobot.

Specific locations on the microrobot can be excited and sensed simultaneously, as

depicted in Fig. 13.5. This requires the ability to focus the excitation signal on a

specific region of the microrobot. Clearly, this necessitates a greater level of sensing

spatial resolution. Alternatively, multiple dyes with different emission spectra can

be excited simultaneously, and the emitted signals can be band-pass filtered.
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Fig. 13.4 Stern-Volmer plot of the luminescence dyes immobilized in polystyrene film under

various oxygen concentrations (#IEEE 2008), reprinted with permission [21]

Fig. 13.5 Measurement of local

gradients is possible exciting and

reading out from different parts of

the microrobot (#IEEE 2008),

reprinted with permission
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13.2.3 Coatings for Targeted Drug Delivery

Themain challenge of ophthalmic drug delivery is to keep desired drug concentrations

in the target area for the desired duration, while minimizing the drug levels in the

remainder of the body. To date, a variety of drug delivery approaches have been shown

to be effective therapeutically. Some salient findings from [48] are summarized below.

Ocular delivery can be achieved by topical administration, systemic administration,

periocular injections, and intraocular injections. Depending on the target area, drug

delivery can be achieved by penetrating through the cornea, conjunctiva, or sclera

following topical administration (i.e. eye drops), or across blood-aqueous barrier

along with blood-retinal barrier following systemic administration. Only a minute

fraction of applied dose reaches the intraocular target area after topical and systemic

administration. Drug delivery using gelatin wafers, collagen shields, and soft contact

lenses placed on the cornea or in the cul-de-sac have been tested, as well as methods

like iontophoresis. Drug delivery for posterior-segment disorders (e.g. diabetic reti-

nopathy, macular degeneration, retinal edema, retinal vein occlusions) has always

been a challenge as it requires access to the retina and the choroid. Periocular

injections and intraocular injections place the drug closer to the target tissue, over-

coming some of the ocular barriers.Many of the drugs used to treat vitreous and retinal

disorders have a narrow concentration range in which they are effective, and theymay

be toxic at higher concentrations. Slight changes in injection conditions (e.g. position,

shape) will produce different drug concentrations within the vitreous, and therefore

the efficacy of the treatment produced by the drug can be sensitive to injection

conditions. Intraocular injections have also been associated with serious side effects,

such as endophthalmitis, cataract, hemorrhage, and retinal detachment [26], and long-

duration drug delivery is not possible with these methods.

New drug-delivery methods provide many advantages compared to the tradi-

tional methods. However, it is not always possible to deliver drugs to the target

tissue with existing methods. Superior methods for targeted drug delivery are

needed, and robotic assistance in drug delivery will have major benefits. Devices

inserted into the aqueous or vitreous cavity bear great potential for drug delivery.

Recently, methods to deliver drugs using carriers such as liposomes, gels, and

nanoparticles have been evaluated. Methods to achieve desired concentrations

over long periods of time using drugs that become active inside the eye (prodrugs)

are also being investigated. Controlled-release devices and biodegradable implants

can increase the effectiveness of these devices.

At the microscale, diffusion becomes the dominant mechanism for mass trans-

port. Low-Reynolds-number flow is laminar, and the lack of turbulent mixing puts a

diffusion limit on drug delivery using micropumps. In [17] an alternative approach

to targeted drug delivery is proposed: wireless magnetic microrobots surface coated

with drug. The microrobot will be steered to the site of action and it will be kept at

this position as the drug is released from the microrobot by diffusion.
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13.2.3.1 Quantity of Coated Drug

Carrying drug by surface coating becomes more desirable as size is reduced

(Fig. 13.6). Consider an assembled microrobot like those shown in Fig. 13.2. The

microrobot can be modeled by two elliptical pieces of magnetic material of length

2a, width 2b, and thickness c, and by a circular piece of diameter 2b and thickness c.
The volume of the magnetic structure is calculated as

vs ¼ 2pabþ pb2
� �

c� 2aþ 4bð Þc2 þ c3 (13.3)

The microrobot has a volumetric footprint of an ellipsoid of volume

ve ¼ 4

3
pab2 (13.4)

Fig. 13.6 Drug coatings can range from thin surface coatings to coatings that take advantage of

the total available volume created by the microrobot structure. Coatings are shown only at the back

part of the microrobot (#IEEE 2008), reprinted with permission
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If we consider a coating of drug that fills in the entire ellipsoidal volumetric

footprint of the microrobot (similar to Fig. 13.6c), the volume of drug carried is

simply the volume of the ellipsoid minus the volume of the magnetic structure

vf ¼ ve � vm (13.5)

If we consider a single thin surface coating of thickness t, (similar to Fig. 13.6a), the

volume of drug carried is given by

vt ¼ 4pabþ 2pb2
� �

t� 8aþ 16b� 12cð Þt2 þ 8t3 (13.6)

Figure 13.7 shows the effect of scaling on the ability to carry drug by surface

coating. For even relatively large microrobots, the amount of drug carried on the

surface with a single thin coating is comparable to the total volume of the magnetic

structure. As the size of the microrobot is reduced, the volume of drug in a single

thin coating becomes comparable to the total ellipsoidal volume of the microrobot.

In practice, any fabricated reservoir could only amount to a fraction of the total

volume of the structure, and the drug would need to be in solution (that is, diluted)

in order to be pumped. The ability to surface coat highly concentrated drug

increases the benefits of surface coatings even beyond what is observed in

Fig. 13.7.

In order to bind more proteins or drugs onto a microrobot of the same surface

area, multilayer surface coatings or coatings embedded in different base matrices

should be developed (Fig. 13.6d). Among others, hydrogels, agarose, starch micro-

capsulations, polymer matrices, liposomes, and biodegradable needles are widely

used for making drug delivery matrices that can hold much more drug due to their

material properties [15, 50]. These materials can be used to encapsulate drug
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molecules as an outer coating, enabling multilayer coatings. These multilayer

coatings can be used to coat multiple drug types on one microrobot, or used to

fine tune delivery times or dosage. Alternatively, embedding drug molecules in a

porous matrix facilitates slower diffusion and more drug loading capacity. Con-

trolled release of drugs has been demonstrated using intelligent polymers that

respond to stimuli such magnetic fields, ultrasound, temperature, and pH. They

enable fine tuning of diffusive drug release.

13.2.3.2 Drug Delivery for Retinal Vein Occlusions

Retinal vein occlusion (RVO) is a common retinovascular disease caused by

obstruction of blood flow due to clot formation. RVO is among the most common

causes of vision loss around the world, with one study reporting a prevalence of

1. 6% in adults aged 49 years or older [60]. Various treatment methods for RVO

have been proposed and attempted, however to date there is no effective clinical

treatment for RVO. Among these methods, prolonged local intravenous thrombol-

ysis (i.e., clot dissolution) with tissue plasminogen activator (t-PA) injection is the

most promising treatment [53], based on excessive postoperative complications or

inconclusive clinical trials of other methods.

Retinal drug delivery by injections requires precise manipulation that is con-

strained by the limits of human performance and perception [34]. Retinal veins are

small delicate structures surrounded by fragile retinal tissue, and prolonged manual

cannulation of retinal veins risks causing permanent damage to the retina. Robotic

systems have been proposed to assist with retinal vein cannulation, utilizing robot-

assisted surgical instruments that pass through a hole in the sclera as in conven-

tional vitreoretinal surgery [47, 52].

In [17] an alternative approach to RVO treatment is proposed: a wireless

magnetic microrobot coated with clot-dissolving t-PA. The microrobot will be

steered to the thrombus site as it is tracked visually through the pupil, and will

be immobilized in close proximity of the retinal veins. Immobilization can be

achieved by puncturing and docking to a retinal vein. Diffusion of t-PA from the

surface coating of the microrobot into the clotted region will start clot dissolution.

There is strong evidence that t-PA in the preretinal area can diffuse into the retinal

vasculature and break clots [27]. Since t-PA is an enzyme, and the clot dissolution

reaction rate depends on enzyme reaction rate, long-term release of t-PA is thought

to be more effective than bolus injections [43]. The proposed delivery mechanism

provides drug release without the need for a micropump, and an efficient therapy

using small amounts of t-PA over prolonged periods. Moreover, a microrobot is

potentially less invasive than other methods, and has the potential to be left in the

eye for extended periods of time, even in an outpatient scenario. However, it is not

yet known what quantity of t-Pa is required to effectively dissolve a clot using the

proposed method.

282 O. Ergeneman et al.



13.2.3.3 Preliminary Drug Release Experiments

This section presents the results of preliminary drug release experiments using the

untethered microrobot and discusses the feasibility of microrobotic drug delivery.

A drug substitute is coated on microrobots in [17], the release kinetics is character-

ized, and the amount of drug that can be coated in a single layer on a microrobot is

quantified.

In order to analyze the release kinetics of a diffusion-based drug delivery

microrobot, in vitro experiments are conducted. As the drug molecule substitute,

bovine serum albumin (BSA) was chosen. BSA is a plasma protein that can be used

as a blocking agent or added to diluents in numerous biochemical applications.

BSA is used because of its stability, its inert nature in many biochemical reactions,

its representative molecular size, and its low cost.

Four elliptical microrobot pieces of length 900 mm, width 450 mm, and thickness

50 mm are used as the magnetic platform holding the coating. The pieces are made

from electroplated nickel and then coated with titanium for biocompatibility. The

pieces are first sterilized and then placed in different wells of a 96-well culture

plate. A sterilized BSA-solution of 3mg/mL is prepared and labeled with Alexa-

Fluor-546 (Molecular Probes) fluorescent marker. This solution is then mixed with

sterilized PBS in order to create solutions with different concentrations of labeled-

BSA molecules. Three of the microrobot pieces are dipped in BSA concentrations

of 3mg/mL, 2mg/mL, 1mg/mL, respectively, and one is dipped into a pure PBS

solution, which contained no BSA, as a control set. The pieces are left in the

solutions to allow the BSA to bind to the microrobot. The surface-coating process

is done for 12 h at room temperature in a humidity chamber.

Coated microrobot pieces are taken from coating wells and placed in new wells

filled with 200 mL PBS each. Following that, the florescence intensity is measured

in set time intervals for three days using an automated spectrum analyzer. In this

way, the kinetics of diffusion-based drug delivery with surface-coated microrobots

are obtained.

Figure 13.8 quantifies the amount of time required to release the drug through

diffusion, and it also gives qualitative information about the kinetics of release. It is

clear that the concentration of the coating solution does not affect the amount of

drug bound to the surface. This provides strong evidence that the amount of drug

will be limited by the surface area of the microrobot.

Next, the amount of BSA released from a single layer on a single piece is

quantified. The release wells of the culture plates are analyzed in the multiwell

plate reader for fluorescence and absorbance values. The BSA standard concentra-

tion curve is obtained by preparing a Bradford Assay with ten different known

concentrations of BSA in 1:2 dilutions, and analyzing this assay for fluorescence

and absorbance. The obtained standard curve is used to calibrate the multiwell plate

reader. The fluorescence intensity in the release wells is measured and, using the

calibration curve, the amount of BSA released is found to be 2. 5� 0. 1 mg.
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13.3 Magnetic Control

One approach to the wireless control of microrobots is through externally applied

magnetic fields [3]. There is a significant body of work dealing with non-contact

magnetic manipulation [28]. Research has considered the 3-D positioning of per-

manent magnets [29, 36]. Magnetic fields have been used to orient small permanent

magnets placed at the distal tips of catheters [1, 62]. Researchers have considered

the position control of soft-magnetic beads as well, where a spherical shape

simplifies the control problem [6]. The precision control of non-spherical soft-

magnetic bodies has also been considered [2]. In addition to magnetic manipulation

of simple objects (e.g., beads, cylinders), it is possible to manipulate more compli-

cated shapes. In [66], a soft-magnetic assembled-MEMS microrobot is controlled

by applying decoupled magnetic torque and force. Assembled-MEMS microrobots

have the potential to provide increased functionality over simpler geometries.

Controlled magnetic fields can be generated by stationary current-controlled elec-

tromagnets [45, 67], by electromagnets that are position and current controlled

[29, 66s], or by position-controlled permanent magnets, such as with the Stereotaxis

NIOBE Magnetic Navigation System, or even by a commercial MRI system [44].

In all cases, the rapid decay of magnetic field strength with distance from its source

creates a major challenge for magnetic control.

Surgeons have been using magnets to remove metallic debris from eyes for over

100 years [9]. However, there has been no prior work of controlled magnetic

manipulation of an object that has been intentionally inserted in the eye. Intraocular

procedures are unique among in vivo procedures, as they provide a direct line of

sight through the pupil for visual feedback, making closed-loop control possible.

If we want to apply controlled torques and forces to an object with magnetization

M (A/m) using a controlled magnetic field B (T) the resulting equations for torque
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and force are as follows [35]. The magnetic torque, which tends to align the

magnetization of the object with the applied field:

T ¼ vM� B (13.7)

in units N �m where v is the volume of the body in m3. The force on the object is:

F ¼ v M � rð ÞB (13.8)

in units N, wherer is the gradient operator:

r ¼ @

@x

@

@y

@

@z

� �T
(13.9)

Since there is no electric current flowing through the region occupied by the body,

Maxwell’s equations provide the constraint r�B¼ 0. This allows us to express

(8), after some manipulation, in a more intuitive and useful form:

F ¼ v

@

@x
BT

@
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BT

@

@z
BT

2
6666664

3
7777775
M (13.10)

The magnetic force in any given direction is the dot product of 1) the derivative of

the field in that direction and 2) the magnetization.

We can also express the applied magnetic field’s flux density as an applied

magnetic field H with units A/m. B is related to H simply as B¼ m0H with

m0¼ 4p �10� 7 T �m/A, since air and biological materials are effectively nonmag-

netic. Both (7) and (8) are based on the assumption that the magnetic body is small

compared to spatial changes in the applied magnetic field’s flux density, such that

the applied flux density is fairly uniform across the body, and B is the value at the

center of mass of the body. It has been verified experimentally that this assumption

gives an accurate prediction of magnetic force and torque [2, 49].

If the body of interest is a permanent magnet, the average magnetization M is

effectively independent of the applied magnetic field. The magnetization of a

permanent magnet is governed by the remanent magnetization of the material and

geometry of the body. This makes the calculation of torque and force acting on a

permanent magnetic body straightforward as long as the magnetization and orien-

tation of the body is known. The torque can be increased by increasing the angle

between B and M, up to 90 ∘ , or by increasing the strength of B. The force can be

increased by increasing the gradients in the applied magnetic field.
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If the body of interest is made of a soft-magnetic material, the magnetization is a

nonlinear function of the applied field, with a magnitude limited by the saturation

magnetization for the magnetic material, and can rotate with respect to the body.

The governing equations for control are significantly more complex [2]. We

sometimes refer to the magnetic moment or magnetic dipole moment, which

represent the total strength of a magnet (hard or soft). The magnetic moment is

simply the product of the volume v and the average magnetization M.

The magnetization of a body depends on its shape, so bodies made of the same

material but having different shapes will have different magnetization character-

istics. The magnetization characteristics also differ along different directions within

the body. This is known as shape anisotropy. Demagnetizing fields that tend to

weaken magnetization create the shape anisotropy. Demagnetizing fields are largest

along short directions of the body. A long direction in a body is referred to as an

easy axis, since it is a relatively easy direction to magnetize the body. In general, the

longest dimension of a soft-magnetic body will tend to align with the direction of

the applied field. Other types of anisotropy exist, such as crystalline anisotropy, but

these are typically negligible compared to shape effects, even at the scale of

microrobots.

In [49] the total force bFb and torque
bTb on an assembled-MEMS microrobot is

computed as the sum of the individual forces and torques on assembled parts.

This is achieved by neglecting the magnetic interaction between the individual

pieces, and by considering the microrobot as a superposition of simpler geometries

as shown in Fig. 13.9, rather than using the actual complex shapes of the parts.

13.3.1 Magnetic Control in Fluids

Microrobots, like microorganisms, operate in a low-Reynolds-number regime. When

controlling a magnetic object through Newtonian fluid at low-Reynolds-number

Fig. 13.9 Microfabricated nickel parts (left) are assembled to form a microrobot (middle). The
body frame is assigned to the microrobot arbitrarily. For the computation, rather than using the

actual complex shapes of the parts, we consider the microrobot as a superposition of simpler

geometries (right). The frames of the individual parts are assigned with the x-axis along the longest
dimension of the body and with the z-axis along the shortest dimension (#IEEE 2008), reprinted

with permission [49]
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regime, the object nearly instantaneously reaches its terminal velocity V where the

viscous drag force, which is linearly related to velocity through a drag coefficient cu,

exactly balances the applied magnetic force F:

F ¼ cuV (13.11)

Similarly, the object nearly instantaneously reaches its terminal rotational velocity

O where the viscous drag torque, which is linearly related to rotational velocity

through a drag coefficient co, exactly balances the applied magnetic torque T.

T ¼ coO (13.12)

If we consider a spherical body of diameter d and a fluid with viscosity Z, the
translational and rotational drag coefficients are described in Stokes flow (see [64]) as:

cu ¼ 3p�d (13.13)

co ¼ p�d3 (13.14)

It is clear that velocity is inversely proportional to fluid viscosity with all other

parameters held constant.

In [39] hydrodynamic properties of assembled-MEMS microrobots are deter-

mined experimentally by placing a microrobot in a known-fluid-filled vial and

tracking it by digital cameras as it sinks under its own weight and under different

applied magnetic forces. Modeling an assembled-MEMSmicrorobot as a sphere for

the purposes of calculating fluid drag is found to be quite accurate. This also agrees

with the typical assumption that fluid drag is insensitive to geometry at low

Reynolds number. The coefficient of viscous drag of the microrobot in a Newtonian

fluid obtained in [39] is found to be cu¼ (1. 41 �10� 2N �s/m) � d.
The calculations in this section assume a Newtonian fluid, which will be a valid

assumption after a vitrectomy has been performed. In the presence of intact vitreous

humor, a more complicated fluid model must be considered.

13.3.2 Developing Sufficient Force for Levitation and Puncture

There is interest in determining the amount of force that can be developed wire-

lessly for the purpose of puncturing retinal veins. A drug delivery method where the

microrobot docks to a blood vessel to allow the drug to release over extended

periods of time is proposed, as shown in Fig. 13.10. This will require a microneedle

to puncture the blood vessel. The magnetic forces on microrobots in applied

magnetic fields are well understood. However, the magnitude of forces needed to

puncture retinal veins is not available in the literature.
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13.3.2.1 Retinal Puncture Forces

In [34], retinal puncture forces together with the scleral interaction forces are

measured. However, needle and blood-vessel size, which affect puncture forces,

are not specified. In [30], a retinal pick equipped with strain gauges is used to

manipulate the retina of porcine cadaver eyes, and the range of forces acquired

during a typical procedure is reported. However, the force of an individual retinal

vein puncture is not provided. Conducting in vivo experiments on animal eyes is

difficult with a high risk of tissue damage, and postmortem experiments may

provide inaccurate results due to rapid changes in tissue properties of vessels

after death. In [17], forces required for retinal vein punctures are measured and

analyzed. Experimental data is collected from the vasculature of chorioallantoic

membranes (CAM) of developing chicken embryos. The CAM of the developing

chicken embryo has been used by ophthalmologists as a model system for studying

photodynamic therapy and ocular angiogenesis. Recently, it was reported that the

CAM of a twelve-day-old chicken embryo is a valid test bed for studies on human

retinal vessel puncture [41]. The CAM’s anatomical features and physiologic and

histologic responses to manipulation and injury make it an effective living model of

the retina and its vasculature. The vasculature of a twelve-day-old CAM and a

human retina have roughly the same diameter and wall thickness (i.e., vessels with

100–300 mm outer diameter). The measurements are done using a capacitive force

sensor with an attached microneedle, mounted on a 3-DOF Cartesian micromanip-

ulator. Microneedles were pulled out of 1mm OD boron-silicate glass pipettes in a

repeatable way using a pipette puller and the outer diameters were inspected with a

microscope.

There is variance in the force data due to effects that are not accounted for, such

as anatomical variance between individual vessels and embryos, the state of the

embryo (e.g., blood pressure, temperature), non-Hookean behavior of the vessel

walls, errors in measured microneedle diameter, and error in the angle of incidence

Fig. 13.10 Concept photo of a microrobot docked to a blood vessel for drug delivery (#IEEE

2008), reprinted with permission [17]. The assembled-MEMS microrobot shown is based on [66]
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of the microneedle with respect to the blood vessel. Despite the variance, the data

exhibit clear trends, as shown in Fig. 13.11. It is observed that there is an approxi-

mately quadratic trend in blood-vessel diameter and an approximately linear trend

in microneedle diameter.

The experiments are performed with blunt-tip needles, so the forces shown in

Fig. 13.11 should be taken as upper bounds for required puncture forces. It is known

that beveling the needle’s tip will significantly reduce the puncture forces [5, 16].

In [30], it is shown that 88% of all tool/tissue interaction forces during vitreor-

etinal surgery are below 12.5mN, which corresponds well with the results shown in

Fig. 13.11. In [34], higher puncture forces with larger variance than the results in

Fig. 13.11 are reported. However, the reported forces include scleral interaction

forces, and the force sensor is mounted on a handheld device.

13.3.2.2 Developing Sufficient Force

Let us consider a microrobot assembled from two thin elliptical pieces, as shown in

the inset of Fig. 13.12. The volume of this microrobot is given by v¼ 2pabt� 2at2.
The force on such assembled microrobots made of Ni and CoNi are measured using

the magnetic measurement system described in [39], and the results are shown in

Fig. 13.12. The system uses a 40mm� 40mm� 20mm NdFeB magnet with the

north and south poles on the largest faces, and a field value of 0.41 T measured in

the center of the north pole face. In addition to the measured data, a microrobot

made of permanent-magnetic (hard-magnetic) material with a remanence magneti-

zation of 4�105A/m, which is a value that can currently be achieved using

microfabrication techniques, is simulated.
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In Fig. 13.12 we see that magnetic force drops off rapidly with increasing distance

between the microrobot and the magnet. Increasing the saturation magnetization of a

soft-magnetic material (compare CoNi and Ni) can lead to increases in force in a high-

field region. Even relatively poor soft-magnetic materials (Ni) match good permanent

magnets in a high-field region since the saturation magnetization values for soft-

magnetic materials are typically higher than the remanence magnetization values of

permanent magnets. However, as field strength is reduced, and the soft-magnetic

microrobots are no longer saturated, they begin to provide similar force, and each

provides less than that of the permanent-magnetic material. This is due to the

magnetization of the soft-magnetic material, which is a function of the applied field,

dropping below the remanence of the permanent-magnetic material.

Let us consider a microrobot with dimensions a¼ 1000 mm, b¼ 500 mm,

and t¼ 100 mm, and a volume of v¼ 3�10� 10m3; this microrobot could be

electroplated and assembled, and fit through a 1-mm incision. If we consider the

microrobot at a position 70mm away from the surface of the magnet, soft- and

permanent-magnet materials provide approximately the same force of 0.05mN. For

a length comparison, the diameter of the human eye is 25mm, so this places the

surface of the magnet almost three eye diameters away from the microrobot. If we

move the microrobot only about 10mm closer to the magnet, we gain an order of

magnitude in our magnetic force, bringing it beyond the level needed for puncturing

retinal veins with a blunt-tip needle of a few micrometers in size. As mentioned

previously, beveling the needle’s tip would reduce the required force even further.

The magnet used in the experiment was chosen somewhat arbitrarily; other magnet

shapes and sizes can be chosen to project the magnetic field at greater distances.

Under the above considerations, it seems feasible that enough magnetic force

can be developed by pulling with magnetic field gradients to puncture retinal veins,
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provided that the microneedle is made small enough and sharp enough. These

demands are attainable with current microfabrication technology. Puncture also

requires an intelligent design of the magnetic-field generation system, which will

use the superimposed fields of multiple permanent magnets or electromagnets,

increasing the ability to generate strong fields at a distance. The choice of soft- or

permanent-magnetic material for the microrobot will ultimately depend on the

design of the magnetic-field generation system. This issue of force generation is

discussed further in the next section.

It has been shown that microrobots that swim using helical propellers that mimic

bacterial flagella theoretically have the potential to develop higher forces than

obtained with gradient-based force generation at small scales [4]. It has also

recently been shown that magnetic helical microrobots can be fabricated and

wirelessly controlled [67]. This provides another option for retinal drug delivery.

13.3.3 OctoMag

There are two viable sources for the generation of controlled magnetic fields: perma-

nent magnets and electromagnets. Permanent magnets exhibit a very advantageous

volume to field-strength ratio. However, if we are interested in medical applications,

electromagnets offer simpler real-time control, and present an inherently safer choice.

A system using electromagnets can be implemented such that no moving parts are

required to control magnetic field strength. This is important for both patient and

medical-personnel safety. In addition, electromagnets are safer in the event of system

failure: permanent magnets retain their attractive/repulsive strength in case of sudden

power loss, whereas an electromagnetic system becomes inert, and in addition for the

case of an intraocular microrobotic agent, the microrobot would slowly drift down

under its ownweight rather than experiencing uncontrolled forceswith the potential of

inflicting irreparable damage inside the eye. Using an array of stationary magnetic

field sources also simplifies the task of designing a system that will respect the

geometry of the human head, neck, and shoulders.

Bearing these considerations in mind, a robotic system called OctoMag for 5-DOF

wireless magnetic control of a fully untethered microrobot (3-DOF position, 2-DOF

pointing orientation)was developed at ETHZurich [38]. It is difficult to control torque

about the axis ofM using the simple model in (7), which is why 5-DOF control was

achieved as opposed to 6-DOF control. A concept image of how the system would be

used for the control of intraocular microrobots can be seen in Fig. 13.13.

13.3.3.1 Control with Stationary Electromagnets

Soft-magnetic-core electromagnets can create a magnetic field that is approxi-

mately 20 times stronger than the magnetic field created by air-core electromagnets,

for the geometry shown in Fig. 13.13. As opposed to air-core electromagnets, their
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individual magnetic fields are coupled, which complicates modeling and control.

However, cores made of high-performance soft-magnetic materials impose only a

very minor constraint on modeling and control [38].

Within a given static arrangement of electromagnets, each electromagnet creates

a magnetic field throughout the workspace that can be precomputed. At any given

point in the workspace P, the magnetic field due to a given electromagnet can be

expressed by the vector Be(P), whose magnitude varies linearly with the current

through the electromagnet, and as such can be described as a unit-current vector in

units T/m multiplied by a scalar current value in units A:

BeðPÞ ¼ ~BeðPÞie (13.15)

The subscript e represents the contribution due to the eth electromagnet. However,

although the field Be(P) is the field due to the current flowing through only

electromagnet e, it is due to the soft-magnetic cores of every electromagnet. With

air-core electromagnets, the individual field contributions are decoupled, and the

fields can be individually precomputed and then linearly superimposed. This in not

the case with soft-magnetic-core electromagnets. However, if an ideal soft-mag-

netic material with negligible hysteresis is assumed, and the system is operated with

the cores in their linear magnetization region, the assumption is still valid that the

field contributions of the individual currents (each of which affect the magnetiza-

tion of every core) superimpose linearly. Thus, if the field contribution of a given

electromagnet is precomputed in situ, it can be assumed that the magnetic field at a

point in the workspace is the sum of the contributions of the individual currents.

This assumption is clearly also valid for air-core electromagnets and the linear

summation of fields can be expressed as:

Fig. 13.13 Concept image of the OctoMag electromagnetic system: An eyeball is at the center of

the system’s workspace (#IEEE 2010), reprinted with permission. The electromagnet arrange-

ment accommodates the geometry of the head, neck, and shoulders. The OctoMag is designed for a

camera to fit down the central axis to image the microrobot in the eye
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BðPÞ ¼ ~B1ðPÞ � � � ~BnðPÞ
� � i1

..

.

in

2
664

3
775 ¼ BðPÞI (13.16)

The 3�n BðPÞ matrix is defined at each point P in the workspace, which can either

be analytically calculated online, or a grid of precomputed or measured points can

be interpolated online. It is also possible to express the derivative of the field in a

given direction in a specific frame, for example the x direction, as the contributions
from each of the currents:
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If we are interested in controlling a microrobot moving through fluid, where the

microrobot can align with the applied field unimpeded, rather than controlling

torque and force acting on the microrobot, we can simply control the magnetic

field to the desired orientation, to which the microrobot will naturally align, and

then explicitly control the force on the microrobot:
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775 ¼ AðM;PÞI (13.18)

That is, for each microrobot pose, the n electromagnet currents are mapped to a field

and force through a 6�n actuation matrixAðM;PÞ. For a desired field/force vector,
the choice of currents that gets us closest to the desired field/force value can be

found using the pseudoinverse:

I ¼ AðM;PÞy Bdes

Fdes

" #
(13.19)

Full 5-DOF control requires a rank-6 actuation matrix A. If there are multiple

solutions to achieve the desired field/force, the pseudoinverse finds the solution that

minimizes the 2-norm of the current vector, which is desirable for the minimization

of both power consumption and heat generation. Note that the use of (19) requires

knowledge of the microrobot’s pose and magnetization. If the direction of B does

not change too rapidly, it is reasonable to assume that M is always aligned with B,
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which means that one need not explicitly measure the microrobot’s full pose, but

rather, must only estimate the magnitude of M and measure the microrobot’s

position P. In addition, if we the magnetic field does not vary greatly across the

workspace, it may be reasonable to assume that the microrobot is always located at

P¼ 0 for purposes of control, eliminating the need for any localization of the

microrobot.

There are a number of potential methods to generate the unit-current field maps

that are required for the proposed control system. One can either explicitly measure

the magnetic field of the final system at a grid of points or compute the field values

at the grid of points using FEM models. In either case trilinear interpolation is used

during real-time control. To generate the unit-current gradient maps using either

method, one can either explicitly measure/model the gradient at the grid of points,

or numerically differentiate the field data. Alternatively, one can fit an analytical

model – for example the point-dipole model [24] – to field data obtained from an

FEM model of the final system for each of the unit-current contributions.

An analytical field model also has an analytical derivative. These analytical models

can then be used to build the unit-current field and gradient maps during run time.

13.3.3.2 System Implementation

Equipped with a general control system using n stationary electromagnets, it is now

possible to use this controller in the design of a suitable electromagnet configura-

tion. The singular values of the actuation matrix in (18) provide information on the

condition of the workspace and can be used as performance metric in a design

optimization [38]. Figure 13.14 shows a physical embodiment of the concept image

presented earlier. This prototype setup was designed with a workspace that is large

enough that, after experimenting in artificial and ex vivo eyes, could be used for

animal trials with live cats and rabbits.

Each electromagnet is completely filled with a core made of VACOFLUX 50 –

a CoFe alloy from VACUUMSCHMELZE – with a diameter of 42mm. This

material has a saturation magnetization on the order of 2. 3 T, a coercivity of

0. 11mT, and a maximum permeability of 4500H/m. To prevent temperatures

inside the coils to elevate beyond 45∘C, every electromagnet is wrapped with a

cooling system. The current for the electromagnetic coils is sourced through

custom-designed switched amplifiers to reduce the power consumption. Two sta-

tionary camera assemblies provide visual feedback from the top and side and allow

to extract the 3-D position of a microrobot in the system. For the envisioned

intraocular application the visual feedback will have to be produced using a single

camera which is detailed in Sect. 4.

An example of the manipulation capabilities of the system can be seen in

Fig. 13.15. Automated pose control refers to closed-loop position control with open-

loop orientation control. The system exhibits similar performance in a wide array of

different trajectories as well as for a variety of robot orientations. The forces this
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system can exert on the tiny Ni microrobot shown in Figs. 13.14 and 13.15 as well as

on a larger NdFeB cylinder with a diameter of 500mm and a hight of 1mm are

tabulated in Table 13.1.

13.4 Issues in Localizing Microrobots

In the previous sections, we have discussed the functionalization of themicrodevices

and the principles of their control. In order to control these devices near the retina,

knowledge of their position is usually required. In the case of untethered magnetic

Fig. 13.14 OctoMag prototype: The system contains eight 210-mm-long by 62-mm-diameter

electromagnets (#IEEE 2010), reprinted with permission. The gap between two opposing electro-

magnets on the lower set is 130mm. The inset shows a 500-mm-long microrobot of the type

described in [66] levitating in a chamber. This is the side-camera view seen by the operator

Side View Top View
−1000 0 1000 −1000

0
1000

−500

0
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1000
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z−
ax

is
 [μ

m
]

a b

Fig. 13.15 Demonstrationofautomatedposecontrol (#IEEE2010), reprintedwithpermission.Both

time-lapse image sequences (a) show a 500-mm-longmicrorobot following a spiral trajectory keeping

its orientation constantly pointing at the vertex of the spiral.Way points (black circle) and tracker data
(red plus) are shown in the isometric graph (b). Average trajectory-completion time: 33. 4 s
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devices, knowledge of the position of the device within the magnetic field is

necessary for precise control [2, 49]. Since, the interior of the human eye is

externally observable, vision can be used to perform 3D localization. In addition,

with clear images of the retina and the microrobot, visual feedback can be used to

close a visual-servoing loop to correct for any errors in the localization procedure.

Ophthalmic observation has been practices for centuries, with its most critical

task being to be able to visualize the human retina with high-definition. Nowadays,

clinicians have the ability to acquire magnified images of the human retina using an

ever-increasing variety of optical tools that are designed specifically for the unique

optical system that is the human eye (Fig. 13.16).

However, keeping intraocular objects that are freely moving in the vitreous

humor of the eye (and not just on the retina) constantly in focus is challenging,

and the captured images are often blurry and noisy. The unstructured illumination

that reaches the interior of the eye, either through endoillumination, transpupilary

or transscleral means, can deteriorate the images with uneven brightness and

backreflections. Moreover, the microtools that operate in the human eye are gener-

ally specular, and have no distinctive color features. For precise localization, robust

visual tracking that detect the microrobot in the images is needed. The extracted

segmentation information will be used for 3D localization.

Ciliary body

Pupil

Cornea Iris

Lens

Sclera

Retina

Choroid

Fovea

Optic Nerve

National Cancer Institute

Aqueous humor

a b

Fig. 13.16 (a) Anatomy of the human eye. (b) The biomedical microrobot of [66] in the model

eye [31]. The left image shows the intraocular environment without the eye’s optical elements, and

the right image shows the effect of the model eye optics. Images are taken with an unmodified

digital camera (#IEEE 2008), reprinted with permission

Table 13.1 Maximum force in OctoMag setup on a small Ni microrobot and a full NdFeB

cylinder for various agent orientations (#IEEE 2010), reprinted with permission

Ni Microrobot NdFeB Cylinder

Field

Orientation

Fup

ðmNÞ
Fdown

ðmNÞ
Flat;x

ðmNÞ
Flat;y

ðmNÞ
Flat;xy

ðmNÞ
Fup

ðmNÞ
Fdown

ðmNÞ
Flat;x

ðmNÞ
Flat;y

ðmNÞ
Flat;xy

ðmNÞ
z 2. 1 1. 3 1. 1 1. 3 1. 4 281 221 141 172 200

� z 3. 3 2. 1 1. 7 2. 0 2. 2 281 221 141 172 200

x 2. 2 2. 2 3. 6 3. 1 3. 9 189 222 213 341 276

xy 2. 7 2. 7 4. 1 3. 0 2. 5 274 263 263 286 259
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The literature lacks algorithms for the localization of untethered intraocular

devices. In addition, because the microrobots will be controlled by a magnetic-

field-generation system surrounding the patient’s head, we are interested in com-

pact solutions that utilize a single stationary camera. In the following sections, we

will introduce the first intraocular localization algorithm, using a custom-built

stationary camera. Our approach is based on depth-from-focus [20]. Focus-based

methods do not require a model of the object of interest, but only knowledge of the

optical system. Applied in the eye, they could also localize unknown objects such as

floaters. As a result, our analysis need not be considered only in the scope of

microrobot localization, but is applicable on any type of unknown foreign bodies.

In the following, we will firstly evaluate different ophthalmoscopy methods with

respect to their advantages in imaging and localizing. Then, based on our results, we

will introduce a level-set tracking algorithm that successfully segments intraocular

microdevices in images. Finally, we will present a method for wide-angle intraocu-

lar localization.

13.4.1 Comparison of Ophthalmoscopy Methods

Our results are based on Navarro’s schematic eye [22] (i.e. an optical model based on

biometric data that explains the optical properties of the human eye). Navarro’s

schematic eye performs well for angles up to 70∘ measured from the center of the

pupil and around the optical axis. For greater angles, the biometric data of each patient

should be considered individually. Simulations are carried out with the OSLO optical

lens design software. Throughout this section, the object’s depth z is measured along

the optical axis. We begin by investigating the feasibility of imaging and localizing

intraocular devices using existing ophthalmoscopy methods.

13.4.1.1 Direct Ophthalmoscopy

In a relaxed state, the retina is projected through the eye optics as a virtual image at

infinity. An imaging system can capture the parallel beams to create an image of the

retina. In direct ophthalmoscopy the rays are brought in focus on the observer’s

retina [57]. By manipulating the formulas of [56] the field-of-view for direct

ophthalmoscopy is found as 10 ∘ (Fig. 13.17a).

Every object inside the eye creates a virtual image. These images approach

infinity rapidly as the object approaches the retina. Figure 13.18 (solid line) displays

the distance where the virtual image is formed versus different positions of an

intraocular object. In order to capture the virtual images that are created from

objects close to the retina, an imaging system with near to infinite working distance

is required. Such an imaging system will also have a large depth-of-field, and depth

information from focus would be insensitive to object position (Table 13.2).
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13.4.1.2 Vitrectomy Lenses

To visualize devices operating in the vitreous humor of phakic (i.e. intact intraocu-

lar lens) eyes, only plano-concave lenses (Fig. 13.17b) need to be considered [57].

Vitrectomy lenses cause the virtual images of intraocular objects to form inside the

eye, allowing the imaging systems to have a reduced working distance. Based on

data given from HUCO Vision SA for the vitrectomy lens S5. 7010 [23], we

simulated the effects of a plano-concave vitrectomy lens on Navarro’s eye

(Fig. 13.17b). This lens allows for a field-of-view of 40 ∘ , significantly larger than

the one obtainable with the method described in Sect. 4.1.1.

As shown in Fig. 13.18 (dashed line), the virtual images are formed inside the eye

and span a lesser distance. Thus, contrary to direct observation, imaging with an

1 2 3 4 5c6c 7100o1 2 3 4 5a10o 1 3 4 5b6b40o 2

a b c

Fig. 13.17 (a) Direct ophthalmoscopy with Navarro’s schematic eye [22]. (b) Ophthalmoscopy

with Navarro’s schematic eye with a vitrectomy lens [23]. (c) Indirect ophthalmoscopy with

Navarro’s schematic eye with a condensing lens [63] (#IEEE 2008), reprinted with permission
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Fig. 13.18 Image position versus intraocular object position for the direct ophthalmoscopy case,
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from the final surface of each optical system (5a, 6b, 7 respectively) (#IEEE 2009), reprinted with

permission
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optical microscope (relatively short working distance and depth-of-field) is possible.

The working distance of such a system must be at least 20mm. As depth-of-field is

proportional toworking distance, there is a fundamental limit to the depth-from-focus

resolution achievable with vitrectomy lenses.

13.4.1.3 Indirect Ophthalmoscopy

Indirect ophthalmoscopy (Fig. 13.17c) allows for a wider field of the retina to be

observed. A condensing lens is placed in front of the patient’s eye, and catches rays

emanating from a large retinal area. These rays are focused after the lens, creating

an aerial image of the patient’s retina. Condensing lenses compensate for the

refractive effects of the eye, and create focused retinal images.

We simulated the effects of a double aspheric condensing lens based on infor-

mation found in [63]. This lens, when placed 5mm from the pupil, allows imaging

of the peripheral retina and offers a field-of-view of 100 ∘ . As a result, it can be part

of an imaging system with a superior field-of-view than the ones described in

Sect. 4.1.1 and Sect. 4.1.2. The image positions versus the intraocular object posi-

tions can be seen in Fig. 13.18 (dashed-dotted line). A sensing system with a short

working-distance and shallow depth-of-field can be used in order to extract depth

information from focus for all areas inside the human eye. Depth estimation is more

sensitive for objects near the intraocular lens, since smaller object displacements

result in larger required focusing motions.

Dense CMOS sensors have a shallow depth-of-focus, and as a result, they can be

used effectively in depth-from-focus techniques. Based on Fig. 13.18, to localize

objects in the posterior of the eye a sensor travel of 10mm is necessary.

A 24 � 24mm2 CMOS sensor can capture the full field-of-view. The simulated

condensing lens causes a magnification of 0. 78 � 9 and thus, a structure of 100 mm
on or near the retina will create an image of 78 mm. Even with no additional

magnification, a CMOS sensor with a common sensing element size of

6 � 6 mm2 will resolve small retinal structures sufficiently. As a conclusion, direct

sensing of the aerial image leads to a high field-of-view, while having advantages in

focus-based localization.

In the following, we will use indirect ophthalmoscopy methods for tracking and

localizing intraocular microrobots.

13.4.2 Tracking Intraocular Microrobots

To track intraocular microrobots, we use the method presented in [10], which is

based on the framework developed in [54]. For successful tracking to occur, one

should evaluate the quality of different colorspaces with respect to the biomedical

application of interest. For example, in [18, 7, 61] the Hue-Saturation-Value (HSV)

colorspace is used, but in [10] it is shown that this is a not suitable colorspace in
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Fig. 13.19 Tracking using (a), (b) the R-G channels of the RGB colorspace without and with

thresholds, respectively, (c), (d) the Y-V channels of the YUV colorspace without and

with thresholds, respectively, (e), (f) the H-S channels of the HSV colorspace without and with

thresholds, respectively (# IEEE 2009), reprinted with permission
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which to track intraocular microdevices. Tracking in the best colorspace ensures

reduced vein segmentation; compare Fig. 13.19a with Fig. 13.19c and Fig. 13.19e).

After choosing the appropriate colorspace, thresholds that ensure the maximum

object-from-background separation are calculated. These thresholds help vanish the

erroneous vein segmentation, and lead to successful detection of the microrobot in

the images (Fig. 13.19b, d). If the selected colorspace/channel combination is not of

appropriate quality, the thresholds will cause the tracking to fail (Fig. 13.19e).

To further increase the segmentation accuracy, in [10], the statistical shape prior

evolution framework of [42] is adapted and used. Using shape information together

with the color information ensures diminished vein segmentation, as the misclassi-

fications are discarded by the shape information. Figure 13.20 compares tracking in

R-G, and tracking in R-G using shape information; when shape information is

incorporated the results are improved.

13.4.3 Wide-Angle Localization

With the tracking method of [10] we can robustly estimate the position of an

intraocular microrobot in images, successfully handling cases of occlusion and of

defocus. However, in order to perform accurate magnetic control, we need to know

its 3D position in the intraocular environment. Here, we present a method for wide-

angle intraocular localization using focus information. This method was first

introduced by Bergeles et al. [12].

13.4.3.1 Theory of Intraocular Localization

As previously stated, the condensing lens projects the spherical surface of the retina

onto a flat aerial image. Moving the sensor with respect to the condensing lens

focuses the image at different surfaces inside the eye, which we call isofocus

Fig. 13.20 Tracking using color information and color/shape information, for different frame

sequences (#IEEE 2009), reprinted with permission
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surfaces. The locus of intraocular points that are imaged on a single pixel is called

an isopixel curve. Figure 13.21a shows a subset of these surfaces and curves and

their fits for the system of Fig. 13.17c. The position of an intraocular point is found

as the intersection of its corresponding isopixel curve and isofocus surface.

The location of the isofocus surfaces and isopixel curves are dependent on the

condensing lens and the individual eye. The optical elements of the human eye can

be biometrically measured. For example, specular reflection techniques or interfer-

ometric methods can be used to measure the cornea [46], and autokeratometry or

ultrasonometry can be used to measure the intraocular lens [37]. Then, the surfaces

and curves can be accurately computed offline using raytracing. The sensitivity of

the isopixel curve and isofocus surfaces calculation with respect to uncertainties in

the knowledge of the parameters of the different optical elements is examined in

[13]. In theory there is an infinite number of isofocus surfaces and isopixel curves,

but in practice there will be a finite number due to the resolution of sensor

movement and pixel size, respectively.

The density of the isofocus surfaces for uniform sensor steps in Fig. 13.21a

demonstrates that the expected depth resolution is higher for regions far from the

retina. The isopixel curves show that the formed image is inverted, and from their

slope it is deduced that the magnification of an intraocular object increases farther

from the retina. As a result, we conclude that both spatial and lateral resolutions

increase for positions farther from the retina.

The isofocus surfaces result from the optics of a rotationally symmetric and

aligned system composed of conic surfaces. We therefore assume that they are

conic surfaces as well, which can be parametrized by their conic constant, curva-

ture, and intersection with the optical axis. Since the isofocus surfaces correspond

to a specific sensor position, their three parameters can also be expressed as

functions of the sensor position.
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Fig. 13.21 Simulation of the isofocus surfaces and isopixel curves for (a) indirect ophthalmo-

scopy with Navarro’s eye, and (b) indirect ophthalmoscopy with the model eye [31] (#IEEE

2009), reprinted with permission. The different isofocus surfaces correspond to the distance from

the lens to the sensor (dls), for uniform sensor steps of (a)� 1. 95mm, and (b)� 0. 7mm.

The isopixel curves correspond to pixel distances from the optical axis (dop), for uniform steps

of (a)� 2. 25mm, and (b)� 1. 75mm
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The isopixel curves are lines, and it is straightforward to parametrize them using

their slope and their distance from the optical axis at the pupil. Each isopixel curve

corresponds to one pixel on the image, and its parameters are functions of the

pixel’s offset (measured from the image center) due to the rotational symmetry of

the system. For the 2D case, two parameters are required.

In Fig. 13.22a–d the parametrizing functions of the isofocus surfaces and iso-

pixel curves are displayed. The conic constant need not vary (fixed at� 0. 5)

because it was observed that the surface variation can be successfully captured by

the curvature. For each parameter, we fit the least-order polynomial that captures its

variability. The parametrizing functions are injections (Fig. 13.22a–d), and thus, 3D

intraocular localization with a wide-angle is unambiguous.

13.4.3.2 Localization Experiments

As an experimental testbed, we use the model eye [31] from Gwb International, Ltd.

This eye is equipped with a plano-convex lens of 36mm focal length that mimics

the compound optical system of the human eye. Gwb International, Ltd. disclosed

the lens’ parameters so that we can perform our simulations. We also measured the

model’s retinal depth and shape.

The optical system under examination is composed of this model eye and the

condensing lens of Fig. 13.17c, where the refraction index was chosen as 1. 531.

The simulated isofocus surfaces and isopixel curves of the composite system,

together with their fits, are shown in Fig. 13.21b. Based on these simulations, we

parametrize the isofocus surfaces and the isopixel curves (Fig. 13.22e–h). The

behavior of the parameters is similar to the one displayed in Fig. 13.22a–d for

Navarro’s schematic eye. We assume an invariant conic constant of� 1. 05,

because the variability of the surfaces can be captured sufficiently by the curvature.

In order to calibrate the isofocus surfaces for their intersection with the optical

axis, we perform an on-optical-axis depth-from-focus experiment on the aligned

optical system. We use a Sutter linear micromanipulation stage to move a checker-

board calibration pattern in the model eye with 1mm steps, and estimate the in-

focus sensor position. The best focus position is estimated with techniques

described in [58]. The estimated sensor positions with respect to different object

depths can be seen in Fig. 13.23. The uncalibrated model fit is displayed with a solid

line, and, as can be seen, calibration is needed.

In the model eye, we can calibrate for the relationship between the in-focus

sensor position and the depth of the object using the full set of data points.

However, such an approach would be clinically invasive as it would require a

vitrectomy and a moving device inside the eye. The only minimally invasive

biometric data available are the depth and shape of the retina that can be measured

fromMRI scans [8]. Assuming that there are accumulated errors that can be lumped

and included as errors in the estimated image and object positions, it is shown in

[11] that by using a first-order model of the optics, calibration using only the depth

of the retina is possible. By adapting this method to our framework, we are able to
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biometrically calibrate for the parameters of the polynomial that describes the

intersection of the isofocus surfaces with the optical axis. The resulting fit can be

seen in Fig. 13.23.

The remaining two parameters of the isofocus surfaces control the shape of the

isofocus surfaces but not their position. The condensing lens is designed to create a

flat aerial image of the retinal surface, and our experiments have shown that we can

use it to capture an overall sharp image of the model eye’s retina. Therefore, we

conclude that there exists an isofocus surface that corresponds to the retinal surface,

and we consider it as the first surface. From Fig. 13.21b we see that the first isofocus

surface does indeed roughly correspond to the retinal shape (mean error¼ 371 mm).

As a result, calibration for the conic constant and the curvature is not needed. If our

model was not accurately predicting the shape of the retina, then we would calibrate

the parameters of the first isofocus surface so that is has exactly the same shape as

the retina.

To estimate the validity of the presented wide-angle localization algorithm, we

consider points in the model eye for various angles with respect to the optical axis

and various distances from the pupil. In Fig. 13.24, the results using the proposed

wide-angle localization algorithm are displayed. For comparison, we also show the

results based on the paraxial localization algorithm presented in [11] for angles up

to 10 ∘ from the optical axis. The paraxial localization results deteriorate as the

angles increase. However, the localization method proposed here can be used for

regions away from the optical axis with high accuracy.

To fully control untethered devices, their position and orientation (i.e. their pose)

must be estimated. Until now, we have only addressed position estimation. For the

estimation of orientation, methods exist for perspective projection systems [19].

These methods work by projecting an estimate of the 6-DOF pose of a CAD model
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of the device on the image, based on a calibrated camera projection matrix, and then

adapting the estimate of the pose until projection agrees with the perceived image.

It may be possible to apply similar methods for pose estimation of intraocular

objects. However, the estimates of the pose would be projected on the image by

making use of the isopixel curves. This topic is left as future work.

13.5 Conclusions

In this chapter we considered three topics in the design and control of intraocular

microrobots. First, we discussed functional coatings – both for remote sensing and

targeted drug delivery. We developed a wireless oxygen sensor, and we presented a

method to deliver clot-busting tPA to retinal veins. Next, we discussed magnetic

control. We showed that it is technically feasible to generate sufficient forces to

puncture retinal veins. Finally, we showed that it is possible to visually track and

then localize intraocular microrobots with a single stationary camera. The localiza-

tion results can be utilized in the magnetic control system. The groundwork has

been laid, and it won’t be long before intraocular microrobots change the way that

the most difficult retinal procedures are done.
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9. Bach, M., Oschwald, M., Röver, J.: On the movement of an iron particle in a magnetic field.

Doc. Ophthalmol. 68, 389–394 (1988)

10. Bergeles, C., Fagogenis, G., Abbott, J.J., Nelson, B.J.: Tracking intraocular microdevices

based on colorspace evaluation and statistical color/shape information. In: Proc. IEEE Int.

Conf. Robotics and Automation, pp. 3934–3939 (2009)

11. Bergeles, C., Shamaei, K., Abbott, J.J., Nelson, B.J.: On imaging and localizing untethered

intraocular devices with a stationary camera. In: Proc. IEEE Int. Conf. on Biomedical

Robotics and Biomechatronics (2008)

12. Bergeles, C., Shamaei, K., Abbott, J.J., Nelson, B.J.: Wide-angle intraocular imaging and

localization. In: Int. Conf. Medical Image Computing and Computer Assisted Intervention,

vol. 1, pp. 540–548 (2009)

13. Bergeles, C., Shamaei, K., Abbott, J.J., Nelson, B.J.: Single-camera focus-based localization

of intraocular devices. IEEE Trans. Biomed. Eng. 57, 2064–2074 (2010)

14. Berkowitz, B., Wilson, C.: Quantitative mapping of ocular oxygenation using magnetic

resonance imaging. Magn. Reson. Med. 33(4), 579–581 (1995)

15. Cao, X., Lai, S., Lee, L.J.: Design of a self-regulated drug delivery device. Biomed. Micro-

devices 3(2), 109–118 (2001)

16. Davis, S.P., Landis, B.J., Adams, Z.H., Allen, M.G., Prausnitz, M.R.: Insertion of micronee-

dles into skin: Measurement and prediction of insertion force and needle fracture force.

J. Biomech. 37, 1155–1163 (2004)

17. Dogangil, G., Ergeneman, O., Abbott, J.J., Pane, S., Hall, H., Muntwyler, S., Nelson, B.J.:

Toward targeted retinal drug delivery with wireless magnetic microrobots. In: Proc. IEEE/RSJ

Int. Conf. on Intelligent Robots and Systems, pp. 1921–1926 (2008)

18. Doignon, C., Graebling, P., de Mathelin, M.: Real-time segmentation of surgical instruments

inside the abdominal cavity using a joint hue saturation color feature. Real-Time Imaging 11

(5-6), 429–442 (2005)

19. Drummond, T., Cipolla, R.: Real-time visual tracking of complex structures. IEEE Trans.

Pattern Anal. Mach. Intell. 24, 932–946 (2002)

20. Ens, J., Lawrence, P.: An investigation of methods for determining depth from focus. IEEE

Trans. Pattern Anal. Mach. Intell. 15(2), 97–108 (1993)

308 O. Ergeneman et al.



21. Ergeneman, O., Dogangil, G., Kummer, M.P., Abbott, J.J., Nazeeruddin, M.K., Nelson, B.J.:

A magnetically controlled wireless optical oxygen sensor for intraocular measurements. IEEE

Sens. J. 8(1), 29–37 (2008)

22. Escudero-Sanz, I., Navarro, R.: Off-axis aberrations of a wide-angle schematic eye model.

J. Opt. Soc. A. 16(8), 1881–1891 (1999)

23. FCI Ophthalmics: (2009) S5. 7010 planoconcave lens [Online]. Available: http://www.fci-

ophthalmics.com/html/retina.html#lenses

24. Furlani, E.P.: Permanent Magnet and Electromechanical Devices. Academic Press,

San Diego, California (2001)

25. Galloway, N.R., Amoaku, W.M.K., Galloway, P.H., Browning, A.C.: Common Eye Diseases

and their Management, third edn. Springer, London (2005)

26. Geroski, D.H., Edelhauser, H.F.: Drug delivery for posterior segment eye disease. Invest.

Ophthalmol. Vis. Sci. 41(5), 961–964 (2000)

27. Ghazi, N.G., Noureddine, B.N., Haddad, R.S., Jurdi, F.A., Bashshur, Z.F.: Intravitreal tissue

plasminogen activator in the management of central retinal vein occlusion. Retina 23,

780–784 (2003)

28. Gillies, G.T., Ritter, R.C., Broaddus, W.C., Grady, M.S., Howard, M.A. III, McNeil, R.G.:

Magnetic manipulation instrumentation for medical physics research. Rev. Sci. Instrum.

65(3), 533–562 (1994)

29. Grady, M.S., Howard, M.A. III, Molloy, J.A., Ritter, R.C., Quate, E.G., Gillies, G.T.:

Nonlinear magnetic stereotaxis: Three-dimensional, in vivo remote magnetic manipulation

of a small object in canine brain. Med. Phys. 17(3), 405–415 (1990)

30. Gupta, P.K., Jensen, P.S., de Juan, E. Jr.: Surgical forces and tactile perception during retinal

microsurgery. In: Proc. Int. Conf. Med. Image Comput. and Comput.-Assisted Intervention,

pp. 1218–1225 (1999)

31. Gwb International, Ltd.: (2009) Model Eye (2mm pupil) [Online]. Available: http://www.

gwbinternational.com/model_eye.htm

32. Ishiyama, K., Arai, K.I., Sendoh, M., Yamazaki, A.: Spiral-type micro-machine for medical

applications. J. Micromechatronics 2(1), 77–86 (2003)

33. Iwase, E., Shimoyama, I.: Multistep sequential batch assembly of three-dimensional ferro-

magnetic microstructures with elastic hinges. J. Microelectromech. Syst. 14(6), 1265–1271

(2005)

34. Jagtap, A.D., Riviere, C.N.: Applied force during vitreoretinal microsurgery with handheld

instruments. In: Proc. IEEE Int. Conf. Engineering in Medicine and Biology Society,

pp. 2771–2773 (2004)

35. Jiles, D.: Introduction to Magnetism and Magnetic Materials. Chapman and Hall, London

(1991)

36. Khamesee, M.B., Kato, N., Nomura, Y., Nakamura, T.: Design and control of a microrobotic

system using magnetic levitation. IEEE/ASME Trans. Mechatron. 7(1), 1–14 (2002)

37. Kirschkamp, T., Dunne, M., Barry, J.C.: Phakometric measurement of ocular surface radii of

curvature, axial separations and alignment in relaxed and accommodated human eyes.

J. Ophth. Phys. Opt. 24(2), 65–73 (2004)

38. Kummer, M.P., Abbott, J.J., Kratochvil, B.E., Borer, R., Sengul, A., Nelson, B.J.: OctoMag:

An electromagnetic system for 5-DOF wireless micromanipulation. In: Proceedings of the

International Conference on Robotics and Automation (2010)

39. Kummer, M.P., Abbott, J.J., Vollmers, K., Nelson, B.J.: Measuring the magnetic and hydro-

dynamic properties of assembled-MEMS microrobots. In: Proc. IEEE Int. Conf. Robotics and

Automation, pp. 1122–1127 (2007)

40. Lakowicz, J.R.: Principles of Fluorescence Spectroscopy, 2nd edn. Kluwer Academic/Plenum

Publishers (1999)

41. Leng, T., Miller, J.M., Bilbao, K.V., Palanker, D.V., Huie, P., Blumenkranz, M.S.: The chick

chorioallantoic membrane as a model tissue for surgical retinal research and simulation.

Retina 24(3), 427–434 (2004)

13 Wireless Intraocular Microrobots: Opportunities and Challenges 309



42. Leventon, M.E., Grimson, W.E.L., Faugeras, O.: Statistical shape influence in geodesic active

contours. IEEE Int. Conf. Computer Vision and Pattern Recognition 1 (2000)

43. M. K. Tameesh et al.: Retinal vein cannulation with prolonged infusion of tissue plasminogen

activator (t-PA) for the treatment of experimental retinal vein occlusion in dogs.

Am. J. Ophthalmol. 138(5), 829–839 (2004)

44. Mathieu, J.B., Beaudoin, G., Martel, S.: Method of propulsion of a ferromagnetic core in the

cardiovascular system through magnetic gradients generated by an MRI system. IEEE Trans.

Biomed. Eng. 53(2), 292–299 (2006)

45. Meeker, D.C., Maslen, E.H., Ritter, R.C., Creighton, F.M.: Optimal realization of

arbitrary forces in a magnetic stereotaxis system. IEEE Trans. on Magnetics 32(2),

320–328 (1996)

46. Mejia-Barbosa, Y., Malacara-Hernandez, D.: A review of methods for measuring corneal

topography. J. Opt. Vis. Sci. 78(4), 240–253 (2001)

47. Mitchell, B., Koo, J., Iordachita, I., Kazanzides, P., Kapoor, A., Handa, J., Hager, G., Taylor,

R.: Development and application of a new steady-hand manipulator for retinal surgery.

In: Proc. IEEE Int. Conf. Robotics and Automation, pp. 623–629 (2007)

48. Mitra, A.K.: Ophthalmic Drug Delivery Systems. Marcel Dekker Inc., New York (2003)

49. Nagy, Z., Ergeneman, O., Abbott, J.J., Hutter, M., Hirt, A.M., Nelson, B.J.: Modeling

assembled-MEMS microrobots for wireless magnetic control. In: Proc. IEEE Int. Conf.

Robotics and Automation, pp. 874–879 (2008)

50. Park, J.H., Allen, M.G., Prausnitz, M.R.: Polymer microneedles for controlled-release drug

delivery. Pharm. Res. 23(5), 1008–1018 (2006)

51. Ratner, B.D., Hoffman, A.S., Schoen, F.J., Lemons, J.E. (eds.): Biomaterials Science:

An Introduction to Materials in Medicine, second edn. Elsevier Academic Press (2004)

52. Riviere, C.N., Ang, W.T., Khosla, P.K.: Toward active tremor canceling in handheld

microsurgical instruments. IEEE Trans. on Robotics and Automation 19(5), 793–800 (2003)

53. Shahid, H., Hossain, P., Amoaku, W.M.: The management of retinal vein occlusion:

Is interventional ophthalmology the way forward? Br. J. Ophthalmol. 90, 627–639 (2006)

54. Shi, Y., Karl, W.C.: Real-time tracking using level sets. IEEE Int. Conf. Computer Vision and

Pattern Recognition 2, 34–41 (2005)

55. Shonat, R., Kight, A.: Oxygen tension imaging in the mouse retina. Ann. Biomed. Eng. 31,

1084–1096 (2003)

56. Smith, G., Atchison, D.A.: The eye and visual optical instruments. Cambridge University

Press, Cambridge (1997)

57. Snead, M.P., Rubinstein, M.P., Jacobs, P.M.: The optics of fundus examination.

Sur. Ophthalm. 36(6), 439–445 (1992)

58. Sun, Y., Duthaler, S., Nelson, B.J.: Autofocusing in computer microscopy: selecting the

optimal focus algorithm. J. Microsc. Res. Tech. 65(3), 139–149 (2004)

59. Syms, R.R.A., Yeatman, E.M., Bright, V.M., Whitesides, G.M.: Surface tension-powered

self-assembly of microstructures—the state-of-the-art. J. Microelectromech. Syst. 12(4),

387–417 (2003)

60. Tang, W.M., Han, D.P.: A study of surgical approaches to retinal vascular occlusions.

Arch. Ophthalmol. 118, 138–143 (2000)

61. Tjoa, M., Krishnan, S., Kugean, C., Wang, P., Doraiswami, R.: Segmentation of clinical

endoscopic image based on homogeneity and hue. IEEE Int. Conf. Engineering in Medicine

and Biology pp. 2665–2668 (2001)

62. Tunay, I.: Modeling magnetic catheters in external fields. In: Proc. IEEE Int. Conf. Engineer-

ing in Medicine and Biology Society, pp. 2006–2009 (2004)

63. Volk, D.A.: Indirect ophthalmoscopy lens for use with split lamp or other biomicroscope

(1998). U.S. Patent 5,706,073

64. White, F.M. (ed.): Fluid Mechanics, 3rd edn. McGraw-Hill Inc., New York (1994)

65. Yang, G., Gaines, J.A., Nelson, B.J.: Optomechatronic design of microassembly systems for

manufacturing hybrid microsystems. IEEE Trans. Ind. Electron. 52(4), 1013–1023 (2005)

310 O. Ergeneman et al.



66. Yesin, K.B., Vollmers, K., Nelson, B.J.: Modeling and control of untethered biomicro-

robots in a fluidic environment using electromagnetic fields. Int. J. Rob. Res. 25(5-6),

527–536 (2006)

67. Zhang, L., Abbott, J.J., Dong, L.X., Kratochvil, B.E., Bell, D., Nelson, B.J.: Artificial bacterial

flagella: Fabrication and magnetic control. Appl. Phys. Lett. 94(064107) (2009)

13 Wireless Intraocular Microrobots: Opportunities and Challenges 311



Chapter 14

Single and Multiple Robotic Capsules

for Endoluminal Diagnosis and Surgery

Arianna Menciassi, Pietro Valdastri, Kanako Harada, and Paolo Dario

Abstract The present chapter illustrates robotic approaches to endolomuninal

diagnosis and therapy of hollow organs of the human body, with a specific reference

to the gastrointestinal (GI) tract. It gives an overview of the main technological and

medical problems to be approached when dealing with miniaturized robots having a

pill-like size, which are intended to explore the GI tract teleoperated by clinicians

with high precision, flexibility, effectiveness and reliability. Considerations on

different specifications for diagnostic and surgical swallowable devices are pre-

sented, by highlighting problems of power supply, dynamics, kinematics and

working space. Two possible solutions are presented with details about design

issues, fabrication and testing: the first solution consists of the development of

active capsules, 2–3 cm3 in volume, for teleoperated diagnosis in the GI tract; the

second solution illustrates a multiple capsule approach allowing to overcome power

supply and working space problems, that are typical in single capsule solutions.

Keywords Active locomotion � Biomechatronics � Biorobotics robotic surgery

� Capsule endoscopy � Endoluminal surgery � Gastrointestinal endoscopy � Robotic
endoscopy � Legged locomotion � Meso-scale robotics � Minimally invasive

gastroscopy � Modular robotics � Reconfigurable robotics

14.1 Introduction

The current generation of operating robots, which are really master–slave manipulators

based on existing industrial prototypes, will be replaced by a second generation that

meets more closely the requirements of minimally invasive and endoluminal access

therapy and surgery [1].
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The need for an advanced way to perform surgery is motivated by the progress of

diagnostic techniques (e.g. imaging technologies and screening tests), which allow

to discover pathologies at a very early stage and to treat them when they are limited

to a small area of the human body or even to few cells.

In this rapid evolution scenario, the most disruptive technologies consisted of

self-propelled robots for the investigation of hollow organs of the human body [2],

robotic mini-capsules to be swallowed naturally by the patients and teleoperated

from outside [3], micro-robots able to perform specific operations inside the human

body [4], flexible endoscopes enabling bimanual operations [5].

In all the previous examples, biorobotic technologies have been essential for

devising practical solutions, for designing systems centered around humans (i.e. the

patient and the medical doctor), and for restoring the link between the operator and

the patients, link that has become more and more weaker from traditional surgical

robots to current biomedical microrobots.

The authors have been developing for the last decade microrobotic devices

intended for a wireless inspection and treatment of the human body, giving priority

to the diagnosis and therapy of the gastrointestinal (GI) tract, that naturally allows

an endoluminal access, both from the mouth and from the anus. Starting from a

more diagnostic and screening approach, based on robotic pills with vision and

active locomotion abilities but limited therapeutic functions, they moved recently to

a more surgical-oriented approach, that has been demonstrated to be feasible by

exploiting multiple capsule solutions.

This chapter intends to give an overview on miniaturized endoscopic and

therapeutic devices for the GI tract, from the design to the testing phases. Specifi-

cally, the chapter illustrates typical problems in modeling, dimensioning and

conceiving micro-robots for endoluminal diagnosis and surgery.

The chapter is divided in four sections: this first section presents also a medical

overview of the problems related to diagnosis and therapy in the GI tract. The

second section focuses on wireless capsules for diagnostic purposes and simple

therapeutic applications, by presenting three different case studies: legged capsules

for colon inspection, swimming capsules for stomach diagnosis and clip release

capsules for simple therapeutics delivery. The third section illustrates an original

approach based on multiple swallowing capsules to be combined and reconfigured

inside the GI tract in order to build up a more complicated structure for inspection,

therapy delivery, and complete surgical tasks. Finally, conclusions are reported in

the last section.

14.1.1 Medical Overview and Organs Features

The GI tract is a long tube from mouth to anus that can reach 8 m in adults.

The diameter of this hollow organ ranges from 3 cm in the esophagus, up to 10 cm

in the stomach, with an average diameter of the small intestine and large intestine

respectively of 4 and 7 cm. Normally, the GI tract is collapsed and each object
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(i.e. food or device) that is introduced in the GI tract is completely wrapped by

intestinal tissues and it is moved forward by peristaltic waves. During traditional

endoscopy, tissue dilatation by air insufflation is extremely important in order to

obtain a correct distension of the intestinal wall and a complete visualization of the

internal mucosa. The development of wireless robotic systems for the inspection and

the intervention in the GI tract cannot proceed by neglecting the specific anatomy of

the organs. Inspection and intervention require mandatorily the distension of the

tissue: this distension can be obtained in the large intestine by mechanical means

integrated into a robotic capsule (e.g. small legs, protruding hooks, etc.), but it

cannot be easily obtained in the stomach because of its large diameter. On the

other hand, studies on human volunteers [Marc O. Schurr, personal communication]

have demonstrated that the stomach can be fully expanded by ingesting transparent

liquid (e.g. Poly-Ethylene Glycol, PEG), thus dividing the dilatation task from the

active locomotion task with major advantages in terms of actuating forces and

required energy, as better specified in the following section.

Based on the above considerations, the upper GI tract (UGI tract) and the lower

GI tract (LGI tract) can be featured as follows.

The UGI tract possesses a large diameter that cannot be fully expanded by

wireless devices without insufflating from outside. On the other hand, it can be

expanded by liquid ingestion, thus opening interesting possibilities for developing

swimming capsules for diagnostic purposes. In addition, pathologies of the UGI

tract and in particular stomach cancers located in the upper side of the stomach

(Fundus and Cardia) require more complicated and precise surgical tasks and the

operation site cannot be approached by a single capsule with a limited positioning

accuracy and limited volume. Consequently, endoluminal surgical robots com-

posed by several reconfigurable capsules can represent a viable alternative to

laparoscopic surgery of the stomach.

The LGI tract is more difficult to be investigated by traditional endoscopy (this is

true especially for the small intestine). Thus, traditional endoscopic interventions in

the LGI tract are quite simple (e.g. polyp resections or biopsy), and they do not

involve complex bi-manual operations. In addition, the limited average diameter of

the LGI tract opens the possibility to distension solutions based on single capsules

or on a maximum of two capsules. Finally, while liquid ingestion can contribute

dramatically to stomach dilatation, it cannot contribute to intestine dilatation since

all remaining fluids get absorbed in this final part of the LGI. Thus colonic tissue

distension must be obtained with different means (e.g. locomotion mechanisms

with the twofold task of locomotion and tissue distension).

The size, speed, and safety requirements for any capsule robot are primarily

determined by medical considerations. These are obtained from physicians in terms

of general objectives. Such objectives can then be taken into account when consid-

ering capsule design.

Medical considerations for capsule robot design include:

l Size. Ideally, a capsule robot should be small enough to swallow. However,

“swallowable” is somewhat challenging to define, because the maximum
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swallowable size varies from person to person. However, since commercial pill

cameras (e.g., the Given Imaging PillCamwhich is 11mm in diameter and 26mm

long) have been used in extensive clinical testing, any device that matches their

dimensions can be considered swallowable.
l Speed. A standard colonoscopy is completed in approximately 20 min to 1 h,

while a gastroscopy usually takes 30 min. It is desirable for a locomoting robot to

travel through the target organ in a similar time period.
l Safety. Contact with the walls of the target organ should cause no more damage

than the standard endoscopic procedure.
l Pain reduction. Air insufflation during standard colonoscopy causes abdominal

pain for the patient. Similarly, the presence of a rigid tube in the oesophagus

during gastroscopy is ill tolerated by the patient. For this reason, the capsule

should be wireless and have a locomotion system able to propel it without

insufflation.
l Functionality. Physicians must be able to visually observe the interior of the

target organ. More advanced goals include obtaining biopsies and delivering

treatments directly.

14.2 Robotic Capsules for Diagnosis and Simple Therapy

This section presents the design and development of capsules for diagnosis of the

GI tract, both the LGI tract (the legged capsule, Sect. 14.2.1) and the UGI tract (the

swimming capsule, Sect. 14.2.2). In addition, this section introduces also a capsule

device able to perform therapy in the GI tract, although in very specific cases and

with limited dexterity. This capsule is mainly intended for clip release in case of

internal wounds and it will be presented in Sect. 14.2.3. All this capsular platforms

will be discussed in Sect. 14.2.4.

14.2.1 Diagnostic Capsule for the Colon: The Legged Capsule

14.2.1.1 Design Considerations

The first problem to approach for developing a capsule for inspecting the colon

under an accurate supervision and teleoperation by the endoscopist is to provide it

with active on-board locomotion means.

A preliminary analysis of locomotion issues in the gut has been performed by

P. Dario et al. in [6]: it has been outlined how effective locomotion in a slippery and

deformable substrate – such as the human gut – must take into account the

biomechanics of the tissue, which is an extremely compliant, non-linear, visco-

elastic material, typically covered by a thick (up to 2 mm) layer of lubricant mucus,
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with a friction coefficient as low as 10�3. Taking into account the guidelines

provided by this preliminary study, a legged locomotion system was investigated

[7] as possible solution to the problem of locomotion in the gut. In fact, legged

locomotion offers several advantages in terms of:

– Good control of the trajectory thus allowing the capsule to pass over critical

areas without touching them.

– Better adaptability to the environment: thanks to legs, the capsule is adequate to

propel in anatomically and biomechanically different areas (stomach, small and

large intestine) featured by different average diameter.

– Simplified adhesion: by localizing the contact points in small areas (tip of each

leg) larger contact pressures can be achieved, thus producing a significant local

deformation. In this way high friction coefficient can be reached in the contact

points, thus improving the leg lever effect.

According to this analysis, a legged locomotion system for propelling an endo-

scopic capsule in the LGI tract should possess the following features:

– Two sets of legs, one in the front and one in the rear part of the capsule. The rear

set of legs must produce a thrust force for propulsion; the frontal set has the

function both to fix the capsule in its position (when the rear legs are retracted)

and to steer the capsule when approaching an intestine curve.

– At least one active degree of freedom (DoF), for moving the leg in the longitu-

dinal direction along the capsule body, and one passive DoF at the leg knee,

adjusting the leg to the compliance of the tissue. The ability of the capsule to

propel in the gut is strictly connected to the number of active DoF of its legs: a

larger number of DoF improve the locomotion performance, but reduces the

feasibility of a working prototype, due to the complexity of the actuation system

and to its low efficiency in miniaturized size.

– A propulsion force large enough to distend the tissue normally collapsed over the

capsule body.

The typical force necessary for locomotion has been estimated thanks to simula-

tions based on the theoretical model described in [8]. In fact, in order to accomplish

the design of an efficient legged locomotion system, simulations of the environment

and of the capsule interacting and deforming such an environment can help very

much. Simulations of the legged capsule locomotion have been performed by

considering the following issues:

– A capsule with four legs (in the rear part of the capsule) and with a frontal

balloon (used for helping the intestine dilatation) of about 3 cm in diameter.

– A tubular, compliant and slippery tissue as walking environment, with an

average diameter of 4 cm.

– A rower locomotion gait: the rear legs make an arc shaped course performing a

spanning angle of about 120� (Fig. 14.1).

In this condition, the simulation has revealed that:
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– A 0.25 N force per leg is necessary for distending the tissue and propelling the

capsule forward.

– In the simulated locomotion an accordion effect has been observed due to the lack
of a stopping mechanism in the frontal part of the capsule body, which could fix

the capsule in a specific point when the rear legs are in the closing phase.

14.2.1.2 Technical Solutions

The development of a legged endoscopic microcapsule for screening the LGI tract

is strictly connected to the availability of miniature and reliable actuation systems.

The main features for an actuation system to be integrated in a legged endo-

scopic capsule are the following:

– The compactness, for not increasing the size of the device whose overall volume

must be approximately 4–5 cm3

– The flexibility in terms of degrees of freedom (each leg should be provided with

one independent actuator)

– Be low power, being limited the power stored on-board the capsule and being

low efficiency the wireless power transmission

– Be intrinsically safe and biocompatible

By considering these basic requests, the authors initially selected Shape Memory

Alloy (SMA) wires, analyzed and modeled as in [9], as first actuation system.

Experimental tests revealed that the SMA actuation system is able to propel the

Fig. 14.1 Different positions of the legs in the simulation (# 2008 IEEE), reprinted with

permission [11]
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capsule only in a non-collapsed gut (i.e. insufflation from outside was necessary in

order to reduce the resistance of the tissue to the capsule advancement), because of

the low force provided by SMA based actuators at this small scale [10]. Moreover,

some problems related to heat transfer during functioning have been observed: heat

transfer was too low and, consequently, it was not possible to achieve high

frequencies of the gait cycle (no more than �2.7 cycles/min).

Another problem related to the SMA based version of the capsule was the power

consumption: a large amount of energy (6.64 J for cycle) is required to obtain a

feasible spanning angle (100�) with an exploitable propulsion force at the leg’s tip

of only 0.08�0.09 N. Finally, the SMA based solution was not reliable, making

difficult to perform a large number of experimental tests with the same prototype

without breaking problems.

For these reasons, a different actuation system for the legged capsule based on

one or more traditional electromagnetic motors has been selected [11]. The authors

developed a legged locomotion system embedded in a capsule (with a volume of

about 4.5 cm3) and actuated by a brushless minimotor. This device, represented in

Fig. 14.2, is provided with four superelastic legs, allowing large stroke advance-

ment in the gastrointestinal tract, and a CMOS frontal camera, for diagnostic

purposes.

A set-back of the 4-leg device is the slipping effect at the end of each leg action

cycle. This was only partly balanced by the friction enhancers on the surface of the

frontal balloon.

In order to avoid this effect, a second frontal set of legs has been considered.

Consequently, the 8-leg endoscopic capsule has been developed that includes

two microelectromagnetic motors and a gear system for actuating the legs (four in

the frontal part and four in the rear part of the capsule body) to obtain self

propulsion inside the LGI tract. The outer dimensions are 12 mm in diameter and

40 mm in length; a camera and an illumination system are included. The capsule is

connected to the external world by a small cable that is used for control and for a

power supply. All locomotion and visualization functionalities are onboard the

Fig. 14.2 Left: overall view of the four legged capsule prototype. Right: capsule with frontal

balloon and a detail of the spike pads (# 2008 IEEE), reprinted with permission [11]
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capsule. Actuation mechanisms are designed to independently open the two leg sets

in opposite directions, on the basis of their different functions (Fig. 14.3).

This additional set of legs counteracts the unintended backwards motion of the

capsule, as demonstrated in [12] and detailed in the following section.

Despite the successes of the 4-leg and the 8-leg prototypes in demonstrating the

promise of legged locomotion, a number of limitations remained. These include

dimensions incompatible with swallowing, and some difficulty traversing flexures

in the intestine, which we hypothesize was due to both capsule size and leg

placement. A new design was developed and described in [13], being it significantly

smaller; its mechanical components now match the dimensions of commercial pill-

cams. It also has 12 legs which are axially nearer the center of the capsule to

enhance turning. Leg tips when open are now also nearly equally radially offset

from one another, which aids in tissue distention (improving camera images) and

enhances locomotion (providing more evenly distributed points of contact with the

intestine). This new 12-leg design, pictured in Fig. 14.4, features two leg sets of six

legs each. This design is an important step toward an eventual pill-based

Fig. 14.3 A picture of the complete

legged capsule integrating the legs

Fig. 14.4 Prototype of 12-leg endoscopic capsular robot. The plastic rear module contains a

battery power supply, and will be optimized and miniaturized in future studies (# 2009 IEEE),

reprinted with permission [13]
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colonoscopy system, mechanically enabling legged locomotion in a pill-sized

device for the first time, and including enough legs to uniformly distend collapsed

colon tissue, enhancing visualization and locomotion efficiency. Details about

fabrication of this complex miniaturized robot are given in [14].

The mechanical module of the capsule alone is 25 mm in length in our design,

and the length of the capsule is 29 mmwhen the end caps and electronics they house

are included. If we also consider the volume required by a snap-on vision system for

capsular endoscopy, typically 300 mm3, the total length will be 33 mm. At these

dimensions, it is likely that only a certain percentage of the population will be able

to swallow the complete device.

Limitations and potentialities of this design are discussed below.

14.2.1.3 Legged Capsule Tests

Four different types of superelastic legs have been designed and tested with the 4-leg

prototype, with the objective to identify the best leg configuration for capsule

locomotion. Experimental results demonstrate that the device can travel in the

digestive tract with a typical speed ranging between 10 and 40 mm/min. Further

details are reported in [11].

The feasibility proof of the 8-leg capsule was pursued by extensive testing and

by following a rigorous medical protocol. The testing session was organized into

repetitive ex vivo trials and in vivo tests. The repetitive tests, represented in

Fig. 14.5, were performed for collecting reproducible data in various small series

of individual experiments in standardized conditions, thus defining the best loco-

motion parameters. In vivo tests were performed in a porcine colon: the capsule,

Fig. 14.5 Colonoscopic image of

the capsule inside the LGI phantom

model
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inserted transanally, traveled upward in the oral direction for 15 cm in about 5 min,

against peristalsis.

A dedicated set of experiments designed to evaluate the locomotion ability of the

12-leg capsule was performed using a closed, straight ex vivo model. The experi-

mental setup was the same as that used to evaluate previous legged capsule

prototypes, namely a fixture capable of holding a tubular structure such as the gut

at both ends. The colon specimen was fixed at both ends of the testbed, as shown in

Fig. 14.6. This setup also made it possible to adjust the path that the capsule

traverses by changing the height and the distance between the fixtures. We used a

configuration where the colon was freely suspended with its lumen collapsed. These

tests were performed with a wired power supply.

Using this setup, we conducted an experiment to compare tissue distension

capabilities of the capsule against those of our previous 8-leg design. Increasing

the number of legs and modifying their position so that the leg sets do not align

axially, distributes the radial forces more evenly, thus reducing the potential for

foot slippage and minimizing possible irritation to the lumen wall. As is clearly

visible in Fig. 14.7, the 12-leg capsule (Fig. 14.7b) distended the colon wall in a

more uniform manner than the previous 8-legged capsule (Fig. 14.7a).

Another set of experiments was carried out using a lower gastrointestinal tract

phantom model, consisting of an anatomical model of the abdominal, chest, and

pelvic cavities, with additional accessories for the simulation of organs (e.g. liver,

spleen, and sphincter). In addition, the model has fixtures aligned in the shape of

human mesentery for the attachment of ex vivo animal intestine. Fresh porcine

colon, obtained and preserved as described in the previous subsection, was attached

alongside the fixtures. Once fixed, the colon can be set up to simulate typical

anatomical characteristics, such as the angles and alignment of the sigmoid curve

and the sharpness of the left colonic flexure. We used the human-like large bowel

geometry model to verify the capsule capability in realistic human-like conditions,

as represented on the left side of Fig. 14.8.

Fig. 14.6 Straight phantom model (# 2009 IEEE), reprinted with permission [13]
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The capsule was able to propel itself through all the parts of the lower GI

phantom model, including the hepatic and splenic flexures, thus demonstrating

improved capability over the previous 8-leg capsule prototype. The capsule crawled

Fig. 14.7 Evaluation of colon wall distension when four (a) or six (b) legs are included in a single

leg set. External views of the capsules in the colon are shown in the left images, while endoscopic
views of the capsules inside the lumen are shown on the right (# 2009 IEEE), reprinted with

permission [13]

Fig. 14.8 Illustration of the Lower GI phantom model (left) and endoscopic view of the capsule

during locomotion in the colon (right) (# 2009 IEEE), reprinted with permission [13]
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with an average speed of 5 cm/min. Considering a mean length of 140 cm for the

entire colon, a full passage would take less than 30 min and is thus within the time

frame of a standard colonoscopy. An endoscopic picture of the capsule crawling in

the colon can be seen on the right hand side of Fig. 14.8.

14.2.2 Diagnostic Capsule: Swimming Capsule for the Stomach

14.2.2.1 Medical Prerequisites

The concept we propose in [15] for distending the stomach is based on an extended

bowel cleaning protocol as it is implemented before any regular colonoscopy.

A common scheme for preparation comprises the intake of 2–3 l of PEG solution

on the evening before the procedure and 1–2 l in the morning [16, 17]. Based on

the initial results described in the introduction, a serial trial among healthy volun-

teers was conducted to evaluate the feasibility of liquid distension with PEG.

The study protocol was reviewed by the Institutional Review Board (IRB) and

informed consent of the participants was gathered. Eleven subjects underwent

a preparation with 2 l of PEG solution on the day before the procedure. Additional

1 l was administered in the morning, 2 h before the examination. Capsule endoscopy

was performed using a PillCam SB (Given Imaging, Yoqneam, Israel). After swal-

lowing the capsule, 0.5 l of PEG solution were administered. The volunteers under-

went different posture changes to provoke position changes of the capsule. After 30

min, the intake of 0.5 l of PEG solution was repeated. The participants were asked for

discomfort on a subjective scale; when discomfort was reported, the procedure was

stopped. The feasibility of the procedure was determined by a predefined set of

parameters which included scales for wall visualization, debris and recognition of

predefined areas of key interest and bubble formation. Of the ten subjects that

completed preparation, visualization of the target areas was achieved in nine cases

(90%). It was preliminarily concluded that the oral ingestion of 0.5–1 l of liquid may

achieve the desired result without significant discomfort for the subject. Based on

these findings, PEG solution was considered adequate for this study [18]. Neverthe-

less, other visible light transparent agents, such as fiber solutions [19], can be

investigated in the future in order to improve patient’s acceptability.

14.2.2.2 Technical Solution

The use of a liquid to distend the stomach facilitates the development of an active

locomotion system for a wireless endoscopic capsule robot. In empty and undistended

state, the stomach is collapsed and represents a virtual cavity: thus an endoscopic robot

should first distend the tissue and then perform imaging, as described in [20]. Large

forces are necessary to achieve effective distension, which requires an amount of
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power supplied to the device that is impossible to store inside a swallowable volume.

Liquid distension of the stomach enables the use of smaller and less energy demanding

actuators, used just for locomotion and not for distension.

Given a target video pill size (typically 26 mm in length and 11 mm in diameter,

as the Given Imaging SB) and the hydrodynamic properties of PEG solution,

viscosity effects are negligible if compared to inertial forces, thus traditional

fluidodynamics is applicable to describe the capsule motion. Thus, we designed a

locomotion system [21] inspired by submarines, exploiting the high thrust capabil-

ity offered by propellers at this scale. Furthermore, propellers can be placed at the

back of the capsule and embedded within protective structures, thus avoiding

protruding parts.

Usually, a propeller is made up of sections of helicoidal surfaces which act

together “screwing” through the liquid environment. The number of blades per

propeller usually varies from one to five. Since both thrust efficiency on one hand

and induced vibrations on the other increase with the number of blades, three-blade

propellers are commonly used as a compromise.

A major and undesirable effect of propeller actuation is the induced roll torque.

The rotation of a propeller on its own axis induces an opposite rotation of the stator.

In an endoscopic capsule which holds the motor, this would induce the capsule to

roll, according to the conservation principle of angular momentum. The induced

roll torque should be avoided for endoscopic applications, since stable camera

images are highly desirable. An effective way to prevent this effect is to activate

pairs of counter-rotating propellers. To achieve this goal, particular care must also

be devoted to the winding of the single propellers. Having a left winding propeller

rotating clockwise and a second one, featuring a right winding, going anticlockwise

would balance the roll torque, thus resulting in a net forward propulsion. For this

reason the proposed device activates an even number of actuators both during

forward motion and steering. Four propellers are active if the capsule has to

move forward, while to achieve steering in one direction, the two propellers located

on the opposite side must be activated. The schematic in Fig. 14.9 shows that in

Fig. 14.9 Schematic representation of the capsule and its four propellers (# 2009 Taylor &

Francis) [15]
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order to propel the capsule upward, actuators M3 and M4 must be operated, while

M1 and M2 are off.

The proposed propellers activation strategy allows for a reliable three dimen-

sional locomotion if the capsule has a neutral buoyancy. Furthermore, the capsule is

able to hold its position when the propellers are idle, thus saving energy for static

target observation. In order to achieve a neutral buoyancy, the Archimedes force

and the weight force of the capsule in a fluid must be considered:

FA ¼ rflu gVflu (14.1)

FW ¼ rcap gVcap (14.2)

where rflu is the fluid density and rcap is the capsule density, while g stands for the
gravity acceleration, Vflu is the volume of fluid displaced and Vcap the volume of the

capsule. Three different conditions may occur when the capsule is completely

submerged (Vflu ¼ Vcap):

1. rflu < rcap ! th capsule would sink.

2. rflu > rcap ! the capsule floats on the liquid.

3. rflu ¼ rcap ! the capsule is in equilibrium, holding its position.

Therefore the density of the capsule must be properly trimmed in order to equal the

fluid density, thereby obtaining a neutral buoyancy for the device. This can be

achieved by selecting the proper compromise between capsule weight and volume.

Hardware Overview

The whole system is composed of two main functional units, namely the wireless

robotic pill and the human machine interface (HMI), as represented in Fig. 14.10.

Fig. 14.10 The external unit of the system and the endoscopic capsule located in a upper torso

simulator (# 2009 Taylor & Francis) [15]
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The endoscopic capsule is composed of several functional sub-modules integrated

inside a biocompatible shell. The capsule is wirelessly connected to the user console,

where the endoscopist can look at the real-time video stream coming from the

capsule image sensor, while controlling its motion by a joystick interface.

The capsular device, represented in Fig. 14.11, is composed by an actuation unit,

with four motors each connected to a single propeller, a vision module, an elec-

tronic board, including a wireless microcontroller and motor drivers, and a

rechargeable battery.

All the aforementioned units were assembled inside a cylindrical shell. The total

volume of the current device is 15 mm in diameter and 30 mm in length, with a shell

thickness of 0.5 mm. These dimensions can be further reduced down to a fully

swallowable size exploiting smaller motors, as detailed below. The shell is composed

of three main parts: a middle cylinder, a spherical cup on the front side, to host the

vision module, and a rear dome, where the propellers are located. Once those parts

were assembled together, all the junctions were sealed with epoxy glue in order to

guarantee waterproofing. Rubber rings were used to seal the cavities where the motor

shafts are located. The front and the rear domes are functionally and structurally

different. The first one is a transparent semi-sphere designed to house a vision system,

comprising illumination, optics and camera. The space allocated for the video module

is 450 mm3, currently more than the volume of the PillCam camera (without other

components). This space was left empty in the current prototype, since the main

purpose here was to design and validate the locomotion unit. A functional video unit

will be integrated as a future step. The rear part of the capsule is designed to connect

the propellers to the final section of the motor shafts, while preventing potentially

harmful collisions between the helixes and the organ walls.

As explained above, pairs of left and right winding three blade propellers were

selected for capsule locomotion. The diameter of the single helix is 3.8 mm and each

individual blade is 1.50 mm long. This dimensional range is sufficiently large to

consider inertial forces dominant over viscous ones, (i.e. high Reynolds numbers).

The outer shell and the propellers were manufactured in acrylic material (VisiJet

XT 200) by rapid prototyping (Invision Si2 by Inition). Specifically, the acrylic

Fig. 14.11 3D sketch of the

capsule and its internal

components (#2009Taylor&

Francis) [15]
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material is composed by urethane acrylate polymer (35–45%) and triethylene

glycol dimethacrylate ester (45–55%). To improve biocompatibility of the next

prototypes, we will adopt medical grade PEEK (Polyether Ether Ketone), thus also

achieving a significative improvement in mechanical properties and structural

robustness. The three blade propellers are illustrated in Fig. 14.12.

Due to the low forces required for navigating in a liquid environment, the

required torques can also be generated by relatively small electromagnetic motors.

Direct current (DC) motors (MK04S-24, Didel) were selected mainly for their small

size, low cost and easy operation. Each of the motors is 4 mm in diameter and 8 mm

in length with a weight of 0.7 g. Simple on/off control can be implemented with a

single digital line per motor.

A wireless microcontroller (mC) (CC2430, Texas Instruments), mounted on a

specifically developed circular electronic board (9.6 mm in diameter, 2.3 mm thick,

0.28 g of weight) together with motor drivers, was used to enable bidirectional

communication and control of the actuators. The miniaturized board, already tested

reliably through in vivo experiments [22], guarantees a very low power consump-

tion and safe levels of electromagnetic energy emission. A 31 mm long whip

antenna departs from the board and is embedded in the lateral part of the capsule

shell. Motor control is based on pulse width modulation (PWM) technique, thus

allowing to vary the speed of each motor by setting the duty-cycle of a digital signal

provided by the mC. Proper connections were already developed in the board for

vision and illumination control, in order to be used once those subsystems will be

integrated in the device. The code implemented on the mC for wireless motor

control allows a real-time operation of the device with a minimum refresh time of

0.15 s.

In every wireless active device, powering is a crucial issue both in terms of

volume occupied on board and in terms of operative lifetime. Wireless power

supply of the swimming capsule was investigated and preliminary results are

reported in [23]. This approach is able to provide an infinite operative lifetime,

but it requires a bulky external equipment which can hardly be used in a traditional

clinical scenario. Thus, we used Lithium Ion Polymer batteries (LiPo batteries),

having the highest energy density (200 Wh/kg) available for off-the-shelf

Fig. 14.12 Prototypes of

3-blades propellers (# 2009

Taylor & Francis) [15]
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components. In particular we used the LP20 from Plantraco, which is a 3.7 V LiPo

cell with a nominal capacity of 20 mAh, a weight of 0.75 g, and very small

dimension (17 � 10 � 3 mm). It is able to deliver a peak current of 400 mA, thus

allowing to drive all the motors at the same time at full speed. A unipolar magnetic

switch (A110� Family, Allegro MicroSystems, Inc) was integrated in the capsule

and used together with a permanent magnet to keep the wireless device in an idle

state, thus preventing a premature draining of current from the battery. Once the

magnet is removed from the capsule, the mC exits from the sleep mode and

establishes a wireless communication with the remote console.

The final prototype is reported in Fig. 14.13. As clearly visible from both

Figs. 14.11 and 14.13, a considerable amount of free space (1–1.5 cm3) is available

for reducing capsule size towards current swallowable passive devices.

External Console

In order to remotely operate the robotic capsule, a purposely developed external

transceiver must be placed nearby the patient, as shown in Fig. 14.10, and connected

to a Universal Serial Bus (USB) port of a personal computer (PC). This device is

composed by a CC2430EMmodule from Texas Instruments, allowing bidirectional

wireless communicationwith the capsule, and a USB/serial converter (FT232R from

FTDI) to properly interface the telemetricmodule with the USB port of the PC. Since

the external unit has no dimensional constraints, a 2.4 GHz Swivel antenna (Titanis,

Antenova) was used to guarantee good communication performances. In terms of

total polarization, the radiation pattern of this antenna is almost uniform in all the

three Cartesian planes.

In order to prevent interferences among different capsules, each of them is

programmed with a unique numerical identifier. The graphical HMI allows to

control the desired device by changing the identification number (“Unit ID”) inside

the panel named “power control”. The selected capsule can be placed in idle mode

Fig. 14.13 Assembled capsule (left); view of the internal components (right) (# 2009 Taylor &

Francis) [15]
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by switching the “power” button. Information coming from the remote device about

the battery status (“battery status” panel), the quality of the wireless link (“wireless

connection status”) and a feedback about the propellers activation are also dis-

played on screen (“speed and direction indicator “panel). Here, virtual LEDs

corresponding to a particular direction (up, down, left, right) turn on when the

capsule is moving. A vertical indicator reports the actual propellers speed, in

addition to a numerical value given for each actuator. The HMI is also able to

manage real-time video streaming, thus allowing the direct view of the gastric walls

(“visual feedback” panel). The user can control the capsule motion through a

commercial triaxial joystick (Cyborg evo, Saitek), commonly used for flight simu-

lators. Selective activation of propellers is controlled by the main lever, depending

on its inclination (e.g. referring to Fig. 14.9, M1 and M2 are activated by pushing

the joystick in the forward direction). Furthermore, the speed of the active propel-

lers is proportional to the lever inclination up to a limit that can be adjusted in the

“speed settings” panel of the HMI. The main button of the joystick triggers a battery

status request, while other functions can be assigned to remaining buttons as well,

depending on the peculiar application.

14.2.2.3 Experimental Results

Propellers thrust capability was experimentally evaluated in order to quantify the

speed and steerability in a liquid environment consisting of PEG solution [15].

Diagnostic speed (i.e. the normal speed that should be utilized to perform a

gastroscopy, thus allowing a good control in a small volume) is between 0 and

5–7 cm/s and can be set from the graphical HMI by setting the PWM control signal

to 5–10% of duty cycle.

Traditional gastroscopy performed by the endoscopist using a gastroscope takes

several minutes, that are required to advance the endoscopic tube along the oesoph-

agus to stomach and to inspect the tissue (5–15 min, depending on the patients’

behaviour and medical doctor’s ability, and not considering pre-diagnosis time). An

effective inspection of a volume comparable with the distended gastric cavity can

be achieved with the proposed device in a similar timeframe, but with a dramati-

cally reduced invasiveness. In terms of battery lifetime, the capsule is able to be

actively controlled for more than 30 min at diagnostic speed (1.5 cm/s) with a mean

current consumption below 40 mAh. During this time, a complete scan of a volume

comparable to a human stomach can be achieved by directing the capsule frontal

part towards all the regions of the inner surface of such a volume. Current con-

sumption decreases to less than 1 mAh in power down mode, when the capsule is

maintained in idle mode by the magnetic switch. This allows the capsule to be

maintained in idle mode until the moment of medical examination, similarly to

Given Imaging capsules. Once the gastric inspection is over, the motor can be

switched off and the capsule would naturally proceed toward the anus.

Tridimensional locomotion was qualitatively and quantitatively evaluated. Once

capsule neutral buoyancy (as visible in Fig. 14.14) was assessed, free swimming
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was performed in tanks of different sizes and in flexible low density polyethylene

(LDPE) containers, having a volume comparable with a liquid distended stomach

(15 � 8 � 8 cm, that is 0.9 l). The liquid medium was PEG solution, according to

medical requirements described before.

It was possible to control and orient the capsule head towards all the regions of

the inner surface of the tank, running it at 1.5 cm/s speed within 30 min from the

beginning of the procedure. For a quantitative evaluation of the steering, the

steering radius was assessed. The steering or turning radius of a steerable device

is the radius of the smallest circular turn radius that the device is able to achieve.

The capsule has a normal tight turning radius varying from 2 to 4 cm, depending on

capsule speed, in every direction. Afterwards, several circular targets were placed

inside a liquid filled tank (25 � 18 � 11 cm) at different coordinates to quantify

tridimensional locomotion accuracy and steerability. The targets (Fig. 14.15) are 25

mm in diameter rings located at three different height stands (43, 65, 80 mm from

the basement to the centre of the ring). Few training time is required to have a

precise control of the capsule. Ten beginners users were able to move the capsule to

any desired area inside the tank after an average of 5 min of use. The mean speed of

the capsule during those trials was 1.5 cm/s. Each of the users was able to control

the capsule through at least one target, as shown in Fig. 14.16, within 30 min of

practice. This kind of test aimed to assess the robustness of control and the steering

ability of the device.

Further tests were performed on two 40 kg female pigs. The experiments were

carried out in a specialized experimental animal facility, with the assistance and

collaboration of a specially trained medical team in compliance with the regulatory

issues related to animal experiments.

The capsule was introduced into the stomach through a traditional endoscopic

procedure, using a commercially available capsule delivery device (AdvanCE™,

US Endoscopy) with a purposely developed distal container, as represented in

Fig. 14.14 Neutral buoyancy with idle motors (# 2009 Taylor & Francis) [15]
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Fig. 14.17. After capsule releasing, stomach was distended with liquid PEG,

according to the medical protocol.

During the first session, the wireless link was not continuous, thus causing an

unreliable capsule control. This occurred mostly when the capsule was moved to

the dorsal wall of the stomach, thus maximizing the distance between the capsule

and the external receiver. In order to improve capsule performance, the on-board

Fig. 14.15 Detail of the ring-shape targets and comparison with the capsule (# 2009 Taylor &

Francis) [15]

Fig. 14.16 Consecutive frames displaying a complete passage through the medium-height target

(# 2009 Taylor & Francis) [15]
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antenna was positioned in the centre to prevent contact with the shell and length

was doubled, passing from a fourth to half of the wavelength. Then, a reliable

wireless link was successfully established. This enabled a real-time propellers

activation and control, thus performing different locomotion tasks. The procedure

was followed real-time by the endoscope in order to assess the effective controlla-

bility of the device towards different areas. The capsule was successfully directed

from the pylorus to the cardia at low speed (1.5 cm/s), thus assuring enough stability

for images acquisition. The total duration of the procedure was below 30 min.

Further experiments will be performed exploiting the direct view from the camera

that will be integrated as a future step. Figure 14.18 shows two endoscopic pictures

taken during animal experimentation.

14.2.3 Capsule for Simple Therapeutic Tasks: Clipping Capsule

Performing surgical tasks by using a single swallowable capsule is very challeng-

ing, consequently we have to define precisely which therapeutic tasks to address,

because different therapeutic tasks require different capsule versions. However,

only very simple tasks (e.g. biopsy) can be possible given the very limited dexterity

of single capsules.

The device proposed in [24], illustrated in Fig. 14.19a, has cylindrical shape,

with a diameter of 12.8 mm and a length of 33.5 mm, and embeds an electromag-

netic motor, a bidirectional wireless communication platform, and four permanent

magnets arranged symmetrically on the external surface. A purposely developed

mechanism, actuated by the on-board motor, allows the releasing of a surgical clip

once the proper command is issued by the external human machine interface

(HMI), running on a personal computer (PC) (Fig. 14.19b). A dedicated transceiver,

Fig. 14.17 Capsule insertion into the releasing device (# 2009 Taylor & Francis) [15]
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connected to a standard Universal Serial Bus (USB) port of a PC, allows wireless

communication with the robotic capsule.

The surgical clip [25, 26] used in this work (“Over-the-scope” clip (OTSC)), is

made of Nitinol, a biocompatible superelastic shape-memory alloy, and it is

designed to be placed over the tip of a flexible endoscope without limiting the

field of view of the vision system. It is important to underline that a slightly

different design of the mechanism actuated by the motor would allow the deploy-

ment of different clips [27] or the accomplishment of a different surgical task, such

as biopsy or controlled drug delivery, depending on the intended application.

Although the current capsule prototype does not include a vision system, proper

space (about 300 mm3) has been allocated in the capsule front side, in between the

clip jaws, for the future integration of a camera module having almost the same

volume of the Given Imaging SB1 one [28]. This would not affect the final size of

the device.

Fig. 14.18 Animal experiments: Four propeller rotating (left); frontal-upper view (right) (# 2009

Taylor & Francis) [15]

Fig. 14.19 (a) A picture of the clipping capsule having the OTSC clip loaded. (b) HMI and USB

transceiver (bottom left corner) allowing wireless communication with the capsule (# 2008 Georg

Thieme Verlag KG), reprinted with permission [24]
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In the devised procedure, first the clip is loaded onto the capsule, then the device

is swallowed by the patient. Once it reaches the target area, the position of the

capsule is adjusted toward the precise location to be treated by external magnetic

steering. An external permanent magnet (Sintered NdFeBmagnets, B&W Technol-

ogy & Trade GmbH, China) is currently used for this purpose. It is a cylinder with a

diameter of 60 mm and a length of 70 mm, placed on a hydraulic passive arm and

controlled manually by the medical operator, in the fashion of an ultrasound probe.

The arm allows high precision rotations and tridimensional movements of the

magnet in the space surrounding the patient’s abdomen. Thanks to this kind of

external locomotion, the capsule can be maneuvered through the entire colon with

high precision and good reliability.

The proper positioning of the capsule can be assessed thanks to the on board

vision system or by external imaging systems, e.g. fluoroscopy. Once the clipping

capsule is properly positioned toward the target spot, the releasing command can be

issued by the human machine interface (HMI) and wirelessly transmitted to the

capsule, which immediately deploys the clip. As soon as this procedure is accom-

plished, the capsule can be magnetically driven away from the operative scenario

and left in the gastrointestinal tract for a natural expulsion.

In a first initial set of ex vivo phantom trials, we assessed the functionality of the

wireless therapeutic capsule and the steering ability by means of a magnetic arm.

Afterwards, we validated the therapeutic capsule with an in vivo experiment.

14.2.3.1 Experimental Results

Lower GI Phantom Model

The lower gastrointestinal tract (LGI) phantommodel is a standard training phantom

as illustrated in Fig. 14.20a. It consists of an anatomical model of the abdominal,

chest and pelvic cavities with additional accessories for the simulation of organs

(e.g. liver, spleen and sphincter). In addition, the model has fixtures aligned in the

shape of human mesenteries for the attachment of ex vivo animal intestine. Fresh

porcine colon was attached alongside of the fixtures. Once fixed, the colonwas set up

to simulate typical anatomical characteristics such as the angles and alignment of the

sigmoid curve and the sharpness of the left colonic flexure.

As mentioned above, the external magnet was fixed at the end of a massive metal

arm-like framework, visible in Fig. 14.20b. The purpose of the arm was to facilitate

a simple positioning of the magnet by the medical doctor.

The robotic capsule was prepared for introduction into the colon by using a latex

cover in order to secure waterproofing. The capsule was inserted into the sigmoid

section of the LGI phantom and steered by means of the external magnet to a

specific target, identified by a surgical suture at a distance of 3 cm before the left

flexure. After approaching the target, the capsule head was pushed upright into the

colonic wall. The pushing manoeuvre was performed by reducing the distance

between the external magnet and the capsule. Then the releasing signal was issued
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through the HMI and the clip was delivered in place. For guidance and observation,

a conventional flexible endoscope (Pentax Medical, 102 Chestnut Ridge Road,

Montvale, NJ, 07645-1856 USA) was introduced into the colon and manoeuvred

to the suture knot.

The wireless therapeutic capsule was successfully assessed and showed all

functions were working. The wireless releasing of clip, locomotion and positioning

of capsule was demonstrated in the experiment. The releasing of the clip was

instantly performed. The locomotion was effective and fast. The positioning of

the capsule was precise and the designated target could be reached. It took from 3 to

4 min to get the desired location, while the positioning of the capsule up straight to

the marker was accomplished in a time ranging from 2 to 3 min. Two sessions of

five trials each were performed and all clips were successfully released.

In vivo Animal Model

After completion of the phantom trials, the capsule was assessed in an in-vivo

experimental session, with the aim of testing the effectiveness of approaching a

bleeding in the colon, finely positioning the capsule before releasing the clip,

remotely controlling the deployment of the surgical clip, and finally moving the

wireless device away from the operating scenario.

The feasibility study was performed with a domestic female 50 kg pig. The

experiments were performed in an authorized laboratory, with the assistance and

collaboration of a specially trained medical team, in accordance to all ethical

considerations and the regulatory issues related to animal experiments. The capsule

was observed by using a flexible endoscope, which was maintained quite far from

the operative location, in order not to affect positioning and locomotion of the

wireless capsule.

Fig. 14.20 (a) LGI phantom model before the experiment. (b) LGI phantom model during the

experiment, with the external permanent magnet and the transceiver clearly visible (# 2008 Georg

Thieme Verlag KG), reprinted with permission [24]
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After intravenous sedation of the animal and preparation of the bowel by water

enemas, the capsular device was inserted transanally up to 15 cm from the anus.

A bleeding lesion was induced by using a biopsy grasper (Fig. 14.21a). The capsule

was moved towards the target by external magnetic locomotion (Fig. 14.21b). As

soon as the capsule was correctly positioned (Fig. 14.21c, d), the releasing com-

mand was delivered, the clip was placed (Fig. 14.21e) and the capsule was moved

away by magnetic control (Fig. 14.21f).

The capsule locomotion and positioning was as good as in the ex vivo experi-

ment. The clip was released successfully on the desired target. After releasing, the

capsule was easily moved away by magnetic locomotion to the rectum. The clip

was still in place until the end of the experiment. The amount of grasped tissue is

satisfactory, even if lower than in the case the standard endoscopic clip releaser [26]

is used. A single in vivo trial was performed: in fact, since our main goal was to

assess the feasibility of the proposed approach. Further in vivo tests will be

performed once we will have a vision system integrated on the capsule.

Fig. 14.21 (a) Biopsy grasper inducing a bleeding lesion in the colon wall; (b) the capsule

approaching the target; (c) magnetic positioning of the capsule on the target; (d) capsule before

clip releasing; (e) clip was applied; (f) capsule without clip moving away from the target (# 2008

Georg Thieme Verlag KG), reprinted with permission [24]
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14.2.4 Discussion on Capsules for Diagnosis and Simple Therapy

14.2.4.1 Diagnostic Capsule for the Colon: The Legged Capsule

Power is an important consideration for a capsule robot such as ours. Up to now, the

capsule was connected to external power using wires. Eliminating them is an

important challenge in future capsule robot design. Average power required for

locomotion of our capsule was experimentally measured to be 430 mW, and the

vision system we have used on previous capsules requires 180 mW for real-time

streaming image transmission at video graphics array (VGA) resolution. Consider-

ing a 3.3 V supply, the average current required by the capsule under full load will

be 184 mA. This implies that a 100 mAh battery would provide enough energy to

complete an entire 30 min colon transit.

Note, however, that this calculation is somewhat conservative, since peristalsis

will assist the capsule’s motion, and may even be intentionally harnessed during

portions of the journey that are not of interest to the desired diagnostic procedure.

Commercial batteries having a nominal capacity of 120 mAh would provide a

margin of safety and the ability to capture additional images of other parts of the GI

tract. The smallest examples of such batteries (e.g., the TLM-1030 from Tadiran,

Israel) are generally approximately the same size as the capsule itself (10 mm

diameter by 30 mm long). Such a battery is encapsulated in a trailing plastic module

shown attached to the capsule in Fig. 14.4. Whether this bimodular power solution

will be accepted by both the medical community and patients themselves is an

important issue that the authors are currently carefully evaluating.

Another promising potential solution is wireless power delivery, as described in

[23]. This approach could be implemented by using an external coil together with

three small coils integrated inside the locomotion module. A continuous energy

transfer can be used to feed the different subsystems or can be stored onboard in a

rechargeable battery or a capacitor.

Another area of potential future research is in gait design. The locomotion gait

used in this paper is essentially open-loop motion coordination, where time and

angular delays account for dynamic effects in the gait, allowing them to die out

before the next step. A dynamic model of foot–colon interaction has the potential to

improve capsule locomotion, and will be studied in future work.

14.2.4.2 Diagnostic Capsule: Swimming Capsule for the Stomach

The use of PEG to distend the stomach and the relaxation of constraints for

powering and torque, enables the integration of all the required components in a

swallowable volume. Inside an external pill-shaped shell, the system comprises

four motors and propellers, a wireless mC for control and telemetry, a rechargeable

battery and a magnetic switch. The capsule is able to move in all directions inside

the stomach under wireless control by the medical doctor. From a dedicated HMI,
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the endoscopist is able to watch a real-time image stream, coming from the camera

that will be integrated on board, and to control the capsule towards interesting areas,

by using a triaxial joystick. The HMI also allows to set the essential operative

parameters and to get the battery status, the wireless link quality and a feedback

about propellers activation. The proposed system was tested in a stepwise approach

comprising in vitro, ex vivo and in vivo experiments. In vitro trials consisted of

qualitative and quantitative performance evaluation. Freestyle swimming was fea-

sible inside tanks with different sizes and in flexible LDPE containers. High

precision of movements can be achieved by the joystick control, enabling a fine

locomotion of the capsule through small ring-shaped targets. Preliminary tests on

ten subjects were performed to assess HMI intuitiveness. Ex vivo trials confirmed

the feasibility of propelled capsule solution, allowing smooth locomotion inside an

explanted porcine stomach. Afterwards, animal experiments were performed, and

tridimensional locomotion of the capsule inside the stomach was tested. The

capsule size was small enough to be safely introduced through the mouth and the

esophagus of a 40 kg pig using a readily available endoscopic capsule delivery

system. Some problems related to the telemetric link quality were encountered and

successfully solved during development and testing phases. Further in vivo tests

will be necessary to validate the system once the vision module is integrated on

board.

Regarding future work, several steps are still required to have a full functioning

device. Further miniaturization of the overall capsule can be achieved by using DC

brushless miniaturized motors (SBL02-06, Namiki), 2 mm in diameter and 6.5 mm

in length with a weight of 0.12 g, thus reducing the volume of the four motors down

to 82 mm3 rather than 402 mm3. The control of brushless motors can be achieved

with the same control board used for the current prototype. Our next main target is

to include a real-time video module on the front part of the capsule.

The imaging system must be light and compact, providing a sufficient depth of

focus to observe the entire gastric cavity with a good resolution (VGA) and at high

frame rate (at least 20 frames per second to control the active motion, according to

medical advices). An adjustable-focus system would enable the acquisition of sharp

images regardless of distance between the camera and the target, also allowing a

better understanding of depth for control [29]. The imaging module integration will

lead to the development of an autonomous and innovative endoscopic system for

the stomach. A full and controlled inspection of this peculiar district, at the best of

authors’ knowledge, is still not covered by any commercial solution for capsular

endoscopy. Once the design, including the camera, will be fully defined, different

fabrication techniques, such as shape deposition manufacturing (SDM), as in [30],

may be investigated in order to improve waterproofing and decrease fabrication

costs.

The development of a wireless device for active capsular endoscopy in the

stomach holds great promise for improving patient comfort during gastroscopic

exams and might thereby increase the number of people undergoing targeted

screening programs. The development of such device would pave the way to new

perspectives regarding non-invasive diagnostic procedures inside the stomach.
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14.2.4.3 Therapeutic Capsule: Clipping Capsule

To the best of the authors knowledge [24], presents for the first time a completely

wireless therapeutic capsule for treatment of diseases in the GI tract. In this

particular application, wireless clip releasing was demonstrated, however the

same technological platform can be easily adapted to other tasks by simply mod-

ifying the internal mechanism.

The current version of the capsule (cylindrical shape having diameter of 12.8

mm and length of 33.5 mm) doesn’t have a swallowable size yet. However, thanks

to a fully scalable design [31], the next prototype will be almost half of the size, thus

enabling oral ingestion. Vision system has not been implemented in the current

prototype, but the required volume has been allocated in the capsule for future

integration without any significant increase in size.

The results reported in this paper look promising for a wireless treatment of

bleeding in the GI tract; however we need further investigation to understand if the

released clip may have an effective haemostatic capability in real situations.

The proposed device can also be used to mark suspect areas of the GI tract or for

NOTES (Natural Orifice Transluminal Endoscopic Surgery) procedures as a port-

closure device. For this purpose the capsule must be equipped with tissue manipu-

lation tool in order to approximate the tissue into the clip.

A possible scenario that can be envisaged may take advantage of pre-operatory

images, acquired by magnetic resonance imaging or by a tomography scanner,

together with robotic steering by the external permanent magnet [32]. In this way

the patient would have just to swallow the surgical pill and then a fully automated

procedure may be started, thus minimizing invasiveness and discomfort. This

approach may have a disruptive potential similar to WCE, since it would enable

for the first time capsular surgery by swallowable untethered devices.

Furthermore, the proposed approach would enable to stitch or clip the endo-

scopic capsule to the wall of the stomach so that prolonged examinations of

bleeding ulcers or varices become possible. Long-term endoscopy with wireless

endoscopes attached to the wall of the gut seems an obvious way to improve the

management of gastrointestinal bleeding and other disorders, as envisaged in [33].

14.3 Multi-Capsule System for UGI Tract Internal Surgery

The single capsule approach is being studied mainly for the pathologies in the LGI

tract and the diagnosis in the UGI tract. In order to enhance the dexterity of the

conventional endoscopic tools and perform screening and interventions in the UGI

tract (especially in the stomach), many advanced endoscopic devices have been

developed worldwide. The new surgical procedure called Natural Orifice Translu-

menal Endoscopic Surgery (NOTES) is also accelerating the development of

innovative endoscopic devices [4, 34]. These devices are promising for the future

development of minimally invasive and endoluminal surgery. However, advance
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endoscopes with some miniaturized arms have poor dexterity; the diameter of such

arms must be small to be inserted through an endoscopic channel (2–4 mm in

general), resulting in a small force generated at the tip.

Based on the above motivations, a reconfigurable modular robotic system is

proposed to overcome the intrinsic limitations of a single-capsule or endoscopic

approach [35]. In the proposed system, miniaturized robotic capsules are ingested

and assembled in the stomach cavity, and the assembled robot can change its

configuration according to the target location and target task. The multi-capsule

approach therefore facilitates the delivery of more components inside a body cavity

that has small entrance and exit, i.e. stomach. The robotic reconfiguration allows

the precise positioning of the vision and therapeutic tools which can cooperate to

perform complicated surgical tasks.

The multi-capsule modular surgical robot is interesting as a feasible application

of self-reconfigurable modular robots as well as an innovative surgical robot. After

the first modular robot was introduced in 1988 [36], many self-reconfigurable

modular robots have been studied worldwide [37, 38]. The objective of the self-

reconfigurable modular robots is to be robust and adaptive to the working environ-

ment. Therefore, most of them are designed for exploration or surveillance tasks,

thus having no strict constrains of the number of modules, modular size and

working space. So far, there have been no reconfigurable modular robots for

surgical use reported in the literature to the best of the authors’ knowledge. Having

a specific application and the GI tract environment, the proposed system raises

many issues that have not been discussed well in the modular robotic field. For

example, the modular miniaturization down to the ingestible size is one of the most

challenging goals for the medical application.

14.3.1 Clinical Setting and Constraints

The clinical target for the multi-capsule surgical robotic system can be the entire GI

tract, i.e. the esophagus, the stomach, the small intestine and the colon. Among the

many GI tract pathologies that can benefit from the multi-capsule features, biopsy

of early cancer on the upper side of the stomach (the Fundus and the Cardia) was

defined as the surgical task to be focused on.

Stomach cancer is the second leading cause of cancer death worldwide [39] and

stomach cancer located on the upper side of the stomach has a worse outcome in

terms of the 5-year survival ratio [40]. Thus, early diagnosis of the cancer utilizing

an endoluminal robotic device may lead to a better prognosis. In addition, this target

is good for demonstrating the advantages of the multi-capsule modular approach.

The large space in the stomach, whose volume is 1,400 ml when distended,

provides the working space to assemble the ingested robotic capsules and change

the topology of the assembled robot inside (i.e. self-reconfiguration). The assem-

bled robot can change its topology to reach the upper side of the stomach, while a

single capsule is not capable of reaching this district due to the absence of this kind
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of locomotion ability. Having multiple functional capsules such as a camera and

forceps, the assembled robot may perform precise surgical tasks that a single

capsule endoscope is not capable of conducting.

Concerning the clinical constraints, each capsule should be small enough to be

swallowed and pass through the whole GI tract as described in the specifications for

a single capsular device. Each module should be minimized down to the size of

commercial endoscopic capsules (11 mm in diameter and 26 mm in length) to be

used in the clinical cases.

14.3.2 Robotic Scheme

Because the proposed multi-capsule surgical robotic system has new features that

have rarely been studied in surgical robotics or modular robotics, two robotic

schemes are being proposed and investigated in parallel: the first one is the

homogeneous scheme [41] where all modules are identical except for one or two

surgical or diagnostic modules (Fig. 14.22a). In this scheme, the identification and

control of each module can be allocated after all modules are connected in any

sequence. The advantage of this scheme is the simplicity in assembly, while the

disadvantage is that it is effective only for simple tasks. The second robotic scheme

is the heterogeneous scheme where each module can be different (some of them can

be identical as well). As an example, Fig. 14.22b illustrates modular topology

consist of a central branching module, structural modules and functional modules

for diagnosis and/or intervention. The assembly process for this robotic scheme is

more difficult because the assembling sequence should be realized as planned. On

the other hand, this scheme may provide more dexterous manipulation to achieve

complex surgical tasks.

Fig. 14.22 Multi-capsule robotic scheme (a) homogeneous scheme (b) heterogeneous scheme
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The design, prototyping and evaluation of the robotic modules only for the

heterogeneous scheme are described below.

14.3.3 Proposed Surgical Procedures

Figure 14.23 shows the surgical procedures for the proposed multi-capsule surgical

robot. Prior to the surgical procedure, the patient drinks a liquid to distend the

stomach. Next, the patient ingests 10–15 robotic modules, and then the swallowed

modules complete the assembling process before the liquid naturally drains away

from the stomach, which is in 10–20 min. Magnetic self-assembly using permanent

magnets in a liquid has been chosen since its feasibility has been demonstrated in

literature [42]. Soon after the assembly, the assembled robot configures its topology

as planned based on a preoperative planning. Self-reconfiguration can be achieved

if necessary by repeated docking and undocking of the modules (the undocking

mechanism and electrical contacts between modules are necessary but they have

not been implemented yet in the presented design). The assembly, the robotic

configuration and the surgical tasks are controlled via wireless bidirectional com-

munication with an external console operated by the surgeon. Additional modules

having different interventional functions and/or modules containing an extra

Fig. 14.23 Procedures for the multi-capsule surgical robotic system
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battery can be added later to the robotic structure even during the operation. The

modules after use can be detached and discarded if it’s not necessary in the

following procedures. In the same way, the module can be easily replaced with

the new one when it is broken. After the surgical tasks are completed, the robot

reconfigures itself to a snake-like shape, for example, to pass through the pyloric

sphincter and travel in the LGI tract, or completely disassembles itself into individ-

ual modules. One of the modules can bring a biopsy tissue sample out of the body

for the detailed examinations afterwards.

14.3.4 Design and Prototyping of the Structural Module

Figure 14.24 shows the design of the structural module that the authors have

conceived for the heterogeneous scheme. The module has two DOFs (�90� of

bending and 360� of rotation). It contains a Li-Po battery (20 mAh, LP2-FR,

Plantraco Ltd., Canada), two brushless DC motors of 4 mm in diameter and 17.4

mm in length (SBL04-0829PG337, Namiki Precision Jewel Co. Ltd., Japan) and a

custom-made motor control board [43] capable of wireless control.

Since the available motor driver board for the selected motor (SSD04, Namiki

Precision Jewel Co., Ltd., 19.6 � 34.4 � 3 mm) has an inappropriate size for the

ingestible device, a new control board equipped with wireless control was designed

and developed in-house as described above. The implemented algorithm enables

the control of the selected brushless DC motor in Back Electro-Motive Force

(BEMF) feedback mode or slow speed stepping mode. When the stepping mode

is chosen, the selected motor can be driven with a resolution of 0.178�.

Fig. 14.24 Design of the structural module (# 2009 IEEE), reprinted with permission [48]
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The battery capacity carried by each module may differ from one to another

depending on the available space inside the module from 10 to 50 mAh; a 20 mAh

Li-Po battery was chosen for the presented design. Continuous driving of the

selected motor on its maximum speed using a 20 mAh Li-Po battery was shown

to last up to 17 min. One module does not withdraw power continuously by turning

on its motors all the time because the bending and rotation mechanisms can

maintain their position when there is no current to the motor thanks to the high

gear reduction of the motor (337:1) and non-backdrivability of the worm gear used

for the bending mechanism. A module consumes more power during actuation but

very less while it is in stand-by mode.

The stall torque of the selected brushless DC motor is 10.6 mN m and the speed

is 112 rpm controlled by the above mentioned controller. The bending mechanism

is composed of a worm and a spur gear (9:1 gear reduction), whereas the rotation

mechanism is composed of two spur gears (no gear reduction). All gears are made

of Nylon and were purchased from DIDEL (DIDEL SA, Switzerland) to shorten the

time necessary for prototyping. The width, the length and the diameter of the central

holes of the gears were modified by additional machining afterward.

Two permanent magnets (Q-05-1.5-01-N, Webcraft GMbH, Switzerland) are

attached at each end of the module to help with self-alignment and modular dock-

ing. The hexagonal shape at each end restricts the rotational motion after being

docked. The adequate choice of the magnets is being investigated to maximize the

possibility of self-assembly and force to maintain docking.

The module dedicated for docking/undocking using permanent magnets is under

development [44], intended to be integrated in the modular scheme. Implementing a

mechanical docking/undocking mechanism to the current module is also being

investigated for rigid docking. The electrical connection between modules is

necessary for reconfiguration and it will be implemented in the future.

The size of the fabricated prototype is 15.4 mm in diameter and 36.5 mm in

length, that is still to be miniaturized, and the total weight is 5.6 g. Figure 14.25

shows the components and a fabricated prototype. The casing is made of acrylic

plastic and it was fabricated by a 3D printing machine (Invison XT 3-D Modeler,

3D systems, Inc., USA).

14.3.5 Design and Prototyping of the Biopsy Module

Figure 14.26 shows the design and the prototype of the biopsy module used as a

functional module. The grasping mechanism has a worm and two spur gears,

allowing wide opening of the grasping parts. The grasping parts can be hidden in

the casing to avoid tissue damage during ingestion (Fig. 14.26 Left). The motor and

other components used for this biopsy module are same as the abovementioned

structural module.
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This biopsy module can generate more force and grasp bigger tissue samples

compared to conventional endoscopic forceps thanks to its bigger diameter. This is

one of the big advantages that only this multi-capsule approach can provide.

In the conventional endoscopy, forceps are inserted through endoscopic chan-

nels that are parallel to the direction of endoscopic view. On the contrary, the

biopsy module can be positioned relatively to the endoscopic view. This feature

enhances operability of the functional modules.

Fig. 14.25 Components of the prototype ((a): Li-Po battery, (b): control board, (c): motor, (d):

casing) (# 2009 IEEE), reprinted with permission [48]

Fig. 14.26 Design and prototype of the biopsy module (Left: for ingestion, Right: for operation)
(# 2009 IEEE), reprinted with permission [48]
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14.3.6 Assembled Robot

Possible topologies using a set of 12 modules are shown in Fig. 14.27. This example

of the assembled robot consists of one central branching module, one camera

module (to be developed), one biopsy module, one storage module for biopsy tissue

sample, and eight structural modules. Using the same set of the modules, the

assembled robot can configure itself into different topologies.

Central branching modules can facilitate a topology having more than one arm,

and a functional module either for diagnosis or intervention can be attached to each

arm. These arms with different tools can cooperate to perform a complicated

surgical task, resulting in enhanced dexterity of the assembled robot.

14.3.7 Testing and Experiments

The performance of the bending and rotation DOFs of the structural module were

measured using a protractor as illustrated in Fig. 14.28. In Fig. 14.29, the bending

angle was changed up to �90� with steps of 10� for three times in succession. The

Fig. 14.27 Assembled modules and possible topologies (# 2009 IEEE), reprinted with

permission [48]
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measured range of the bending angle was from �86.0 to +76.3� and the maximum

error was 15.8�. The rotation angle was increased from 0 to 180� with steps of 45�

for three times in succession as shown in Fig. 14.30, and the measured range of the

rotational angle was from 0 to 166.7� with a maximum error of 13.3�.
The difference between the driven angle and the measured angle is due to the

backlash of the commercial Nylon gears. The casing is made of acrylic plastic and

fabricated by 3D printer, resulting in low precision in assembly. Regardless of the

errors and the hysteresis shown in Fig. 14.29, the repeatability is high enough for

the intended use for both DOFs. These results indicate that the accuracy of each

motion can be improved by changing the materials of the gears and the casing.

Since the motor itself can be controlled with a resolution of 0.178�, more precise

surgical task can be achieved by adequate choice of the materials and better

fabrication.

In addition to the angle measurements, both bending and rotation torque were

measured. The maximum torque was measured by attaching cylindrical parts with

permanent magnets one by one at each end of the module (Fig. 14.31) until the

Fig. 14.28 Experimental setup for the angle measurement (Left: bending angle, Right: rotation
angle) (# 2009 IEEE), reprinted with permission [48]

Fig. 14.29 Bending angle

(�90� with steps of 10� for
three times in succession)

(# 2009 IEEE), reprinted

with permission [48]
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bending/rotational motion is stopped. The measured maximum bending torque is

6.5 mN m and the maximum rotation torque is 2.2 mN m. The torque measurement

includes qualitative tests for assessing the ability of combined modules to move

each other and to generate adequate forces for reconfiguration tasks. Figure 14.32

shows one module lifting up two modules attached to its bending mechanism.

Torque of 4.5 mN m was required to perform this task.

The generated torque, that is very important for self-reconfiguration and surgical

tasks, was big considering the robotic size but it was limited due to the fabrication

problems. The thin walls of the casing made of acrylic plastic were easily deformed

and caused friction between the parts. The use of the commercial Nylon gears and

additional machining on them account for less accuracy of positioning and low gear

transmission efficiency. The casing using metal or PEEK and tailor-made metal

gears with high precision would improve the mechanical rigidity and performance.

Fig. 14.30 Rotation angle

(180� with steps of 45� for
three times in succession)

(# 2009 IEEE), reprinted

with permission [48]

Fig. 14.31 Torque measurement (Left: bending, Right: rotation) (# 2009 IEEE), reprinted with

permission [48]
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14.3.8 Discussion on the Multi-Capsule System
for UGI Tract Internal Surgery

Multi-capsular surgical robotic system has been proposed for endoluminal surgery

and the design, prototyping and evaluation of the modules have been reported in

this section. Although there are some issues related to fabrication problems, the

initial results show that the modular approach for endoluminal surgery is promising

as a surgical device in the next generation.

The advantages of multi-capsule approach are summarized as follows. The one

advantage is customization to each patient and each surgical target. The size of the

GI tract, location of the target area and required tools for diagnosis/intervention

differ from each patient. Based on pre-operative images, required number of

modules, optimum topology and work space of the assembled robot can be calcu-

lated to be customized to each patient. As a configuration planner, interval analysis

has been studied to find the suitable topology that the modules can assemble to,

given the task requirements [45]. The topologies can be customized even during the

operation by self-reconfiguration in the GI tract. If there are more than one target

locations in the GI tract (for example, biopsy from two locations in the stomach),

the robot can change its topology to be optimized to the target task and working

district, also by changing the functional robotic modules. Another big advantage

accounts for the size and number of the functional devices that can be brought into

the GI tract. The diameter of the functional robotic module can be same as that of

the conventional endoscope and it is far bigger than the diameter of an endoscopic

forceps (2–4 mm). The function of endoscopic device is usually limited by the size

constraints, but in the multi capsule approach, the volume of one capsule can be

dedicated to each device and several devices can be used at one time when central

branching modules are used. This allows the assembled robot perform complicated

Fig. 14.32 Lift up of the two modules (# 2009 IEEE), reprinted with permission [48]
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interventional tasks that cannot be done with endoscopic devices. Redundancy is

also good features of the multi-capsule approach. If the assembly fails, another

robotic module can be added until the planned topology can be assembled. If the

battery is run out or a robotic module is broken, new or additional module can be

added to the robot even during the operation. This feature enhances the reliability as

a surgical system.

Although the feasibility of the multi-capsule approach has been confirmed, there

are many things to be improved. Miniaturization of the robotic modules and

improved fabrication using different materials are the first priorities. Electrical

contacts between modules are necessary and reliable docking/undocking mechan-

isms need to be developed. Reliable self-assembly, pre-operative planning, power

management, localization, intuitive interface device, on-board sensors are key

technologies necessary for the system integration.

The surgical system utilizing multi-modular approach is very challenging, but

the advantages that the patient can benefit from are obvious. Further development

of this system would lead to scarless screening and intervention with high precision

and dexterity.

14.4 Conclusions

This chapter presented several microrobotic solutions for diagnosis and intervention

in the GI tract, by paying attention to the different possible tasks to be performed and

to the different anatomies of the organs to be inspected or treated. Based on these

considerations, the adequateness and usability of single or multiple swallowable

capsules have been discussed. For both approaches (i.e. single and multiple cap-

sules), the possibility to swallow the single pill or the multiple assembling pills in

sequence is a unique prerequisite distinguishing our endoluminal approach to

diagnosis and therapy. While single capsule prototypes for diagnosis – based

on active locomotion systems allowing teleoperation and controllability by the

operator – are already at a good level of engineering and testing, the reconfigurable

surgical system based on multiple assembling capsules is at the proof of concept

level, although some modules for swallowable capsules have been already dimen-

sioned, designed and tested.

On the other hand, one of the major limitations of endoluminal capsules for

diagnosis and endoluminal reconfigurable robots for internal surgery is power

supply.

Current research activities are focusing on hybrid approaches for diagnostic

capsule locomotion, thus merging the advantages of external magnetic propulsion

of endoluminal devices with the advantages of miniaturized low power mechanisms

for local management of collapsed tissues.

Also for endoluminal reconfigurable surgical robots, a more practical solution –

applicable in a real medical scenario – could be constituted by the combination of

small chains of pre-linked internal modules with many degrees of freedom and with
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a wired connection to the external world; this solution could guarantee more safety

for the patient and more flexibility for different operating scenario. The possibility

to help the robot stability by external magnetic forces is also an interesting

opportunity to be explored in this challenging medical field [46, 47].
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Chapter 15

Visual Guidance of an Active Handheld

Microsurgical Tool

Brian C. Becker, Sandrine Voros, Robert A. MacLachlan,

Gregory D. Hager, and Cameron N. Riviere

Abstract In microsurgery, a surgeon often deals with anatomical structures of sizes

that are close to the limit of the human hand accuracy. Robotic assistants can help to

push beyond the current state of practice by integrating imaging and robot-assisted

tools. This paper demonstrates control of a handheld tremor reduction micromanip-

ulator with visual servo techniques, aiding the operator by providing three beha-

viors: “snap-to”, motion scaling, and standoff regulation. A stereo camera setup

viewing the workspace under high magnification tracks the tip of the micromanipu-

lator and the object being manipulated. Individual behaviors are activated in task-

specific situations when the micromanipulator tip is in the vicinity of the target. We

show that the snap-to behavior can reach and maintain a position at a target with

Root Mean Squared Error (RMSE) of 17.5 � 0.4 mm between the tip and target.

Scaling the operator’s motions and preventing unwanted contact with non-target

objects also provides a larger margin of safety.

Keywords Medical robotics � Microsurgery � Visual servoing � Machine vision

� Tremor � Eye surgery � Vitreoretinal surgery � Micromanipulation � Accuracy

15.1 Introduction

Micromanipulators aid surgical operations by providing extremely precise

movements on a small scale. Features such as remote control, force feedback,

motion scaling, and virtual fixtures enable advanced behaviors that an unassisted

#2009 IEEE. Reprinted with permission, from Becker, B.C., Voros, S., MacLachlan, R.A.,

Hager, G.D., Riviere, C.N.: Active guidence of a handheld micromanipulator using visual servo-
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human would find difficult to replicate. Of particular interest are microsurgery and

cell micromanipulation, where very delicate operations must be performed pre-

cisely on structures with cross sections varying from millimeters down to microns.

Tools like the Steady-Hand [1] help surgeons by suppressing tremor or involuntary

hand movement on the order of 50–100 micrometers (mm).

The precision of the surgical gesture and the comfort of the surgeon during the

operation can also be improved by exploiting domain-specific knowledge, using

preoperative data to design augmented reality systems for biomicroscopy [2, 3] and

real-time tracking of surgical instruments and anatomical targets [2] to further

improve the precision of the gesture. This information can then incorporate more

intelligent behavior into the micromanipulator, such as commanding the tip to reach a

target or avoiding anatomical areas that could lead to complications in the surgery. For

example, Li et al. [4] derive a controller for gene injection into a 90 mm-diameter

oosperm under 100�magnification using a single camera to servo the micro-injector

using visual feedback. With a stereo camera setup, the system developed in [5] servos

the micromanipulator to inject a sesame seed viewed under a 20� microscope.

Our lab has developed a fully handheld active micromanipulator called Micron

whose capabilities include basic tremor suppression and motion scaling [6]. The

central problem addressed in this paper is the control of the endpoint of a manipu-

lator to perform tasks relative to an observed point or surface in space. We propose

to introduce three behaviors that incorporate domain-specific knowledge and visual

feedback to give the surgeon guidance in specific tasks: snap-to, motion scaling,

and standoff regulation. One of the main challenges in doing so is that the optical

system involved is a microscope: at such high magnifications, the standard calibra-

tion techniques commonly used, such as [7], yield unsatisfactory results.

In the remainderof this section, these threebehaviors and theirworkings are explored.

15.2 Background

Micron (Fig. 15.1) is a handheld micromanipulator with piezoelectric actuators built

into the handle of the tool. The actuators can position the endpoint, or tip, within a

roughly cylindrical workspace 1,500 mm in diameter and 500 mm long. An external

measurement system calledASAP (Apparatus to Sense of Position) suppliesMicron

Fig. 15.1 Fully handheld active Micron micromanipulator
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with real-time position and pose information accurate to�4� 2 mm [8]. In addition

to the X, Y, and Z location of theMicron tip, a 3� 3 rotationmatrix defining the pose

of the instrument can be obtained. Another useful measurement available is the

center position, or where the tip would be nominally pointing if the piezoelectric

actuators were not active. ASAP uses position-sensitive detectors (PSD’s) to detect

four pulsed LEDsmounted inside diffuse spheres on the shaft of the instrument. This

allows Micron to perform basic tremor suppression and motion-scaling functional-

ities. See Figs. 15.1 and 15.2 for the setup.

15.2.1 Problem Definition

The ASAP measurement system provides very fine positioning information of

the instrument and allows for general tremor compensation via filtering in the

Fig. 15.2 System setup. (a) Microscope, middle center. (b) Cameras, top right. (c) ASAP

measuring sensors, middle left (d) Micron, bottom right, attached to (e) Hexapod micropositioner,

lower right
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frequency domain. However, it has no knowledge of what an operator sees in the

microscope. Thus, the current Micron system cannot attempt to keep the tip aligned

with a vein or to maintain a safe distance from anatomical features. The core issue

addressed here is controlling the tip of Micron based on observations made with a

stereo camera to effect three behaviors: snap-to, motion scaling, and standoff

regulation.

The first behavior, snap-to, involves guiding the Micron tip to a 3D point in

space and maintaining the tip at that location. Snap-to can be thought of as a more

constrained version of tremor suppression and is useful when the tip must be held

stable, e.g., for injections. The second behavior, motion scaling, is more practical

when very precise movements are needed. Every movement made by the operator is

scaled by a user-defined factor, thus reducing positioning errors. The finite range of

the actuated tip limits when motion scaling can be applied, so it is only turned on

when in the vicinity of the target. The final behavior, standoff regulation, serves as a

preventative measure against accidental, unwanted contact. In this mode, Micron

can attempt to avoid bringing the tip in contact with points by actively maintaining

a preset distance from pre-defined “off-limits” areas. Each behavior has unique

properties that can benefit a surgeon in different circumstances.

15.2.2 Visual Servoing

is a popular approach to guiding a robotic appendage or manipulator using visual

feedback from cameras [9]. Given a target pose or position that the robot is to reach,

the goal of visual servoing is to minimize the following error:

eðtÞ ¼ sðmðtÞ; aÞ � s� (15.1)

where s* represents the desired positions, s(m(t),a) the measured positions, m(t) the
measured feature points in the image, and a any external information needed (such

as camera parameters). In general, s(m(t),a) is usually the endpoint, or tip, of the

manipulator. The tip position is determined from m(t), the image coordinates of the

tracked tip, and a, the camera mapping between world space and the image

coordinates. In practice, s* may not be known a priori and may instead be calculated

from image features as well.

The approach used to minimize the error e(t) can be done in one of two general

ways: position-based visual servoing or image-based visual servoing [9, 10]. Image-

based servoing uses an image Jacobian or interaction matrix to convert errors

measured in the image directly into a velocity the robot should attempt to maintain.

In contrast, position-based servoing treats the camera system as a 3D position sensor

and measures the error in the task space rather than in the image. In the case of

controlling only the translation of a tool, as is the case with the 3-degree-of-freedom

(3DOF) Micron micromanipulator, it has been shown that these two approaches are

equivalent [11]. Therefore, this research uses the position-based visual-servoing
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approach because of the well-defined positioning system provided by ASAP and the

ability to run calibration routines online. Furthermore, implementing the standoff

regulation requires distance metrics in 3D space.

15.2.3 Novelty Considerations

Micron has unique characteristics that differentiate the system from a typical

visual-servoing setup. First, Micron is not a fully autonomous robot, in that it has

a limited range of motion whose reach is determined by the user holding the

micromanipulator. The operator may move Micron to a position where the tip of

the instrument cannot reach the target. Second, an external measurement system is

available which allows for online calibration of the system, either before each run

or during the run. Third, unlike a purely closed-loop system, Micron has to account

for human dynamics involving the human eye-hand coordination feedback loop.

Other research, mainly [12], explicitly considers control by a human user in

micromanipulation, but only for the purposes of high-level task sharing and direc-

tion. For the majority of this paper, interaction with the human controller will not be

explicitly considered, so as to give a more complete characterization of the system’s

performance in the context of visual servoing.

These novel problems must be eventually resolved, and thus the results will be

evaluated and discussed with these considerations in mind.

15.3 System Design

ASAP and Micron are integrated on a real-time LabVIEW® target machine with the

ASAP measuring system running in parallel with the controller. The Micron

interface and the vision system run on a standard Windows® PC that is networked

to the real-time machine to retrieve ASAP positioning information, perform stereo

visual servoing, and send control signals back to Micron.

15.3.1 Visual Feedback

Designed for microsurgical work, Micron is operated under a high-power Zeiss

OPMI® one microscope with a magnification often exceeding 25� and a visual

workspace often only several millimeters in diameter. Two PointGrey Flea2 cam-

eras capturing 800 � 600 video at 30 Hz are mounted to the microscope, providing

a stereo view of the workspace. Each camera view is approximately 2� 3 mm with

each pixel corresponding to �3.4 mm.
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The micromanipulator tip and feature landmarks are tracked in both views,

giving a stereo reconstruction of the instrument tip relative to the targets. Since

advanced tracking is not the topic of this research, the tip and target are marked with

different colored paint for easy visual identification. Tracking is performed with a

simple but robust color tracker [13]. The highly optimized and popular Intel®

OpenCV library is used for implementing the computer vision techniques.

15.3.2 Micromanipulator Control

The chief control problem is how to use visual servoing in the context of Micron; in

other words, given the tracked tip and target position, how can a control signal be

derived in world, or ASAP, coordinates? To do so, an understanding of how camera

coordinates relate to 3D world ASAP coordinates is needed. The fundamental

perspective camera equation is p ¼ MP, where P is a 4 � 1 homogenous point in

3D world coordinates that is projected to p, a homogenous 3 � 1 image coordinate

by the 3� 4 camera matrix,M.M is derived in the following section and defines the

projective mapping between ASAP and the cameras. A second camera observes the

same point P, creating a joint observation system defined by the fundamental

perspective camera equation for each camera: p1 ¼ M1 P and p2 ¼ M2 P. These
equations can be combined and solved using the homogenous linear triangulation

method described in [14]. Thus, as seen in Fig. 15.3, each set of the 2D points in the

stereo pair will yield an acceptable back-projected 3D point.

Now that the tracked tip and target image locations have been reconstructed as

3D points in the ASAP workspace, the goal is to drive the error E¼ Ptip � Ptarget to

zero by controlling the endpoint velocity of the tip. When the error is zero, the tip

and target should be coincident. The velocity can be determined as a proportion l of
the error:

v� lðPtip � PtargetÞ (15.2)

P

p1
p2

M1 M2

Camera 1 Camera 2

Fig. 15.3 Multiple view camera

geometry, showing the projective

relationship M1 and M2 that map

the 3D point P to image

coordinates p1 and p2 viewed by

two cameras. Note that this is for

the general case; the camera views

in the Micron setup are parallel
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Because velocities command the motion of the tip, errors due to errors in the

calibration are absorbed with each new velocity calculation and drive E asymptoti-

cally to zero even in the presence of calibration errors.

15.3.3 Calibration

Currently, control of Micron operates in the coordinate system defined by the ASAP

measurement system. However, the control signals are derived from the tracked tip

and target viewed in the stereo camera setup. Furthermore, any preoperative

information is usually registered in the image reference system. Thus calibration

mappings M1 and M2, for cameras 1 and 2 respectively, are needed to transform

from pairs of 2D image coordinates p1 and p2 to a 3D world coordinate point P.
In visual servoing, only the rotation mapping is important as translation is

handled by streaming many sequential velocities to guide the tip in the direction

of the target. However, because ASAP provides very accurate positions of the tip in

3D world coordinates, the full perspective mapping can be obtained. Furthermore,

the full perspective camera mappings are useful because they can provide the visual

trackers a rough estimation of where the tip is in the image. This reduces the amount

of processing time required to locate the tip in the image, yielding increased

framerates and better control performance.

A corresponding set of 3Dworld coordinates Pi and 2D image coordinates p1i and
p2i form an over-determined system of equations p1i ¼M1Pi and p2i ¼M2Pi, which

can be solved byM1 ¼ p1 P
þ andM2 ¼ p2 P

þ where Pþ denotes pseudo-inversion.

A method that is more robust is the Direct Linear Transformation algorithm [14].

This yields the pinhole camera perspective parameters, allowing a two-waymapping

between 2D stereo image coordinates and 3D ASAP coordinates.

Calibration can be performed online, using the first 5–60 s of corresponding

world and image coordinates in each run. If system positioning, magnification, and

focus do not change between runs, calibrations may be reused, since the visual

servoing does not require highly accurate absolute calibration [15], which is

cumbersome to obtain with a microscope [16]. The calibration routine involves

the operator moving the tip randomly through the workspace, including up and

down. A typical 60-s calibration yields approximately 2,000 data points, from

which outliers are automatically removed via a simple distance metric before the

calibration calculations are performed. After calibration, the 3D tip position as

measured by ASAP can be projected in the image accurately within 20 pixels and

the tracked tip in the stereo images can be reconstructed in 3D space with an

absolute mean error of �200 mm. Over time, the absolute calibration accumulates

errors relative to ASAP as the tool pose is changed and the system shifts; however,

this is not a problem as the control depends on the relative difference between the

tip and target positions.
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15.4 Experimental Results

Three different experiments were carried out to evaluate the desired behaviors of

snap-to, motion-scaling, and standoff-regulation. First and foremost, the goal is to

demonstrate the correctness and accuracy of each behavior. To eliminate any

human-in-the-loop influences or disturbances, such as tremor, and achieve very

repeatable results, all experiments requiring movement of the handheld microma-

nipulator were performed with the micromanipulator attached to the very precise

(sub-mm) six-axis Polytec PI F-206.S HexAlign™ Hexapod manipulator. Since a

machine will be “holding” Micron, it is equally important to evaluate the feasibility

of applying these behaviors when a human is operating the micromanipulator. As

such, a fourth experiment tested the helpfulness of the snap-to feature in a pointing

task involving human tremor and compared it against basic tremor cancellation

already implemented in Micron.

15.4.1 Experiment 1: Snap-to

Experiment 1 tested the snap-to functionality for convergence time and accuracy to a

stationary point. Human hand motion and tremor are rapid, necessitating a fast

response time. The experiment, seen in Fig. 15.4, servos the Micron tip to a 3D

point defined by a colored needle tip. Both the micromanipulator and target point

were held stationary. The target point on the needle was rigidly held by a clamp and

Micron was firmly affixed to the Hexapod; only the Micron tip was actuated.

Because the Hexapod was not actively moving the Micron handle, tremor reduction

was not used for this experiment.

The experiment was performed from three different starting locations with three

identical runs for each location. A summary of several important statistics is listed

for each location in Table 15.1. First, the initial distance between the tip and target

is listed, as this determines convergence time, i.e., the time required for the tip to

converge on the target, where successful convergence is defined as being within

Fig. 15.4 Snap-to target experiment servoing green-color coded Micron instrument tip (200-mm
diameter) to a stationary 3D target point defined by a red colored needle tip
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25 mm of the target. Once the tip has converged, the RMSE is calculated from the

3D Euclidean distance between the tip and target during the 15 s after the target has

been reached. Fig. 15.5 shows the distance error between the actuated Micron tip

and the target for all three runs of the first location. The noise after convergence is

caused mostly by small errors in the image trackers magnified by the backprojection

into 3D. All runs exhibit similar trajectories and noise patterns.

While the convergence accuracy of the snap-to behavior is high, the conver-

gence time of approximately half a second is rather long. Once converged, the

visual servoing can hold a stationary point very well, even in the presence of

disturbances. For example, if the whole Micron instrument is moved, it is desirable

for the tip position to actuate fast enough that it can still remain steady on the target.

If the response is too slow, tremor introduced as the human user operates will result

in oscillations as the tip tries and fails to keep moving faster than tremor.

To model tremor-like movement, a disturbance signal was induced by moving

the Hexapod base in all three dimensions and in a roughly sinusoidal pattern. This

was done only with snap-to, and without any of the tremor-compensation techni-

ques used by Micron. As shown in Fig. 15.6, the Micron tip remained steady even

with rather large and rapid changes in position. This indicates that even in the case

of rapid tremor motion, the Micron tip can remain “snapped-to” a stationary target

very accurately. Experiment 4 expounds more by testing it with real tremor.

15.4.2 Experiment 2: Motion-Scaling

In experiment 2, the micromanipulator was moved at a constant speed in 3D space

past the target point using the Hexapod micropositioner. When the tip of the

Table 15.1 Speed and accuracy of servoing the tip to a 3D target from three different locations.

Each location was reached three times to obtain a mean and standard deviation. RMSE measures

the distance error between the tip and target for 15 s after convergence

Initial distance (mm) Convergence Time (s) Distance RMSE (mm)

375.3 � 2.5 0.54 � 0.02 16.6 � 0.4

449.2 � 5.6 0.59 � 0.07 17.5 � 0.4

677.9 � 0.8 0.69 � 0.04 18.3 � 0.4

Fig. 15.5 Euclidean distance between Micron tip and target for three runs from the second location
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instrument was detected to be within an arbitrarily chosen 170-mm radius of the

target, the motion-scaling behavior was activated with a scale factor of 1.5, 2, or 3.

Thus the constant velocity of the tip should be reduced by a factor of 1/s while the
tip is in vicinity of the target. The variability from 1/s was examined to determine

the effectiveness of this technique. As seen in Table 15.2, the motion scaling works

very well. There is a slight difference between the desired scale and the actual scale,

but the overall variability is low. Velocity variability from time instant to time

instant is influenced by the noise level and is difficult to assess accurately. Figure

15.7 shows the slope of the position and the numerically-differentiated velocity

(smoothed with a 1 Hz lowpass filter).

15.4.3 Experiment 3: Standoff-Regulation

Experiment 3 validates the ability of the visual-servoing controller to maintain a

standoff distance from a 3D target point. In this case, instead of snapping-to, the

Fig. 15.6 Micron tip position (thick black line) snapped-to a target even with large, rapid changes
in Micron instrument positioning (thin green lines) in X, Y, and Z directions (top, middle, bottom
respectively)

Table 15.2 Mean measured 3D velocity before coming in range of the target, while the tip is

within a 170 mm radius of the target, and after the tip has passed the edge of the circle. Three runs

were executed for each scale tested: 1.5, 2, 3

Initial velocity (mm/s) Scaled velocity (mm/s) Final velocity (mm/s) Measured scale

95.5 � 1.9 62 � 0.1 96.4 � 0.7 1.5 � 0.0

91.6 � 4.6 43.9 � 4.0 91.7 � 8.4 2.1 � 0.1

95.3 � 1.0 30.6 � 0.2 96.9 � 0.9 3.2 � 0
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desired action is for the tip to avoid the target. This could be useful in many surgical

situations where “keep-away” points or zones might be defined to avoid unwanted

and possibly harmful contact with tissue. As with the motion scaling, a spherical

volume is defined around the target point in 3D. If the tip comes within 240 mm of

the target, a repulsive force is exerted on the tip to guide it away. In this simple

example, the repulsive field is modeled after a charged particle; thus the force

exerted on the tip is always away from the center of the target. The Hexapod

micropositioner is used to move the Micron tip in a straight line approaching the

target at three different offset distances. The resulting trajectories can be viewed in

Fig. 15.8. The standoff-regulation does push the trajectory of the tip away from the

target. Additionally, the trajectory that clearly did not come near the target was

unaffected. This simplistic model of a charged particle can be modified to maintain

a constant standoff.

15.4.4 Experiment 4: Pointing Task

One common task in micromanipulation is pointing, or keeping the tip steady at

some target. Sustained injection of a drug or chemical agent, for example, may be

the purpose. To enhance accuracy in this task, it is necessary not only to suppress

the “neurogenic” tremor component at 8–12 Hz [17], but also to suppress lower-

frequency components as well. One way to accomplish this is to know the target

point about which the user is trying to keep the tip steady. Experiment 4 compares a

human operator attempting a pointing task unaided, with frequency-based tremor

compensation, and with the snap-to image guidance. One subject performed three

Fig. 15.7 Position and velocity of theMicron tip fromone run as the instrument ismovedwith constant

velocity. The middle motion-scaling region represents when the tip is within range of the target
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runs for each scenario, attempting to keep the Micron tip steady at the 3D target

position for 60 s. The evaluation metric is the RMSE between the target point and

the Micron tip. Table 15.3 lists the results. As expected, frequency based tremor

compensation performed better than unaided. The snap-to performed even better,

although the error was much higher than reported earlier because Micron could not

always reach the target point.

15.5 Discussion and Conclusion

We present techniques for vision-based guidance of an active handheld microma-

nipulator, which yield encouraging initial results in a challenging environment.

Using a stereo vision setup with a simple calibration routine, Micron employs visual

servoing to increase accuracy in pointing tasks, even over existing tremor-cancella-

tion methods. In a stationary pose, we have shown that finer motor control is possible

locally around a target using motion scaling, and a surgeon can define “keep-away”

areas to help avoid unwanted tissue contact. A demonstration of Micron with these

three behaviors can be viewed in the video accompanying this paper.

Fig. 15.8 Three tip trajectories, two of which infringe the repulsive field and are therefore pushed

away from their paths to maintain separation between the target and the tip

Table 15.3 RMSE distance between the target and Micron tip during a 60-s pointing task

Unaided (mm) compensation (mm) Snap-to (mm)

222.9 � 61.3 175.8 � 65.9 70.1 � 25.9
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One issue not dealt with is the finite manipulator range. If Micron is snapping-to,

the user easily can shift the entire manipulator out of range of the target. Because

the actuators can only move a finite amount before reaching their limits, additional

behavior is needed to compensate. Additionally, to be useful in a completely

handheld situation such as a surgical procedure, the controller will need to resolve

conflicts between the user’s movements and the activated behaviors. For instance, it

may be more important to observe the “keep-away” constraints and not damage

tissue than to maintain a motion-scaling behavior.

As future work, we plan on developing more realistic ways to track targets and

surgical instruments, thereby obviating the current reliance of color tracking.

Because magnification and focus can change during an operation, future work

will include online routines that detect these changes and update the calibration

accordingly through adaptive gains. As for the controller, a more sophisticated

control algorithm is needed for standoff regulation. Evaluation work will move

toward testing of these behaviors in more realistic settings.
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Chapter 16

Swimming Micro Robots for Medical

Applications

Gábor Kósa and Gábor Székely

Abstract We review micro-systems with robotic aspects that are used in medical

diagnosis and intervention. We describe the necessary components for a micro-

robot and present the state of the art and gaps of knowledge. One of the great

challenges in micro robots is the propulsion. Different propulsive strategies and

specifically flagellar propulsion is evaluated in this chapter. We analyze the influ-

ence of the miniaturization on the micro-robot and try to estimate the future

developments in the field.

Keywords Micro-robots � Swimming � Capsule-endoscopy � Positioning-actuator
�Manipulation-actuator �Micro-sensor � Flagella � Traveling-wave �Medical-robots

� Power source � Scale analysis � Neuro-surgery � MRI � Piezoelectric-actuator
� Magnetic-actuator

16.1 Introduction

A micro-system is a system that includes structural components, sensors and

actuators whose characteristic size is less than 1 mm. A micro-robot is a micro-

system that is able to perform complicated tasks and receive inputs from its

environment and react to them. One of the most eminent fields in which micro-

systems are utilized is medical diagnosis and intervention. Although micro sensors

and micro tools are already used in the bio-medical industry, micro robots are still

in research and development stage.
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The potential areas for medical application of a micro robot:

1. The gastrointestinal tract (GI). Currently standard endoscopy can reach the

upper part of the small intestine through the mouth, throat, esophagus, stomach

and duodenum and the lower third of the colon through the rectum. Although

there is inconvenience for the patient and the current tools have drawbacks, there

is no critical necessity for and untethered swimming micro robot. Capsule

endoscopy is the only tool for the inspection the small intestine and the upper

colon. Capsule endoscopes are only able to monitor these areas and not intervene

such as regular endoscopes. In addition capsule endoscopes cannot control their

position and they rely on the natural peristaltic motion of the intestines.

2. The central nervous system (CNS). Both the brain and the spinal cord are

immersed in CSF (Cerebro Spinal Fluid), which is produced in the ventricle of

the brain and flows out of the ventricular system to the subarachnoid space
(spinal and cerebral SAS). This space covers all over both the brain and the

spinal cord and is connected to the internal ventricular system of the brain with

the outer surface of the CNS. Theoretically, this CSF space can be a conduit for

introducing imaging and interventional devices that can reach CNS pathology

without the need for conventional operative methods.

3. The eye. The eye contains a transparent fluidic gel called the vitreous humor.
A swimmingmicro-robot that can use this media to treat the retina. Interventions,

such as injection of medicine into the retinal veins, are difficult to perform with

by an external approach [3]. Swimming micro robots with sensors and tools for

intervention will enable new medical procedures for the treatment of the retina.

4. Thoracoscopy. Thoracoscopy is a minimally invasive surgery for removing

tumorous lung nodules. In order to reach the target nodules the pleural cavity
is inflated with air and the surgeon uses an endoscope to inspect and remove the

cists on the lungs. When there are multiple tumorous lung nodules several ports

are opened which complicates the procedure. Filling the pleural cavity with

liquid and using a swimming micro robot will enable treatment of several cists

from one port.

5. Fetal surgery [4]. Fetal surgeries are treatment of the fetus still in the womb.

One example of such an intervention is treatment of twin-to-twin transfusion

syndrome (TTTS). In this intervention an endoscope has to navigate between

the twin fetuses and reach the ovule in order to ablate with a laser themutual blood

vessels that cause the transfusion. Using a swimming micro robot will aid in

navigation and reduce the risk of injuring the fetuses and the mother.

Although micro-robots currently cannot perform complicated tasks, several

micro-systems with robotic features are already commercially available. Such a

system is pill camera that diagnoses the gastrointestinal tract, PillCam, manufac-

tured by Given Imaging [5]. The pill-cam has necessary capabilities required from a

medical micro-robot such as vision, autonomous power source, communication but

it does not have the ability of self positioning and intervention. Other endoscopic

capsules have been developed by Olympus [6], Jinshan Science and Technology
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Group [7], Intelligent Microsystem Center and RF SYSTEM lab [8]. All capsules

are passively driven although GI patented [9] a method to control the position of the

capsule by stimulating natural peristaltic contractions of the smooth muscle sur-

rounding the small intestines. Kyungpook National University [10] develops an

endoscopic pill driven by electric stimuli similar to the GI patent. SmartPill [11]

developed a pill that is able to monitor pressure, temperature and pH in the gastro-

interologic track. MiniMitter [12] developed a pill that monitors temperature. The

capsules are only diagnostic and do not work in real time. The pills use wireless

communication to transmit the images to an external data storage device.

Currently, the research is targeted toward autonomous propulsion for the capsule

endoscopy. Several groups are developing swimming capsule endoscopes.Menciassi

et al. [13] presented a gastric capsule driven four miniature propellers, powered by

batteries and demonstrated a swimming velocity of 21.3 cm/s for an operating period

of 7–8 min. RF Systems [8] developed a capsule endoscope for stomach inspection

the endoscope is driven and powered externally by a magnetic field.

16.2 Components

The ideal micro robot for medical applications is fully autonomous and it is able to

position itself, perform diagnosis with various sensors, locate itself accurately

(position accuracy of 1 mm), transfer data and receive commands by wireless

communication and perform medical intervention within the human body. Such a

system is a goal of research, even though several medical micro devices already

been possess some robotics aspects as shown in the previous section.

The subsystems that are necessary for an autonomous swimming micro robot are

also under development. In this section we would like to present the essential

components necessary to build an autonomous swimming micro robot.

Dario [14] introduced and Ebefors and Stemme [15] developed an essential

component list for a micro robot. The authors suggested the following sub-system

division: Control Unit (CU), Actuation for Positioning (AP), Power Source (PS),

and Actuation for Manipulation (AM). In the case of medical micro robots one

should add also the following parts: Sensor Unit (SU) and arguably Communication

Transceiver (CT); one can include it in the control unit although the communication

is usually developed separately from the control.

The different sub-systems are in different development stages part of them are

commercially available, such as CT and CU, part are in advance development

stages such as SU and AM and part are still in early development stages.

The major challenges in medical micro robots are AP and PS which are the enabling

technologies for the full micro system. The efforts and achievements in the different

subsystems described above will be summarized below.
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16.2.1 Positioning

A micro-device can be placed in the body by a regular open surgery, minimally

invasive surgery or by a medical micro robot. A minimally invasive tool such as an

active catheters [16] or a steerable endoscopes [17] can be classified as a micro robot

especially if it has closed loop control and embedded sensors and actuators. Such

micro devices have limited working space compared to an untethered micro-robot.

An untethered micro robot can be driven by natural conduits (such as the GI

track nad the blood stream) or positioned by externally induced forces or to be self

propelled. Different positioning methods have been proposed for a self propelled

medical micro robot: swimming, crawling (advancing by continues contact by a

stick and slip mechanism) and legged locomotion.

Several swimming actuators for positioning (AP) of a medical micro robot have

been suggested. The actuators use piezoelectric, ICPF (Ionic Conducting Polymer

Film), SMA (Shape Memory Alloy) and magnetic driving principles.

Piezoelectric swimming actuator for a micro robots was introduced by Fukuda

[18]. The robot was a vibrating tail with a motion enhancing mechanism and it was

55 mm long and not very efficient. Friend et al. [19] developed a piezoelectric

micro-motor that rotates a helical tail and currently working on a 0.3 mm micro-

robot swimming in the blood stream. Another piezoelectric swimming actuator was

developed by Kosa et al. [20] and its working principle and performance will be

detailed in the following sections.

ICPF actuators were used by Guo et al. [21] to propel a 30 mm swimming robot

with a swimming velocity of 5 mm/s. Guo et al. added also a floating actuator to

control the buoyancy of the micro robot and two “walking” actuators to advance

along the basin of the vessel. A similar actuator was developed by Vidal et al. [22]

based on ECP (Electro Conducting Polymer). Nakabo et al. [23] used IPMC to build a

swimming actuator that creates an undulating motion. The actuators overall dimen-

sions were 54 � 8 � 0.2 mm and it achieved a swimming velocity of 1.5 mm/s.

Esashi et al. used SMA wires to steer an active catheter for angioplasty [16].

Cho et al. [24] presented an aquatic propulsion system made of three linked

swimming actuator with two SMA actuators at the joints.

Several studies use magnetic forces to propel micro systems. The operational

principle of these actuators can be divided into two main types: the one is placing a

permanent magnet in an alternating a magnetic field creating rotation or vibration of

a propeller and the other is placing a permanent magnet into a magnetic field with

constant gradient.

Honda et al. [25] made a 21 mm long helix with a 1 mm3 SmCo magnet at its

head and achieved a swimming velocity of 20 mm/s. Ishiyama et al. [26] used the

same principle but the helix was wrapped around a capsule and the permanent

magnet was at the center of the capsule. In addition to swimming, the capsule can

crawl in the small intestine by a screwing motion.

Dreyfus et al. [27] showed that a linear chain of colloidal magnetic particles

linked by DNA and attached to a red cell stabilized and actuated by an external
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magnetic field can create undulating motion and swim. The filament’s length was

24 mm and it achieved a propulsive velocity of 3.9 mm/s. Bell et al. [28] applied the

same principle as Honda in a smaller scale and manufactured nano-helices out of a

rectangular strip (40 mm length, 3 mm diameter, 150 nm helix strip thickness) and

attached it to a magnetic micro bead. The propulsive velocity of the nano-helix was

also 3.9 mm/s.

Yesin [29] used external coils to drive with a constant gradient magnetic field

and stabilize with a constant magnetic field a 1 mm long ellipsoid micro robot

embedded with NdFeB powder. Mathieu et al. [30] used the gradient coil of the

MRI to propel 600 mm magnetized steel beads (carbon steel 1010/1020).

Kosa et al. [2, 31] suggested a different magnetic propulsion method using the

constant magnetic field of an MRI device. This actuation method will be detailed in

the following sections.

An interesting swimming propulsion method is harnessing bacteria to propel a

micro robot. Martel et al. [32] used MC-1 bacteria that have natural magnetic

polarization in order to manipulate their motion. Behkam and Sitti [33] used

Serratia marcescens bacteria to move directionally 10 mm spherical beads. Steager

et al. [34] propelled a 50 mm triangular structure with S. marcescens bacteria.
Another positioning method in the body is crawling or legged propagation. Dario

et al. developed several legged capsules for propagation in the colon. The capsules

were driven by an SMA wires [35], and later by two miniature DC brushless

electromagnetic motors (SBL04-0829 from Namiki Precision Jewel Co., Ltd.),

[13]. Kim et al. [36] developed a crawling miniature robot (50 mm long) using

SMA wires to create an earthworm like motion.

16.2.2 Power Source

One of the challenges in an autonomous robot is to design a power source that can

fulfill the power requirements for a proper operational period. In a medical micro-

robot this challenge is further increased by the geometrical limitations and the

human body’s sensitivity (such as radiation limitations). In order to estimate the

performance of a power source two parameters will be used: the one is energy

density (the quantity of energy that can be stored in the in a given mass) and battery

capacity (the number of hours inwhich a battery can supply a given current at a given

voltage). The two main strategies to power a micro robot are by an internal power

source such as batteries and by wireless power transfer such magnetic induction.

There are some excellent reviews on the different power sources for a power

autonomous mobile robot [37–41] however other summaries don’t take into

account the small size of a medical micro robot.

The most eminent and available internal power source is the battery. There are

commercially available hearing aid batteries based on zinc-air technology that have
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small volume (Renata SA ZA-10 Maratone: Diameter of Ø5.8 mm and height of

3.6 mm), capacity of 100 mAh and specific energy of 333 mAh/kg. The drawback of

the zinc-air technology is its relatively low power density, about 100 mW/kg and the

battery’s dependence in an air (a difficulty in a fluidic media). Such batteries fit to

applications with long operation time and low consumption current. Quallion’s

QL0003l is a battery that was developed specifically for a Functional Electrical

Stimulation micro-device implanted in the spine. It is based on lithium ion recharge-

able technology and has the diameter of Ø2.9mm and length of 11.8mm. The energy

density of QL0003l is 54 Wh/kg and the capacity is 3 mAh. The power density,

300 mW/kg, of Li-ion technology enables higher currents for shorter operation

periods. The specific energy of Li–ion batteries is 200 Wh/kg [42]. Thin film Li-

ion batteries are also a potential power source although their energy density is far

from the regular battery values [43]. One way to improve the performance of such

batteries is to deposit the different layers on a 3D structure thus increasing the

surface area and the energy density. Nathan et al. [44], showed that a 3-D battery

have a capacity density of 1 mAh/cm2 (in thin film batteries it is hard to estimate the

specific energy thus the capacity is related to the surface area) in comparison with a

2-D battery manufactured in parallel that has 0.04 mAh/cm2.

An evolving internal power source technology is the fuel cell. The fuel cells have

large specific energy of about 1,000 Wh/kg, although they are not able to produce

large currents and their power density is about 50 W/kg. Yao et al. [45] developed a

16.4 cm3 volume fuel cell with all the compliant micro fluidic systems with an

energy density of 1,540 Wh/kg and a maximal power supply of 10 mW.

Alternative internal power sources are flywheels and super capacitors. Flywheels

theoretically can provide high power but it is difficult to downscale them [46].

Super capacitors [47] are characterized by high power density but low energy

density [37, 40]. These make capacitors a complementary power source in a hybrid

system which contains an additional power source with high energy density such as

a zinc-air battery or a fuel cell.

Wireless transfer of energy by induction is limited to small distances due the fast

decay of the magnetic field and its high attenuation in the body. The advantage of

wireless transfer methods is that the energy density is infinite. The method has been

used to power a micro camera for capsule endoscopy [48] where the system

delivered 200 mA. Another option is to use the RF magnetic field of the MRI.

Kosa et al. [49] showed that such a device can potentially transfer 1.68 W into a

5 � 5 � 5 mm3 omni-directional coil.

Another wireless energy transfer method is converting stresses induced by an

external ultrasonic source or by natural body vibrations (energy harvesting) into

electrical charge by a piezoelectric generator [50]. Such micro devices have been

realized in small scales [51, 52] although they were to produce only several mW-s of

induced power. In addition to a piezoelectric conversion method the external

energy can be converted by a magnetic power generator [53]. Such generators

can be downscaled under 1 cm3 and they achieved a power density of 2.2 � 10�3

W/cm3 [54].

374 G. Kósa and G. Székely



16.2.3 Control Unit

Control units of micro robots are usually limited to driving circuits for the actuators

[55]. Endoscopic capsule that are developed around the world are using IC

(Integrated Circuit) design to process the input from the SU (usually only a micro

camera) and prepare it for the CT [13, 55]. Casanova et al. [56, 57] an MXS chip for

the control of the AP, AM and CT.

The CU have to be specially designed for a medical micro robot because the

specific requirements and the necessity of low energy consumption [13]. A good

example for the extreme limitations of micro robots is the I-Swarm project [58], in

which a control unit was made for a 3 � 3 � 3 mm3 robot with the power

consumption bellow 1 mW.

16.2.4 Communication Transceiver

Implanted medical devices having wireless communications capabilities are used

for various applications. Traditionally, magnetic coupling was used for commu-

nications between medical devices and external programmers. Magnetic coupling

links use large antennas and low frequency and therefore are suitable for relatively

large devices needing low communications bandwidth (data rates on the order of a

few hundreds bits/second).

Originating frompacemakers and cochlear implants [59], the demand for increased

data rates and decrease in power consumption had caused systemdesigners tomove up

to higher frequencies, where low-power circuits and small antennas can be used and

higher bandwidths are available [60].

Endoscopic capsules use standard wireless micro controllers [13] for example

Texas Instruments CC2430 or specific ASIC design [8].

One of the most demanding applications in terms of its communication system

requirements is the Battery-Power Micro-Stimulator (BPM) for FES (Functional

Electrical Stimulation). This device packs all the requirements described above,

along with various sensors and actuators and a rechargeable battery into a very

small size cylinder [59]. Using a low-power wakeup circuitry and TDMA regime,

the system is capable of maintaining bi-directional communications with less than

10 ms latency continuously with an average current consumption as low as 10 mA.

16.2.5 Intervention Micro-Tools

Endoscopes enable diagnosis and intervention from the same port with the same

tool. Capsule endoscopes diagnose the GI passively with the SU (usually a camera).

In order that a medical swimming micro robot will effectively replace an endoscope
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it should have tools for intervention, AM. Several groups a re working on AM tools

for medical micro robots.

In order to distinguish between malignant and benign tumors the micro robot has

to retrieve tissue samples by biopsy. Kong et al. [61] developed a rotational micro

biopsy device for the small intestines. Park et al. [62] developed a micro biopsy unit

for capsule endoscopes. Rotation of a torsional spring is converted by a mechanism

into linear motion of a pair of micro spikes. The tool has a diameter of Ø10 mm and

height of 1.8 mm. Byun et al. [63] proposed a barbed needle for micro biopsy made

by MEMS technologies. Needle insertion experiments showed that 3 [N] force [64]

is needed to penetrate soft tissue which is difficult to achieve with AP in a medical

micro robot. An additional difficulty in micro-biopsy is to insure proper contact

between the robot and the tissue. One possible solution for these problems is a

helical robot that drills itself into the tissue. Ishiyama et al. [65] showed that a

magnetic micro robot with a helical drill-head (Ø2 mm diameter and 11.5 mm long)

can borrow into bovine tissue.

An additional micro tool that is necessary for AM is a micro holder or gripper.

Micro-grippers drawn vast attention as one of the basic building blocks of micro-

robotics [66]. A micro-gripper for medical application has to be energy efficient and

not fragile. A good example for a micro-gripper for medical application is the

piezoelectric micro-gripper developed by Menciassi et al. [67]. The micro-gripper

was made of nickel and was actuated by a PZT actuator. The gripper had a strain

gauge which was able to monitor the applied force. Micro-grippers can be used in a

medical micro robot in various medical tasks such as grasping of retinal membranes

[68], placing radioactive agents for cancer therapy (brachytherapy) [69] and con-

trolled release drug delivery micro systems [70].

Other micro tools for manipulation may include micro pumps [71] for drug

delivery and various ablation tools although they can be problematic from the

power requirements point of view.

16.2.6 Tools for Diagnosis

The research of sensors and sensing system is one of the most developed in MEMS,

[72], thus there are many options for integration of SU in a medical micro robot.

From the medical point of view the micro robot and the endoscope are extensions of

the surgeon’s senses during MIS. For the surgeon the most important senses during

an intervention are the vision and the tactile (including the force and temperature)

senses, for that reason in a medical micro robot a micro camera with LEDs, thermal

sensor, and force sensor should be integrated. There is a large variety of CMOS

camera chips that are small enough to be integrated into a medical micro robot, in

order to use a micro camera for endoscopy special optics has to be added and white

LEDS for illumination. An example for a small camera for medical applications is

the IntroSpicio™ 115 Camera System manufactured by Medigus [73]. The camera

head’s size is 1.8 � 1.8 � 11 mm3 and its power consumption is 80 mW.
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It is very important to know the exact location of the robot in order to navigate in

in the body especially in featureless conduits such as the spinal SAS or the small

intestine in the GI track. Intra-body tracking method of the robot has be used in

order to locate the robot. In most medical applications 5-D localization (cartesian

location coordinates and two tilting angles) is suffice. The most promising locali-

zation method is magnetic tracking. There are wired magnetic trackers with accu-

racy under 1 mm [74] that can be used for medical applications but additional

research is for integrating them into a wireless micro robot. Nagaoko and Uchiyama

developed a 3-D position sensor for an endoscopic capsule [75] the receiving coil of

the sensor was Ø6.5 mm with 160 turns of 40 mm copper wire. The planar (X-Y)

accuracy of 2.8 + 2.2 mm and 13.4�+ 20.9 (deg) (Average + Standard Deviation)

within a 0.4 (m) range from the magnetic field generator.

16.2.7 Example of a Micro Robot for Medical Application

One of the applications for a medical micro robot is neuro-surgery. We designed a

swimming micro robot for ventriculostomy. The micro robot effectively demon-

strates the different aspects and components detailed above.

The usual approach in ventriculostomy is using a rigid or flexible endoscope.

Currently, endoscopes are introduced through a cannula into the lateral ventricles.

When using rigid endoscopes, an opening of a diameter of Ø10 mm in the brain is

necessary in order to reach the target area. Since the surgeon wants to minimize

damage to the brain, he needs to insert the endoscope as close as possible to the

surgical target. Such a minimal distance approach, however, can endanger other

parts in the brain and may damage them.

Flexible endoscopes are partially solving the problem but they still offer only

limited access due to external tethering. An untethered swimming micro robot

(about 1–2 cm2 in size but its components are made by micro-fabrications) can be

inserted through a cannula crossing a (potentially remote) functionally blank brain

area but still could reach its target area without any strong spatial constraints.

The robot’s task is to execute the following intervention:

1. Inserting a Ø6.6 mm cannula into the lateral ventricle through the right-frontal

or right-parieto-occipital bone without jeopardizing functionally vital areas

(standard procedure for ventriculostomy).

2. Introducing the robot through the cannula into the lateral ventricle as shown in

Fig. 16.1a.

3. Navigation in the ventricle to reach the target area as shown in Fig. 16.1b.

4. Inspection of the target area by high resolution imaging and local investigation

of the electrical neuronal activity by the robot’s built-in electrodes.

5. Targeted intervention: force guided biopsy, local chemotherapy or placement of

radioactive agents for brachytherapy. If sufficient power is available, ablation

or cauterization can also be carried out.
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6. Returning of the robot to the insertion point, and docking to the cannula.

7. Retrieving the robot and the cannula.

The robot has a capsular form and when it is released from the cannula

three swimming tail AP actuators pop out to enable maneuvering in five DOF.

This swimming robot has a diameter of Ø6.6 mm (determined mostly by the

diameter of the batteries) and a length of 31 mm which results in a net volume of

1.1 cm3. The propulsive units’ angle with the axis of the body is 30� and the outer

diameter of the robot with open swimming tails is Ø26 mm.

The different components of this robot match the categories of Sect.

16.2.1–16.2.6 in this fashion (See Fig. 16.2):

1. AP – Three flagellar piezoelectric swimming tails, (for detailed description of

their operation method see Sect. 16.3).

2. PS – Power source made of batteries or magnetic coils for RF induction.

3. CU – Custom designed integrated circuits (IC) for command and control. The

main tasks of the CU here is process the data of the SU, convert it to a proper

communication protocol, generate the actuation signals for the AP according to

external command.

4. CT – IC for communication and an antenna that is able to transmit the signal out

of the body.

5. AM – Micro tools for biopsy, and holding and deploying radioactive agents for

brachytherapy.

6. SU – Endoscopic camera and LEDs, a coil for magnetic tracking of the robot and

a force sensor array to transmit tactile information and to increase the safety

(warning of collision with the ventricle walls).

Fig. 16.1 Illustration of the swimming micro robot (a) inserted by a cannula into the lateral

ventricle and (b) swimming to its target area. The background has been generated from an

endoscopic image of the lateral ventricles (Copyright 2008 IEEE.)
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16.3 Flagellar Swimming for Positioning

As it was shown earlier one of the main positioning mechanism for a medical

micro robot is a swimming actuator. Micro robots swim in low Reynolds number

fluidic regime (Stokes flow), for example a typical 0.1 mm micro robot that swims

in water with a velocity of 1 mm/s has a Reynolds number of 0.1. Due the

reversibility in low Reynolds number flow (e.g., Stokes flow) the action of swim-

ming micro organisms in nature are different from regular size swimmers [76].

All the micro swimming mechanisms such as spermatozoa [77], cilia [78] and

amoeba [79] create in one way or another a traveling wave, advancing in the

opposite direction of the micro organism’s locomotion. The simplest swimming

method for a micro system is flagellar swimming by creating a planar or helical [80]

traveling wave in an elastic tail.

In order to achieve propulsion in a swimming tail one has to create undulating

motion along it. Such motion is created by rotating an object with non-zero off-

diagonal elements in the fluidic resistance tensor, [81] or by deforming the object at

different locations [20].

It is easier to create bending vibration in a beamlike structure then rotation in a

MEMS actuator. The simplest undulating motion that one can formulate with a

vibrating beam is a planar traveling wave. A traveling wave can be decomposed

into the natural vibration modes of the beam, jk(x):
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Fig. 16.2 Conceptual assembly drawing of a swimming micro robot for neurosurgery. The

components of the robot are: (1) Three swimming tails, (2) Power source (here 3 Renata ZA10

batteries in series), (3) Packaged IC for command control and communication, (4) Antenna, (5)

Endoscopic Camera, (6) LEDs, (7) Force sensors, (8) Tool for intervention, (9) Localization sensor

(here an Aurora magnetic tracker receiving coil), (10) Casing (Transparent in the drawing to show

the internal components) (Copyright 2008 IEEE)
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wðx; tÞ ¼ w sinkðx� UtÞ ¼ wðsin kx cos kUt� cos kx sin kUtÞ

¼
X1
k¼1

ðCsk cos kUt� Cck sin kUtÞ’kðxÞ ¼
X1
k¼1

g
ðdÞ
k ðtÞ’kðxÞ

¼
X1
k¼1

Gk sinðOt� FkÞ’kðxÞ

(16.1)

w is the amplitude of the traveling wave, k is the wave number, U is the velocity of

the traveling wave, jk(x) are the vibration modes of a the beam, Csk and Cck are the
coefficients of the decomposition of the sin kx and cos kx functions accordingly.

In order to approximate the traveling wave one has to form the desired time

functions g
ðdÞ
k ¼ Gk sinðOt� FkÞ, by setting the phases and amplitudes of the input

signal of the actuators.

16.3.1 Theoretical Model

The phases Fi for all i ¼ 1; n and amplitudes Gi for all i ¼ 1; n of the actuator’s

input signal are derived from the solution of the beam model. When the motion and

the geometry of the beam is small enough (for example a PZT bimorph with the size

of 10� 1� 0.1 mm3) one can solve the beam’s equations analytically. Otherwise a

numerical model of FEA coupled with CFD or an equivalent mass spring model

[82] should be used (Fig. 16.3).

The theoretical model of a beam divided into n sections. The field equation of

each section is:

m1

@2w1ðx; tÞ
@t2

þ q1ðx; tÞ þ K̂1

@4w1ðx; tÞ
@x4

¼ 08x ¼ ½0; a1L�

..

. 8i ¼ 1; 2; ::: n

mn
@2w2ðx; tÞ

@t2
þ qnðx; tÞ þ K̂n

@4wnðx; tÞ
@x4

¼ 08 x ¼ ½anL; L�

(16.2)

m1 ¼
Pn

j¼1 rijAij is the distributed mass of each elastic domain. In each domain,

designated by index i, there are n layers. Each layer, designated by index j, has
different cross sectional area, Aij (in the case of a rectangular cross section Aij¼
bijtij), and density, rij. qi (x,t) is the distributed force applied by the fluid on each

elastic domain. K̂i ¼
Pn

j¼1 Yij½ð1þ xijÞIij þ AijZ
2
ij� is the stiffness of each elastic

domain, i. The stiffness depends on the Young modulus Yij, and in the case of

piezoelectric beams on the cross coupling coefficient, xij (see [83] for further details
on this coefficient), the cross section inertia Iij (in the case of a rectangular cross

section Iij ¼ bijt
3
ij=12), the cross section area Aij and the distance from neutral axis Zij.

The neutral axis position is fixed if no voltage is applied to the piezoelectric layers and

its value is ZNA ¼ Pn
j¼1 zijAijYij=

Pn
j¼1 AijYij when measured from an arbitrary point.
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The boundary conditions (BC) are linear, K, and angular spring, Ky, attached to

head section with mass, M, and moment of inertia, I, at x¼ 0 and free at x¼ L.
Spring BC conditions were chosen because of the difficulty of creating clamped

boundary conditions in an experimental setup. The boundary conditions are:

@ x ¼ 0

K̂1

@2w1ðx; tÞ
@x2

þME1ðtÞ ¼ I
@3w1ðx; tÞ
@x@t2

þ Ky
@w1ðx; tÞ

@x

K̂1

@3w1ðx; tÞ
@x3

¼ M
@2w1ðx; tÞ

@t2
þ Kw1ðx; tÞ � FL1ðtÞ

@ x ¼ L

and K̂n
@2wnðx; tÞ

@x2
¼ �MEnðtÞ:

K̂n
@2wnðx; tÞ

@x3
¼ FLnðtÞ

(16.3)

The continuity conditions (CC) between the different elastic sub-domains n and

n+1 are:

@ x ¼ aiL

wiðaiL; tÞ ¼ wiþ1ðaiL; tÞ
@wiðaiL; tÞ

@x
¼ @wiþ1ðaiL; tÞ

@x

� K̂
@2wiðx; tÞ

@x2
�MEiðtÞ ¼ �K̂iþ1

@2wiþ1ðx; tÞ
@x2

�MEiþ1ðtÞ 8i ¼ 1; 2; . . . ; n

K̂i
@3wiðaiL; tÞ

@x3
þ FLiðtÞ ¼ K̂iþ1

@3wiþ1ðaiL; tÞ
@x3

þ FLiþ1ðtÞ

(16.4)

Equations (16.2)–(16.4) is a generic description of actuation by torques, MEi (t),
such as piezoelectric or thermo-elastic bending actuators, or actuation by shear

w1 (x, t)

w2(x, t)
w3 (x, t)

x = a 1L

x = a 2L

x

Beam cross section of the 
ith elastic domain
Zij

Z
NA

I, M

B0

rij, tij, bij,Yij,

d31ij, xij, eijzj

Fig. 16.3 Illustration of the swimming micro robot’s tail divided into three sections (Copyright

2007 IEEE.)

16 Swimming Micro Robots for Medical Applications 381



forces, FLi (t), such as a magnetic Lorenz force. The forces and torques are applied

at the boundaries, aiL, of the sub-domains.

In the case of a piezoelectric actuator the elastic moment, MEi(t), is

MEiðtÞ ¼
Xn
j¼1

ZijYijAijdij �EijðtÞ 8i ¼ 1; 2; . . . ; n: (16.5)

dij is the effective piezoelectric coefficient of the jth layer and �EijðtÞ ¼ �VijðtÞ=tij is
the electric field on the j th layer.

In the case of a magnetic actuator the Lorenz force is

FLiðtÞ ¼ NibiIiðtÞB0 8i ¼ 1; 2; . . . ; n (16.6)

B0 is a constant magnetic field in the direction of the beam’s longitudinal axis. Ni

is the number of turns in the ith coil, bi is the width of the coil, Ii(t) is the current in
the coil.

Figure 16.4 illustrates how the different actuators drive the elastic tail. One

should notice that applying a torque or force with the same phase and amplitude

nulls out the actuators in the sub-domain boundaries and the actuator behaves as a

single beam actuator with the boundary conditions (16.3).

The PDE set (16.2)–(16.4) is solved analytically by the method of separation of

variables. A more detailed solution of a piezoelectric and magnetic three sectioned

swimming tail is provided in [20] and [31] accordingly.

Setting the proper phases to the input signals of the actuators will result in a

traveling wave as shown in Fig. 16.5. Notice the maxima (designated by the arrows)

and minima of the traveling wave is advancing along the x axis.
Based on the swimming theory developed by Taylor [84], the propulsion veloc-

ity of the swimming tail, UMR is

UMR

U
¼ � 1

2

w2k2

’ðb1Þ
K0ðb1Þ �

b1
2

K1ðb1Þ �
K2
0ðb1Þ

K1ðb1Þ
� �� �

: (16.7)

x

w1 w2 w3

w1 w2 w3

x

FL1

FL1

FL2

FL2 FL2

FL3

M1 M2 M1

a

b

Fig. 16.4 A three section swimming tail with actuators that apply: (a) torquesMi or (b) forces FLi
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b1 ¼ kĉ0 is a non-dimensional parameter that characterizes the tails cross section,

fðb1Þ ¼ b1K1ðb1Þ 1
2
þ 1

2

K0ðb1Þ
K1ðb1Þ �

K0ðb1Þ
K1ðb1Þ

� �
2

� �
þ K0ðb1Þ and Kið�Þ are Bessel K func-

tions of the i-th order.

16.3.2 Swimming Experiments

We built several swimming tails in order to estimate the effectiveness of the

theoretical model. The up – scaled swimming actuators were used in highly viscous

fluid in order to simulate properly the swimming conditions of a propulsive micro-

system in water. Piezoelectric and magnetic actuation methods were used.

16.3.2.1 Piezoelectric Swimming Actuator

In the initial experiments a commercially available piezoelectric bimorph stripe

actuator (Catalog number 40–1055 by APC International Ltd., [23]) was used. The

total length of the beam was L ¼ 35 mm (The length of the piezoelectric elements

was 31 mm). The thickness of the actuator was T ¼ 0.6 mm. (The thickness of each

PZT element was 0.2 mm). The width of the actuator was B¼ 2.5 mm. The tail was

divided into three segments with the lengths: Li ¼ [3.9, 10.1, 20.9], according to the

optimization method described in [85] (a1 ¼ 0.125; a2 ¼ 0.45). The weight of the

swimming tail was 0.86 g (Fig. 16.6).

Fig. 16.5 Illustration of the motion of the tail by sequel snapshots of the tail simulation at ten

different time-points (I�X) (Copyright 2008 IEEE.)
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The experimental setup included the following instrumentation: PC computer,

D/A converter, an amplifier with three channels, input wire, the up-scaled swim-

ming tail and a container with SAE80W90 gear oil (see Fig. 16.7).

The PC supplied three square signals with two delays, which were converted by

the D/A converter that had a rise time of 5 ms with 12 bit accuracy. The driving

Fig. 16.6 The up-scaled swimming tail (Copyright 2007 IEEE.)

Fig. 16.7 Illustration of the experimental system (Copyright 2007 IEEE.)
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voltage was a square wave with the frequency 2.8 kHz (the third natural frequency),

which meant that each square wave period was converted to 71 points. The D/A

signal was a trigger for the amplifier and it set the delays between the three

actuators. The amplifier supplied a square wave with amplitude of 60 V.

The constant amplitude wave is the optimal solution for this beam. The input

wire was hanged from 2 m height in order to be able to sense small propulsive

forces. The weight of the wire, a parameter needed later for propulsion computa-

tion, was measured to be 0.43 g. The tail was submerged into a container with

SAE80W90 gear oil, and its depth in the liquid was 5 mm. The viscosity of the oil

was measured by a viscometer and the Arrhenius viscosity function was fitted to the

results. The absolute viscosity was m¼176.4cP@40C� and m¼607.6cP@20C�.
The activation swung out the swimming tail 8 mm from the static equilibrium

point where its weight balanced the propulsive force. The phase delays of the three

actuators were set according to the theoretical model’s prediction:

FðVÞ
1 ¼ 0;FðVÞ

2 ¼ 1:06p;FðVÞ
3 ¼ 0:26p: (16.8)

Figure 16.8a shows the initial position of the actuator. The supply was turned on

with the phases set to (16.8) (Fig. 16.8a). The actuator reached its maximal distance

(Fig. 16.8b) and then the phases were zeroed FðVÞ
1 ¼ FðVÞ

2 ¼ FðVÞ
3 ¼ 0, i.e., a har-

monic vibration was induced instead of a traveling wave. No propulsion was observed

when the beamwas actuated by a standingwave (Fig. 16.8c). The experimental results

were reproducible and no aging was observed due to heating of the piezo tail.

The propulsive force was calculated from the torque equilibrium around the

hanging point of the actuator. The dominant forces in the system are: the propulsive

force, F
ðeÞ
p ; the weight of the swimming tail, m2g; the weight of the input wire, m1g;

Fig. 16.8 Propulsion experiment: (a) power off; (b) power on with calculated phase shifts;

(c) power on with 0 phase shifts (Copyright 2007 IEEE.)
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and the floating force, Fa ¼ roLBTg. The propulsive force attained in the experi-

ment was as follows:

FðeÞ
p ¼ m2 � roLBT þ m1

2

� �
g sin

D
l

� �
¼ 4:03 � 10�5N (16.9)

Where: m2 ¼ 0.86g is the mass of the tail, r0 ¼ 910 kg/m3 is the density of the

fluid, m1 ¼ 0.43g is the mass of the tail, g ¼ 9.81 m/s2 is gravity, D ¼ 8 mm is the

maximal distance the tail traveled and l ¼ 2 m is the height of the hanging point.

The propulsive force created by the swimming tail equals the drag force of a

rigid body with the shape of the tail moved in the fluid with constant velocity, UMR.

The propulsive force can be approximated to the drag on an elongated rod as given

by [86]:

FðtÞ
p ¼ 2pmLUMR

lnð2L=ĉ0Þ � 0:80685
¼ 3:792 � 10�5N ¼ 0:94FðeÞ

p (16.10)

16.3.2.2 Magnetic Coil Swimming Actuator

Another type of swimming tail we utilized was a magnetic coil actuator based

on Lorenz force driving. Each coil had an outer length of 7 mm and height of 5 mm

(see Fig. 16.9). The dimensions of the inner hole were 5� 3 mm2 respectively. Each

coil had 100 turns and was wounded using copper magnet wire diameter of 20 mm.

Fig. 16.9 Image of the

magnetic swimming tail from

two views: profile (lower
image; reflection from the

vessel wall) and half profile

(upper image; direct trough
the water) (Copyright 2008

IEEE.)
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Three of such coils were mounted on a 50 mm thick foil. The total length of the tail

was 30 mm.

The swimming tail was hung from the height of 1.72 m over a hard disc’s

permanent magnet that produces a static magnetic field in parallel to the length of

the swimming tail of about 0.2 [T]. The input signals that created the largest

swimming velocity were:

I1 ¼ i0 sin 2pOt

I2 ¼ 2i0 cos 2pOt

I3 ¼ �i0 sin 2pOt

(16.11)

i0 ¼ 1.12 mA is the signal amplitude and O ¼ 10.125 is the signal frequency. In

order to achieve backward swimming we reversed the phases of the signals

in (16.11).

The experimental setup is similar to the piezoelectric swimming tails shown in

the previous section. The weight of the tail wasm2¼ 0.073 g and the total weight of

the wire was m1 ¼ 0.29 g.

Fig. 16.10 Swimming of the

magnetic tail forward (the

upper seven images) and

backward (the lower five

images). The vertical white
line denotes the initial
location of the tail (Copyright

2008 IEEE.)
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Figure 16.10 illustrates the swimming of the magnetic tail. In this experiment the

tail was driven with a frequency of O ¼ 25 Hz and amplitude of ii ¼ 1.15 mA. The

image shows forward and backward motion of in sequences of 0.5 s.

In this experiment the swimming tail moved 9 mm forward and 5 mm back

which are equivalent to a propulsive force of 10.3 mN and 5.7 mN accordingly

(calculated from [16.9]).

The magnetic swimming tail was tested in several frequencies from 1 to 150 Hz.

Figure 16.10 summarizes the results of those experiments. The lower the frequency

the larger the propulsive force. The first natural frequency of the tail was found at

on¼ 110 Hz, we did not found any change in the decay of the swimming velocity at

this frequency. As in the piezoelectric swimming tail, whilst the phase difference

between the coils is zeroed, the propulsion is zeroed too (Fig. 16.11).

16.4 Scaling of Micro Robots

Pioneered by Trimmer [87] scaling laws are synthesis directives for micro system

designer. It is hard to derive general scaling laws for a full system therefore

different studies focused their analysis on components of a micro system such as:

actuators [14, 87], sensors [88], and power sources [38].

In order to scale down a micro robot one has to consider the system as a whole. It

is difficult to derive conclusions for a full robot because the multitude of the degrees

of freedom therefore a specific design has to be made and analyzed as shown in

Sect. 16.4.1.

A specific medical task such as a swimming micro robot with AP and PS can be

analyzed by scaling. Two different swimming methods using magnetic actuator have

been compared by Abbott et al. [89]. The one drives a permanent magnet by a

magnetic field with constant gradient and the other is based on the propulsion created
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by the rotation of a helix. The study showed that that using the same external coil as

PS, the swimming velocity of helical swimming scales linearly with the radius driving

sphere’s, V / b and the swimming velocity of the gradient driving scales with the

square of the radius V/ b2. This result clearly shows the smaller the magnetic sphere

the more advantageous is the helical swimming. The propulsive force Fp is propor-

tional to the Fp / b2 in helical and Fp / b3 in gradient swimming accordingly.

Analyzing the scaling of a piezoelectric bending actuator (see Sect. 16.3) we

assume that the actuator is a bimorph and the length L, width 0.085 L and thickness

of 0.005 L. There is a maximal electrical field that the piezoelectric material can use

without depolarization thus the driving voltage has to be scaled down according to

L too: V̂ / L. The driving torque MEi (t) scales down MEi (t)/ L3 assuming that the

material properties (Young modulus, piezoelectric coefficient, dielectric

coefficient) are preserved in thin layers. The scaling of the beam’s distributed

mass, m / L2 and elastic stiffness, K̂ /̂L4 leads to the linear increase of the natural
frequency with the length fN / 1/L. The damping coefficient, which is proportional

to the distributed damping force exerted by the fluid on the beam q(x,t), remains

constant with L. Assuming we are able to drive the swimming tail at its third natural

frequency the amplitude of the traveling wave created in the tail scales to w / L.
The velocity of the traveling wave U, remains constant with scaling because the

increase of the natural frequency and the decrease of L cancel each other.

That lead us to the conclusion that the swimming velocity in a piezoelectric

swimming tail V does not change by the scaling of L. The propulsive force is

scaled linearly with the length, FP / L. One has to remember that manufacturing

technologies, electronics and power source consideration may limit such a

promising result.

The power consumption of the piezoelectric swimming tail is scaled by SAP /
L2. Assuming power supply of a battery is scaled by the volume SPS / L3 there will
be minimal volume in which the system of PS + AP will not be able to function.

One can overcome this disadvantage by reducing the supply voltage to the actua-

tors: V̂new / L3=2. The supply voltage is scaled linearly with the swimming velocity,

V / L but scales by the square with the power requirement SAP / L3 consequently
the PS and AP scale down equally and the system is balanced.

The magnetic swimming tail does not scale as favorably as the piezoelectric one:

V / L2 because the current density in the coils, J, has to remain constant. The

current in the coils is scaled down by the cross section are of the wire, I / L2.
The power consumption of the actuator though is scaled down by SAP / L3.

If the PS is magnetic induction and the frequency of the supply coil is increased

as the tail is scaled down: OPS /1/L the EMF will scale linearly with L, VEMF / L.
In a small coil the resistive component of the coil is dominant and the power

transfer by induction scales approximate with the volume of the inducted

coil, SPS / L3. Thus the scaling of an inductive power source isn’t better then

the scaling of a battery, nevertheless the amount of energy is unlimited in

power transfer.

One has to remember that scaling considerations are only part of the design and

generally the manufacturing limitations set the minimal size of a micro system.
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16.4.1 Numerical Example

The medical micro robot presented in 16.2.6 is driven by AP made of three

piezoelectric swimming tails of the dimensions 20 � 1.7 � 0.2 mm3. The power

consumption of the actuators is:

SAP ¼ 3S
ð1Þ
AP ¼ 3:11:1½mW� ¼ 33:3½mW� (16.12)

The power consumption of a commercial micro controller that can perform the

tasks needed for this robot is about 20 mW (for example Intel 8051). There is IC

specially designed for low power consumption with limited performance [58].

Several designs were able to reduce the power consumption of the CU to 1-2 mW

[58, 90], thus

SPC ¼ 5½mW� (16.13)

CT can be added in a separate chip with low power consumption such as the chip

developed by AMF:

SCT ¼ 0:014½mW� (16.14)

Another solution is to use a single chip that combines CT and CU such as Texas

Instruments CC2430:

SPC þ SCT ¼ 54½mW�: (16.15)

The most power consuming components in the SU are the micro camera and

the LEDs. The power consumption of a Medigus micro camera for endoscopy is

80 mW and its maximal frame rate is 50 Hz. The power consumption of a Toshiba

TLWH1100(T11) led is 126 mW for continous operation. The camera is used at the

rate of 10 Hz therefore using a switching circuit for the LED will reduce the SU

consumption to

SSU ¼ Scamera þ SLED ¼ 80½mW� þ 126½mW� � 10½Hz�
50½Hz� ¼ 110½mW�: (16.16)

The AM of the robot is a biopsy or holder micro tool. In order to penetrate tissue a

force of 3 [N] is needed. The AP cannot create such a force thus the robot cannot

“ram” the tissue in order to penetrate and retrieve a sample. One option is using a

pre-loaded spring. Another possibility is a chemical transducer. In both cases the

power consumed by the triggering mechanism alone and it can be neglected from

the general calculation.
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The total power demand of the robot is:

SAP þ SCUþCT þ SSU ¼ 120½mW�: (16.17)

A PS made of two ZA-13 zinc-air batteries with a nominal power density of 72W/kg

is able to provide a maximal current of 62 mA at a voltage of 1.4 V. In order to supply

the power demand the batteries should supply 85.7 mA. With a power condenser and

power tasking the PS can supply such power. With nominal current the a ZA-13

battery’s energy can provide a capacity of 310 mAh. Such a capacity can provide an

operation period of:

TPN ¼ Ca

IS
¼ 310½mAh�

53:5½mA� ¼ 3:6½h�: (16.18)

This example shows that with proper miniaturization and integration it is

possible to realize an untethered micro robot for neurosurgery. The robot combines

all the aspects of a medical micro robot (AP, CU, CT, SU and AM).

16.5 Conclusions and Future Directions

This chapter presents potential clinical application for medical micro robots,

especially swimming micro robots. The necessary components to assemble such a

robot are identified. From the review of the different components several conclu-

sions can be derived:

1. There are available components to assemble a swimming micro robot and there

are no specific gaps of knowledge. The challenge is to integrate the components

into an operating system and fit it to the medical requirements.

2. The most critical component is the power source of the robot. There is no

adequate internal power sources for a micro robot with a volume under 10

mm3. The only solution is external induction although it is not favorable from

the scaling point of view. A promising PS is batteries with new innovative

geometries but currently such batteries are still weaker (having lower specific

energy) then standard batteries.

3. The highest power consumers in the payload of the robots are the micro-cameras

and an additional way to overcome the power requirements is the development

of efficient micro camera and lighting.

An interesting area in medical micro robots is the AP. We summarized all the

effort done in this area and presented more profoundly positioning by swimming

and especially flagellar swimming.

Scaling analysis is a useful design tool to derive generic directives on promising

directions for further research. We showed by scaling that a piezoelectric flagellar
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swimming is promising especially if micro-fabrication of piezoelectric thin layers

will be standardized and available.

Another important conclusion is that one has to exploit external resources for the

micro robots. For example the endoscopic capsules use the peristaltic motion of the

small intestines for AP and a magnetic swimming tail uses the MRI large constant

magnetic field in order to swim. In the future other resources in the body may be

used by micro systems such as the blood streams high flow rate and pressure or the

free ATP molecules in the muscles.

Micro robots for medical purposes still pose great challenges and opportunities

for extensive research.
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Chapter 17

Flagellated Bacterial Nanorobots for Medical

Interventions in the Human Body

Sylvain Martel

Abstract Enhancing targeting in the smallest blood vessels found in the human

microvasculature will most likely require the use of various types of microdevices

and nanorobots. As such, biology may play an important role where medical bio-

nanorobots including nanorobots propelled in the microvasculature by flagellated

bacteria to target deep regions in the human body will become important candidates

for such applications. In this chapter, we introduce the concept and show the

advantages of integrating biological components and more specifically Magneto-

tactic Bacteria (MTB) for the development of hybrid nanorobots, i.e., nanorobots

made of synthetic and biological nanoscale components, designed to operate

efficiently in the human microvascular network. Similarly, the chapter shows the

advantage of using Magnetic Resonance Imaging (MRI) as an imaging modality to

control and track such medical nanorobots when operating inside the complex

human vascular network. The chapter also presents preliminary experimental

results suggesting the feasibility of guiding and controlling these nanorobots

directly towards specific locations deep inside the human body.

Keywords Bacteria � Nanorobots � Magnetic Resonance Imaging (MRI) �Medical

interventions � Tumor targeting

17.1 Introduction and Motivation

Nanorobots capable of operating inside the human body could potentially help

various medical cases including but not limited to tumor targeting, arteriosclerosis,
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blood clots leading to stroke, accumulation of scar tissue, localized pockets of

infection, and many more.

While much speculation has been published on possible far-future applications of

nanorobots, i.e., miniature robots based on nanotechnology using advanced materials

and manufacturing techniques, little has been published on applying existing engi-

neering technology with biology to implement systems beyond traditional technologi-

cal limitations allowing such devices to operate in the human vascular network.

There exist several definitions of nanorobots describing different types, from

relatively large robotic platform capable of operations at the nanoscale, to the

theoretical version of robots with overall dimensions in the nanometer-scale.

Theoretical indeed since the implementation of true robots and especially medical

robots with overall dimensions of less than approximately 100 nm (being consid-

ered as the upper limit in nanotechnology), is well beyond today’s technology.

Therefore, a new definition for nanorobots that reflects more the reality of what can

be achieved has recently emerged, defining such nanorobots has robots with overall

dimensions in the micrometer-scale that rely on nanoscale components to enable us

to embed particular functionalities. Similarly, medical nanorobots are defined here

as microscale robots that exploit nanometer-scale components and phenomena

while applying principles of robotics combined with nanomedicine to provide

new medical diagnostic and interventional tools. Although there are many potential

applications that could take advantage of such nanorobots, tumor targeting for

therapeutic purpose has been chosen in this chapter as an important yet challenging

application in medicine where such nanorobots could bring significant outcomes.

17.1.1 Main Accessible Regions for Untethered Robots
in the Human Body

There are many regions in the human body which can be accessible for untethered

robots. Many of these regions can be classified as direct line-of-sight regions,

meaning that many visualization and/or tracking techniques (with or without

microscopy) used in traditional robotics can feed back information to a controller

for servo-control of the untethered robot. This is important since the imaging

modality being used may impact and often complicate the control loop implemen-

tation by adding significant latencies that would prevent achieving control stability.

Some of these regions that could be classified as direct line-of-sight include areas

such as inside the mouth, the ears, or the eyes.

Other regions in the human body where direct line-of-sight is not possible

include regions such as the digestive track and the vascular network, to name but

only two main regions where significant research efforts are underway. In regions

such as the digestive track, larger sized robots are more appropriate than microscale

robots whereas in the human vasculature, microscale untethered robots become
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more appropriate. In general, the human vascular network offer more potential for

interventions, especially when we consider that it offers close to 100,000 km of

routes to access the various regions inside the human body.

The diameter of the various blood vessels in the human vasculature dictates the

overall dimensions of the untethered robots. In larger blood vessels such as the

arteries, the maximum diameter is a few millimeters. The carotid artery for instance

has a diameter of approximately 4–5 mm. Because of the various factors including

wall effects which would add drag force to the robots, the diameter of a single robot

navigating in such vessels should be approximately no more than half the diameter

of the vessels being traveled.

To reach the capillary networks, such robots must travel through the arterioles.

Since the diameters of the arterioles may vary from approximately 150 mm down to

approximately 50 mm, an overall diameter for each robot of no more than approxi-

mately 25 mm would be necessary to reach the capillaries. To reach a target such as a

tumor, each robot would have to travel through the capillaries. These capillaries may

have a diameter as small as approximately 4 mm, meaning that the maximum diameter

of an untethered robot designed to target a tumor should not be larger than approxi-

mately 2 mm. Interesting enough is the fact that the same robot does not need to be

smaller than 2 mm in diameter unless itmust go through theBloodBrainBarrier (BBB).

17.1.2 Embedded Synthetic Versus Biological Propulsion System

Tumoral lesions can be accessed by transiting through anarchic arteriocapillar

networks stimulated by tumoral angiogenesis where capillaries located near the

tumor could have diameters as small as a red blood cell. Hence, it becomes obvious

that the development of self-propelled medical nanorobots relying on an embedded

source of propulsion based on a synthetic machine such as envisioned in [1] for

instance and capable of providing sufficient thrust force to operate in the human

microvasculature, cannot be implemented considering actual technological advances.

As such, existing biological motors such as the molecular motors of bacteria with

the attached flagella acting like propellers, becomes an interesting option for nanor-

obots, especially medical nanorobots operating in the bloodstreams [2, 3].

The flagellated bacteria of type MC-1 for instance is at this time considered to be

one of the best candidates for such application for several reasons. First, the diameter

of theMC-1 bacterium is�2 mmbeing approximately half the diameter of the smallest

capillaries found in human. Second, initial tests performed in mice have demonstrated

potential for biocompatibility with proper initial response of the immune system.

Third, experiments already showed that each bacterium provides thrust force exceed-

ing 4 pico-Newtons (pN) which is at least ten times the thrust force provided by most

species of flagellated bacteria. Hence, knowing present technological limits, such

flagellated bacterium can be considered as a serious bio-actuator for nanorobots

designed to operate in the microvasculature.
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17.1.3 Directional Control

Although propulsion is an important factor, directional control is a must when

nanorobots must be navigated in complex vascular networks. In [4], the first

random motion of an auto-mobile microchip with flagellated bacteria attached

was observed. But for targeting specific regions in the human body as in most

other applications that could be envisioned with micro-nanorobots propelled by

bacteria, steering or displacement control becomes essential. Some level of control

of flagellated bacteria has been demonstrated such as chemical stop/resume [5] and

phototaxis stop/resume [6] controls. But so far, only a directional control method

based on magnetotaxis seems to be suitable for operations in the microvasculature.

Although accurate chemotaxis-based steering control performed by computer has

not been demonstrated yet, the use of chemicals may in a practical point of view, be

extremely difficult if feasible to apply in the human microvasculature. Similarly,

phototaxis-based directional control may not be applicable especially when target-

ing deep in the human body.

But accurate steering control deep in the human body can be achieved with the

use of flagellated Magnetotactic Bacteria (MTB). Already, computer steering or

control along a pre-programmed path [7] of a flagellated MTB has been demon-

strated [8].

Magnetotaxis-based directional control induces a directional torque to a chain of

membrane-based nanoparticles (referred to as magnetosomes) embedded in the cell

of the MTB. The torque is induced from electrical currents flowing in a special

conductor network surrounding the patient. When interfaced to a computer, auto-

matic directional control can be achieved [8].

17.2 Bacterial Mechanical Power, Propulsion, Steering

and Tracking

The four fundamental functions that must be embedded in an untethered microscale

nanorobot designed to travel in the human microvascular networks are the mechan-

ical power source, the propulsion system, the steering system, and some sort of

beacons allowing such nanorobots to be tracked inside the human body.

Interesting enough is the fact all these four fundamental requirements are

already embedded in each MC-1 bacterium as depicted in Fig. 17.1.

As depicted in Fig. 17.1, the diameter of the MC-1 magnetotactic bacterium

which is spherical in shape, has a diameter of approximately 2 mm, allowing it to

operate in the smallest diameter blood vessels found in human.
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17.2.1 Bacterial Mechanical Power

The use of bacteria by itself resolves one of the biggest challenges in artificially

made micro- or nanorobots since no appropriate technology is available to embed

sufficient power within such space constraints. Especially with a microscale robot

with overall dimensions of only 2 mm across, the only alternative for engineers and

researchers is to induce the power from an external source. An obvious solution

which was and remains the most popular to date, is to induce a mechanical force

using an external magnetic field typically generated from coils surrounding the

patient or the part of the body where the intervention is being performed. Nonethe-

less, this solution has limitation especially when the distance from the coils and the

microscale robots increase to accommodate operation deep in the human body,

especially when operating deep in the human torso. In the latter case for instance,

overheating of the coils would most likely prevent their usage for such applications.

Therefore, an embedded source of propulsion would become more appropriate.

Fig. 17.1 A single MC-1 magnetotactic bacterium imaged using an electron microscope. Propul-

sion is provided by two flagella bundles while a chain of magnetosomes is used for directional

control and tracking. The lines superposed over the image indicate the magnitude of distortion

created by the magnetosomes when placed inside an MRI system allowing the bacteria to be

tracked deep in the human vasculature where direct line-of-sight is not possible
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17.2.2 Bacterial Propulsion System

Each flagellum acting as a propeller is connected to a hook acting as a universal joint

that connects to a molecular motor as depicted in Fig. 17.2. TheMC-1 bacterium has

two bundles of such flagella providing a total thrust force for propulsion between

4.0–4.7 pN > 0.3–0.5 pN for many flagellated bacteria. Each flagellum rotates

360 degrees like a shaft in standard motor and can be reversed for backward motion.

The total diameter of each molecular motor is less than 300 nm.

The flagellum acting like a propeller consists of a 20 nm-thick hollow tube.

As depicted in the figure, the flagellum next to the outer membrane of the cell has a

helical shape with a sharp bend outside. Together, this structure appears like a hook

with a shaft running between the hook and the basal body. Similar to the architec-

ture of a potential future artificial version, the shaft then passes through protein

rings that act as bearings. For this nanometer-scale propulsion system, counter-

clockwise rotations of a polar flagellum will thrust the cell forward while clockwise

rotations will result in the cell or the microstructure attached to, to move backward.

Experiments conducted in water and in human blood showed an average velocity

for the MC-1 bacteria often exceeding 200 mm/s (compared to an average

Fig. 17.2 Schematic diagrams of the flagellum connected to the molecular motor of a bacterium.

As shown in the figure, the design of this molecular motor is very similar to an artificial version

with a rotor inside a stator separated by ball-bearings. This molecular structure consists of three

main parts: the basal body, which acts as a reversible rotary motor; the hook, which functions as a

universal joint; and the filament, which acts as a helical screw (OM: Outer Membrane; PG:

Peptidoglycan layer; CM: Cytoplasmic Membrane. (Adapted from Fig. 17.1 in Minamino T.

et al. Molecular motors of the bacterial flagella. Curr. Opin. Struct. Biol. 18, 693–701 (2008))

402 S. Martel



velocity of approximately 30 mm/s for many other flagellated bacteria). Peak velocities

of approximately 300 mm/s, i.e., 150 times its own cell’s length per second have also

been recorded.

17.2.3 Bacterial Steering System

The direction of motion of most flagellated bacteria is mainly influenced by

chemotaxis. With chemotaxis, the swimming direction and the motility of bacteria

is influenced by chemical gradients such as nutrient gradients [9–11]. Hence, a

chemical approach would first appear to be the appropriate strategy to be used for

the directional control of most flagellated bacteria. But although a chemical

approach could be suitable in many applications, chemotaxis-based directional

control in the human vasculature may be very difficult if suitable to be considered.

Furthermore, chemotaxis-based directional control if feasible in the human body

may not provide an adequate interface with computers or electronic controllers,

which may be an essential requirement for a robotic platform where automatic and

accurate motion control along pre-planned paths in the blood vessels must be

implemented.

On the other hand, with the right species of flagellated bacteria, such as MTB, a

low intensity directional electro-magnetic field capable of penetrating the human

body with ease and without harm for the patient can be used while being compatible

and easily interfaced with electronic computers and controllers.

For MTB, each cell (body) contains a naturally growth chain of magnetosomes

which are membrane-based nanoparticles of a magnetic iron, e.g., iron-oxide for the

MC-1 cells. Each nanoparticle has a diameter of only a few tens of nanometers and

therefore will show single magnetic domain behavior. This chain acts like a

nanometer-sized compass needle and will be oriented with the lines of magnetic

field towards an artificial pole generated by computer.

The motion behavior of the MC-1 bacteria can be influenced in many ways

including chemotaxis, phototaxis, aerotaxis, and magnetotaxis [12–14], the latter

being more appropriate for automatic closed-loop navigation control in the vascular

system.

To achieve better computerized control on the swimming direction of the MC-1

cells, the modes which are not or cannot be under the influence of an electronic

controller or a software program and which would add uncertainties and errors

along a pre-defined swimming path through unpredicted motion behaviors must

become negligible. To achieve this, a very low intensity directional magnetic field

but slightly higher than the Earth’s geomagnetic field of 0.5 G is then applied. When

doing so, the directional motion of these self-propelled bacterial steering systems

become mainly influenced by magnetotaxis and therefore fully controllable as

demonstrated in [8] (Fig. 17.3).
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17.2.4 Bacterial Tracking System

It does not matter how smart is a nanorobot, for targeting a specific region such as a

tumor, any nanorobots will get lost in a maze of close to 100,000 km of blood

vessels if a global tracking/navigation system similar to the Global Positioning

System (GPS) for humans, is not provided. Therefore, when operating inside the

vascular network, since imaging techniques relying on direct line-of-sight is not

possible for servo-control purpose, gathering tracking information in order to guide

such bacterial nanorobots to a specific targeted location inside the human body

using the shortest or any desired paths without getting lost would require an

appropriate imaging modality. Magnetic Resonance Imaging (MRI) systems

already implemented in most clinics can be used for this purpose. This also adds

further advantages especially during the planning phase where soft tissue and the

blood vessels can be imaged in 3D.

Fig. 17.3 These experimental results captured with an optical microscope, validate the concept of

using a single flagellated magnetotactic bacterium as a self-propelled steering system for a

microscale robot. Here a single flagellated bacterium was attached using specific antibodies to a

3-mm bead representing the artificial structure or body of a hybrid microrobot. As shown in the

upper left section of the image, one can see that such microrobot represented by the bead can be

pushed efficiently by a single flagellated bacterium. The lower left section shows the same

bead represented by the black circles with numbers along a pre-programmed trajectory and

corresponding to a sequence of software instructions, proving that accurate computer-based

control of a bacterial propulsion and steering system is possible
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As mentioned earlier, the magnetosomes embedded in the cell of each MC-1

magnetotactic bacterium are Fe3O4 single magnetic domain crystals of a few tens of

nanometers in diameter and are used for directional control. Similarly, when placed

inside the bore of a clinical scanner, these nanoparticles cause a local distortion of

the high intensity DC magnetic field. Such local field distortion caused by each

magnetosome can be estimated at a point P of coordinate r (x, y, z) by that of a

magnetic dipole as

~B0 Pð Þ ¼ m0
4p

3
~m:~rð Þ~r
r5

� ~m

r3

� �
: (17.1)

In (17.1), m0¼ 4p10�7 H m�1 represents the permeability of free space. The dipolar

magnetic moment (A m2) for a magnetosome uniformly magnetized by the high

intensity of the MRI scanner is then given by

~m ¼ 4

3
pa3 ~MSAT (17.2)

where the saturation magnetization of the magnetosome and its radius a (m) are

taken into consideration. A numerical simulation of a single bacterium magnetic

field perturbation plotted over an electron microscopy image assuming 11 aligned

magnetosomes, each with a diameter of 70 nm has been plotted in Fig. 17.1.

Since the homogeneity level of modern MRI clinical scanner is approximately 5

ppm over a 50 cm diameter spherical volume at 1.5 T, suggest that tracking of

bacterial medical nanorobots inside the human body using existing medical

imaging platforms is possible. This is confirmed experimentally in Fig. 17.4

where a swarm of MC-1 flagellated bacteria has been imaged with a 1.5 T

clinical scanner.

In reality, because of the small overall size of each bacterial nanorobot, deliver-

ing sufficient therapeutic agents to a tumor would require more than one nanorobot.

As such, directional control of a swarm or agglomeration of flagellated bacteria (or

bacterial nanorobots since unlike other flagellated bacteria operating independently

of computer commands, they represent fundamental self-propelled entities being

controlled by computer in a closed-loop scheme) as shown in Fig. 17.4 will be

essential in many instances. Using several bacteria simultaneously not only

increases the amount of therapeutics being delivered but makes the tracking and

hence the feedback control easier by increasing the signal intensity inside the

human body. This is important since although the sensitivity of a clinical MRI

system is very high, the limitation in the spatial resolution can be somewhat

compensated for with a larger agglomeration of MTB. Furthermore, as depicted

in Fig. 17.4, the percentage of bacteria in a specific region can also be evaluated

with proper MRI sequences. This is important to evaluate the percentage of MTB

that have reached the target. For delivering therapeutics to a tumor for example,
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determining the percentage of bacterial nanorobots that has reached the target will

indicate the amount of secondary toxicity delivered to the systemic blood circula-

tory system. In turn, this will indicate how many times the operations can be

repeated without increasing secondary toxicity in the human body beyond a critical

threshold. Similarly, if only one attempt is planned, this will indicate the maximum

level of toxicity of the therapeutics that can be carried by the bacterial nanorobots

for maximum efficacy at the tumoral lesion.

Figure 17.4a shows an agglomeration of MC-1 bacteria swimming in a tube

mimicking a human blood vessel. Feedback directional control was done from

tracking information gathered using an optical microscope (Fig. 17.4a). To the right

in Fig. 17.4b, one can observe the intensity of the image from various concentration

of MTB.

17.3 Envisioned Main Types of Medical Nanorobots

The human vasculature represents a complex environment where the variations in

physiological properties represent new difficulties that must be dealt with. For

instance, blood flow velocity in the arteries can reach one meter per second whereas

Fig. 17.4 (a) The figure shows an example of directional control of an agglomeration of MC-1

magnetotactic bacteria along the dotted path and (b), images taken with a clinical MRI system of

various concentrations of MTB. The magnetosomes embedded in the cells affect the spin-spin (T2)

relaxation times when imaged using fast spin echo sequence. (Images taken with a Siemens

Avanto 1.5T clinical scanner using a wrist antenna with sequence parameters: TR/TE ¼ 5,620/

135 ms, slice thickness of 20 mm, and pixel spacing of 0.254 mm)
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in the capillaries it can be as low as 1 mm/s. But in capillaries, because of the size of

the blood cells, the medium cannot be considered homogeneous as in the arteries.

Therefore, sending a nanorobot to a tumor could be somewhat similar to sending an

exploration robot on the surface of planet Mars where different modules must be

used to first escape the Earth gravitational force, then travel from the Earth to the

orbit of Mars using closed-loop navigation control prior to use a landing module

before releasing the exploration robot itself. Similarly, navigating from the release

site in larger arteries at the catheterization limit to the tumoral region and passing

through vessels such as the arterioles and capillaries, requires various types of

microdevices/carriers and/or robots.

17.3.1 Bacterial Nanorobots

Bacterial nanorobots or nanorobots propelled by bacteria are most efficient in Low

Reynolds conditions and particularly in the capillary networks. As mentioned

earlier, unless designed to travel through the BBB, there is no apparent advantage

to implement bacterial nanorobots designed to operate in the human microvascula-

ture with an overall size of less than approximately 2 mm across. Actual designs of

nanorobots capable of crossing the BBB are presently based on speculations

without real development and experimental data and as such, it is not covered

here due to a lack of experimental data and proof-of-concepts. Nonetheless, such

devices capable of transiting through the BBB could indeed with the advancement

in nanorobotics, become a potential topic in future publications.

The functionality of microscale nanorobots can be enhanced for operations in the

human vasculature by taking advantage of the properties offered by nanometer-

scale components. The propulsion system with the molecular motors and the

flagella, the magnetosomes acting as tracking beacons and steering systems are

just a few examples of that.

Because of their overall dimensions, engineers must think differently for the

implementation of such microscale nanorobots compared to larger robots. For

instance, several parts must rely on biochemistry instead of the more traditional

mechanical approaches. As a simple example, a miniature mechanical gripper with

recognition sensors for specificity in target recognition that may be connected to an

onboard computer can be replaced with the integration of specific antibodies. Specific

antibodies can also replace the glue or the screws used to assemble components in the

implementation of larger robots. This is shown in Fig. 17.5 where a large bead

emulating a potential artificial component is attached to a flagellated bacterium to

build a hybrid microscale nanorobot. Other types of antibodies, bacteriophages,

ligands, functionalized molecules, and peptides are only a few examples of compo-

nents that can be used to emulate grippers, implement specificity or to embed target

recognition, attach components, anchor the nanorobot, and/or to load therapeutic or

other types of agents, to name but a few typical functions.
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For instance, loading the bacterial nanorobots can be done in many ways. For

example, the MC-1 cell can be loaded with fluorescent cell penetrating peptide

which could also be replaced by cytotoxic or radio-active agents. Nanometer-scale

biodegradable polymeric nanoparticles loaded with cytotoxic or other agents can

also be attached to the cell of the MC-1 bacterium using specific antibodies, again

as depicted in the example in Fig. 17.5 where a relatively large artificial structure

(here represented by a simple bead) which could be a synthetic part of an hybrid

robot, has been attached to a bacterium using specific antibodies.

Bacterial nanorobots have huge advantages compared to an entirely synthetic

version. For instance, MC-1-based bacterial nanorobots have superior performance

in smaller diameter capillaries over synthetic counterparts such as ferromagnetic-

based microrobots propelled by magnetic gradients when operating inside a rela-

tively large animal or an adult size human body.

But the use of non-pathogenic MC-1 bacteria as propulsion system for micro-

scale robots has some potential drawbacks that do not exist in synthetic versions.

Indeed, initial tests conducted in human blood at 37�C showed that the velocity

of the MTB and denoted vB37 at a time t (expressed in minutes and within the

lifetime of approximately 40 min for the MC-1 bacterium when exposed to the

environmental conditions of the human microvasculature) would decrease continu-

ously according to (17.3).

vB37 ¼ 0:09 t2 � 8:10 tþ vMTB: (17.3)

In (17.3), vMTB is the average velocity of the MTB (approximately 188 mm/s

depending on cultivation parameters) prior to be exposed to the environmental con-

ditions of the human microvasculature.

Fig. 17.5 One MC-1 flagellated bacterium being attached reliably to large bead emulating a

potential artificial part of a hybrid nanorobot
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Even with such a decrease in velocity when exposed to environmental conditions

inside the human body, flagellated MC-1 bacterial nanorobots would remain more

effective for at least the time period required to target the tumoral lesion (estimated

to be less than approximately 30 min although more tests are required to confirm it)

when operating in the human body compared to a synthetic version such as a

ferromagnetic microscale robot of similar size with force induced using continuous

(50% duty cycle) 500 mT/m gradients being approximately the maximum gradients

that can be applied at the human scale (e.g., to accommodate an adult size human

torso) inside an upgraded MRI platform.

Effort could be done towards extending the operating life of the bacterium in the

human microvasculature using approaches such as the ones relying on RNA. But

the lifespan of such bacterium should remain short enough to prevent the bacteria to

reproduce, becoming pathogens and a potential threat for the human body. On the

other hand, the lifespan and the motility of these bacteria should be sufficient to

allow them to reach their targets. Previous studies indicate that 40 min with

previously recorded velocities of the MC-1 would most likely be sufficient for

such task.

17.3.2 Synthetic Microscale Medical Robots and Carriers

Although bacterial nanorobots may have many advantages especially when we

consider their very high efficiency for traveling in the microvasculature including

larger capillaries, they become much less effective in larger diameter blood vessels

where blood flow is much higher than the blood velocity levels found in the

capillary networks. As a simple example to give an idea of their effectiveness,

when in an arteriole having a diameter of 100 mm for instance, the bacterial

nanorobots will have to deal with an expected average Poiseuille blood flow rate

of approximately 0.52 m/s and be able to steer adequately considering an estimated

50 mm between successive blood vessel bifurcations. In this particular environ-

ment, an entirely synthetic ferromagnetic nanorobot of approximately 25 mm in

diameter and loaded at 50%vol. with proven biocompatible Fe3O4 nanoparticles

(which has a relatively low saturation magnetization of 0.5 compared to other

options), will still perform better. In this case, this synthetic microscale robot will

have a velocity of approximately 500 mm/s which is by far higher that the fastest

bacterial nanorobot (initial maximum velocity of approximately 300 mm/s) under

the same physiological conditions. Although recent experimental results show that

the maximum velocity of the MC-1 bacteria can be increased beyond this value,

several complementary types of medical nanorobots are still likely to be required

considering the very high blood velocity in larger diameter vessels to allow target-

ing operations deeper in the microvasculature using bacterial nanorobots being

carried near the targeting sites using synthetic micro-carriers. So far, recent results

and proof-of-concepts suggest that such synthetic untethered micro-carriers and
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robots will have embedded ferromagnetic or superparamagnetic materials to allow

propulsion by magnetic gradients generated by an external source.

It is now known that a ferromagnetic core can be propelled, tracked, and

controlled in real-time along a pre-planned path in blood vessels by using magnetic

gradients applied in a 3D space. This was shown experimentally in vivo in the

carotid artery of a living swine [15], an animal model close to human. Equation

(17.4) explains the basic principle to induce a propulsion and steering force on

ferromagnetic object.

~F ¼ R � V ~M � r� �
~B: (17.4)

The force (17.4) induced on a ferromagnetic core with a volume V within an

untethered micro-carriers or robots, depends in great part on the duty cycle R
when the propulsion gradients are applied. This duty cycle is limited for two

main reasons. First, propulsion cannot be executed when MRI is being performed

since the magnetic propulsion gradients would interfere with the imaging gradients

used for image slice selection in the bore of the MRI scanner. Second, in particular

instances, the coils generating the propulsion gradients may overheat and when this

is the case, the duty cycle must be decreased further to allow sufficient time for the

coils to cool down to remain within an operational temperature range. All this will

contribute to lower the efficiency of the propulsion method especially when the

overall dimensions of the ferromagnetic robot become smaller.

Another factor to consider is the magnetization of the core material. Fortunately,

when placed in the homogeneous DC magnetic field of 1.5 or 3 T found in modern

scanners, it will reach the saturation level (MSAT). Another factor affecting the

propulsion force is the maximum gradient that can be applied. Initial estimations

and designs suggest that the 40 mT/m of actual clinical MRI scanners could be

increased to a maximum level of approximately 500 mT/m with a duty cycle of

approximately 50% (to allow for tracking and/or cooling). Preliminary works

suggest, although this remains a challenging engineering task at the present time,

that this could be feasible within the space constraints inside the bore of a clinical

MRI scanner while maintaining sufficient room to place an adult size human.

Nonetheless, since the induced force from magnetic gradients is proportional to

the effective volume of magnetic material being embedded in the microscale

nanorobot, a given synthetic microscale nanorobot would have to be as large as

possible (i.e., with a diameter of approximately half the diameter of the blood

vessels being traveled) to gather enough propulsion/steering force to cope with the

blood flow in larger diameter vessels. But by doing so, such microscale nanorobot

would not be able to transit from larger to smaller diameter blood vessels and will

most likely create an undesired embolization.

An approach to resolve this issue is the use of an agglomeration of synthetic

microscale robots or carriers. At such a scale and when placed in the high DC

magnetic field of an MRI scanner, a magnetic dipole will develop for each micro-

scale robots. This will create a dipole-dipole interaction or attraction force between

each robot. The objective is to create a strong enough dipole-dipole interaction to
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increase the effective volume of magnetic material to achieve a higher induced

displacement force to cope with the higher flow rate while having a sufficiently low

dipole-dipole interaction to allow such agglomeration to change shape when tran-

siting from larger to narrower vessel diameters. Methods such as modifying the

characteristics of the surface of each robot can be used to adjust such trade-off in

dipole-dipole interaction.

17.4 Combining Synthetic and Bacterial Microscale Nanorobots

to Reach Deeper Regions in the Human Vasculature

As stated earlier, preliminary data indicate that a combination of synthetic (artifi-

cial) and biological (bacterial) nanorobots would be required for tumor targeting.

For instance, the data gathered using a synthetic version indicate that using 50%vol.

to allow room for therapeutic loads of material having the highest magnetization

saturation (MSAT) of 2.45 T and an overall size equal to the cell of a single MC-1

bacterium required for operations and navigation in the smallest diameter capil-

laries under realistic conditions where a diameter of 4–5 mm is expected with 1 mm

between bifurcations, and an average Poiseuille blood flow in the order of 0.5 mm/s,

will be able to reach a maximum velocity of approximately 4 mm/s. At such

velocity, it would be very difficult to operate/navigate within physiological condi-

tions in the angiogenesis networks where the vasculature has narrowed diameter

vessels and an impressive number of vessel bifurcations. Looking at one of the most

advanced synthetic propulsion system in the form of an artificial flagella built from

nanocoils [16] being propelled with the use of a rotating magnetic field where a

velocity in a aqueous medium and without flow suggests that it would not be

enough for such environment unless the blow flow is completely stopped or at

least slowed down significantly. Indeed, the latter achieved a velocity of approxi-

mately 4.6 mm/s and as such, it cannot compete with the initial average velocity of

approximately 200 mm/s (initial distribution between approximately 30–300 mm/s)

of the MC-1 bacteria used as propulsion for the bacterial nanorobots. But as

mentioned earlier, the same bacterial nanorobots would be useless in larger diame-

ter vessels where the blood flow is much larger. As such, a combination of synthetic

and bacterial nanorobots and/or carriers will be required for many targeting appli-

cations performed through the human vasculature. This is shown schematically in

Fig. 17.6.

In Fig. 17.6, Large Embolization and Transport (LET) microscale carriers may

take various forms. One preferred implementation consists of an entity that is made

of several types of material depending on the applications and embedded function-

alities required. Within such entity, magnetic nanoparticles are encapsulated with

the therapeutic agents to be released if chemo-embolization is supported. For LET,

an agglomeration of MTB is also encapsulated. The nanoparticles encapsulated in

the polymeric shell can be Fe3O4 nanoparticles for proven biocompatibility
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Fig. 17.7 Computer-controlled motion of a 1.5 mm ferromagnetic core in the artery of a living

swine using 40 mT/m gradients generated by a clinical MRI scanner; (a) corresponding waypoints

indicating the planned path being plotted on an acquired imaged of the artery; and (b) schematic

representation of an agglomeration of magnetic carriers
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Fig. 17.6 Simple schematic showing the use of synthetic and bacterial microscale robots with

their respective operating regions in the human vasculature for tumor targeting
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but relatively low magnetization saturation or FeCo nanoparticles for enhanced

propulsion/steering force density through a higher magnetization saturation level.

In cases of FeCo, the nanoparticles are often designed to prevent toxic Cobalt ions

to come in direct contact with blood. The number of nanoparticles is chosen

high enough to provide an effective V for sufficient propulsion/steering force

to be induced using magnetic gradients as described in (17.4). This is shown

in Fig. 17.7a.

The magnetic nanoparticles are distributed throughout the inner structure

to provide in addition to propulsion/steering, local magnetic field distortions

(see 17.1) similar to MRI contrast agents that can be exploited for MR-tracking.

The overall diameter of the nanoparticles is also chosen in many instances to allow

hyperthermia-based computer-triggered release when other release methods such as

the ones relying on a time-biodegradable polymer are not used.

Without upgrading typical clinical MRI scanner, the minimum size of each LET

carrier is limited to approximately 250 mm across. This size is adequate for

navigation in larger blood vessels using the 40 mT/m of each of the three orthogonal

gradient coils already implemented in clinical MRI scanner for slice selection

during MRI if a blood flow reduction technique such as the use of a balloon catheter

is adopted. This will help since the pulsating flow rate in larger arteries may reach a

peak velocity of approximately 1 m/s in human. An example of a relatively large

ferromagnetic body being navigated in an artery of a living swine (an animal model

relatively close to human) is depicted in Fig. 17.7a with the waypoints indicating

the planned trajectory in the artery being depicted in Fig. 17.7b. The overall size of

the LET carrier would prevent its entrance or navigation in smaller diameter

vessels such as the arterioles since embolization would occur before getting deeper

in the vasculature. As such, an agglomeration of LET entities (Fig. 17.7c) relying

on a proper level of dipole-dipole interaction to aggregate would allow a large

quantity of bacterial nanorobots to be transported simultaneously and beyond the

entrance of the arterioles. Nonetheless, such LET carriers would create an emboli-

zation relatively far from the entrance of capillary network and hence would

release such bacterial nanorobots further away from the tumor site. In such a

case, the distance separating the tumor and the releasing site would become

problematic and may decrease the targeting efficacy especially for targets located

deeper in the microvasculature. In order to decrease the distance between the

release (embolization) site and the tumor (target) site for instance, Small Emboli-

zation and Transport (SET) carriers can be used. The minimum size of each SET

carriers would be approximately 40 mm across to create an embolization prior to be

brought back to the systemic circulation. Furthermore, such size is also the limit

(because of the effective volume of magnetic material that can be embedded) to

apply effective steering force for navigation purpose using the highest magnetic

gradient amplitude of approximately 500 mT/m that today’s technology allows at

the human scale (relative to an adult size torso) within the constraints of modern

clinical scanners.

Indeed, if the hardware of the MRI scanner is upgraded to provide higher

gradient amplitudes, then an agglomeration of SET entities or carriers can be
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envisioned for releasing bacteria closer to the target at the arteriocapillar entry. The

smaller number of bacterial nanorobots embedded per SET carriers can be com-

pensated with a larger number of SET carriers. These flagellated bacteria or

bacterial nanorobots could be scout bacteria or nanorobots, or offensive bacteria

or nanorobots. This is depicted in Fig. 17.8.

Agglomerations of scout bacteria acting like controllable MRI contrast agents

can be sent first in order to validate an appropriate path to the target. MRI sequences

can be used to estimate the percentage of scout MTB that have reached the target

provided that the population is sufficient for the sensitivity and spatial resolution of

the scanner. Because of the initial higher risk of missing the target, these scouts

unlike the offensive bacteria which transport toxic agents, have no therapeutic or

toxic compounds and hence would avoid an increase of secondary toxicity in case

they missed their target and reach the systemic circulation through the venules.

Once a proper path is determined, offensive bacteria can then be used.

17.5 Conclusion

The complementary use of synthetic and hybrid nanorobots would typically yield

better targeting when the target must be reached by navigating through the

Fig. 17.8 Photographs of the various types of blood vessels with examples of locations accessible

to the various types of entities (left) and a photograph showing the complexity of a tumoral

angiogenesis network (right)
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microvasculature. Although flagellated MTB of type MC-1 with thrust exceeding 4

pN are more efficient when transiting though the capillary networks, they will prove

to be useless in larger blood vessels in normal conditions. Therefore, synthetic

carriers such as the ones made of polymeric and ferromagnetic materials have been

proposed for the transport of these bacteria through the larger blood vessels and

towards the release sites at the arteriocapillar network entry if a reduction of the

blood flow using instruments such as balloon catheters is not applicable. The

displacement behavior of MTB can also be taken into account to avoid the need

for traditional feedback control since existing medical imaging modalities do not

have a sufficiently high spatial resolution to image small blood vessels such as

capillaries. Hence, bacterial nanorobots defined here in its most basic form as MTB

navigating under computer control have the capability to enhance targeting in

complex microvasculature. Other types of medical nanorobots with different cap-

abilities are under development and were not presented here to maintain the chapter

at an introductory level. Indeed, in this chapter, only the fundamental types have

been briefly presented as an introduction in this new field of research that may offer

promising avenues for the next generation of medical interventions.
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Chapter 18

Force Feedback and Sensory Substitution

for Robot-Assisted Surgery

Allison M. Okamura, Lawton N. Verner, Tomonori Yamamoto,

James C. Gwilliam, and Paul G. Griffiths

Abstract It is hypothesized that the lack of haptic (force and tactile) feedback

presented to the surgeon is a limiting factor in the performance of teleoperated

robot-assisted minimally invasive surgery. This chapter reviews the technical chal-

lenges of creating force feedback in robot-assisted surgical systems and describes

recent results in creating and evaluating the effectiveness of this feedback in mock

surgical tasks. In the design of a force-feedback teleoperator, the importance of

hardware design choices and their relationship to controller design are emphasized.

In addition, the practicality and necessity of force feedback in all degrees of freedom

of the teleoperator are considered in the context of surgical tasks and the operating

room environment. An alternative to direct force feedback to the surgeon’s hands is

sensory substitution/augmented reality, in which graphical displays are used to

convey information about the forces between the surgical instrument and the patient,

or about the mechanical properties of the patient’s tissue. Experimental results

demonstrate that the effectiveness of direct and graphical force feedback depend

on the nature of the surgical task and the experience level of the surgeon.

18.1 Introduction

During traditional open surgery, a surgeon can fluently process his or her own

proprioceptive and cutaneous senses to determine the amount of force being applied

to a tissue or organ, as well as the state of contact between his or her hands and the

patient. Such haptic (force and tactile) information allows for accurate application

of forces to and appropriate manipulation of the patient’s tissues. However, in

traditional and robot-assisted minimally invasive surgery (MIS), sensing and
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displaying such haptic information to the surgeon is challenging. While MIS

procedures offer patients shorter recovery times and minimized trauma at the site

of the incision, the surgeon is required to perform such procedures with signifi-

cantly degraded or missing haptic feedback (Fig. 18.1). While some force informa-

tion can be discerned using laparoscopic instruments, almost no force feedback is

available when using current clinical robot-assisted minimally invasive surgery

(RMIS) systems, such as the da Vinci Surgical System (Intuitive Surgical, Inc.,

Sunnyvale, CA, USA). Tactile feedback is also limited to the contact between the

surgeon’s hands and the instrument (in MIS) or a robotic/force feedback device

(in RMIS). This chapter focuses on the force component of haptics.

Fig. 18.1 A progressive loss of haptic feedback. (a) During open procedures, surgeons have direct

contact with tissue, providing excellent haptic feedback. (b) Use of a laparoscopic tool (repre-

sented here by a simple probe) removes tactile sensation, and also diminishes useful force

feedback due to body wall forces. (c) Conventional teleoperated robot-assisted minimally invasive

surgical systems lack both tactile and force feedback
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18.1.1 The Role of Force Feedback

Force feedback is relevant to surgical task performance in several ways. First, force

and movement information can be combined to sense tissue mechanical properties,

allowing a surgeon to distinguish diseased and healthy tissue regions. In exploration

tasks, such as palpating for cancerous lumps or tumors [24] and identifying calcified

regions of cardiac arteries [12], force feedback can help a surgeon identify specific

tissue features or regions that are burdensome to identify visually. Second, force

feedback can prevent inadvertent trauma to tissue. Without force feedback, a

surgeon performing RMIS cannot be sure of the tool-tissue interaction forces. In

manipulation tasks such as blunt dissection [43] and suturing [29], force feedback is

important to prevent puncture of tissue and vital organs, and to reduce the overall

trauma to the tissue. Furthermore, force feedback can help to reduce the likelihood

of breaking suture from unintentional large applied forces.

To understand the forces that are used in traditional surgery, MIS, and RMIS

without artificial force feedback, our research group studied the difference

between forces applied to sutures by attending and resident surgeons during

three knot tying exercises: hand ties, instrument ties (using needle drivers), and

robot ties (using the da Vinci with no haptic feedback). It was found that the robot

ties, but not the instrument ties, differed from hand ties in repeatability of app-

lied force (Fig. 18.2) [5]. This implies that, if RMIS can be imbued with the same

kind of kinesthetic feedback provided by hand-held instruments, repeatability

would be improved. Although some groups describe force feedback as providing

useful “information” for surgery, it is important to note that forces also gene-

rate dynamic constraints that inherently change the motion of the surgeon in

relation to the tissue, usually resulting in better-controlled interaction forces

and manipulation.
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Fig. 18.2 Forces applied to various sutures during a knot tie by an attending surgeon. Instrument

tie force levels and standard deviations of the hand tie and instrument tie are similar, while those of

the robot tie are different [20], #Springer 2002
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18.1.2 Methods for Force Feedback

Force feedback for teleoperated robots, including surgical robots, fundamentally

requires two capabilities: force sensing (or estimation) and force display. There are

numerous technologies that can be used to address each of these capabilities

(Fig. 18.3).

18.1.2.1 Force Sensing and Estimation

The inside of a patient’s body is a challenging environment in which to sense

forces. Force sensors would ideally be placed at or near the tip of the instrument, but

this requires biocompatibility, sterilization, and insensitivity to temperature varia-

tion. In addition, force/torque sensors can add significant cost to a surgical instru-

ment, especially if measurements must be made in many degrees of freedom and/or

the instruments are disposable. To circumvent these challenges, force sensors can

be placed on the robot outside the body of the patient. However, this is problematic

for most surgical robots because force data would be acquired not only from the

delicate interactions between the instruments and patient’s tissues, but also from

friction, body wall forces, and torques applied to the instrument at the insertion

point on the patient. These undesirable forces are often large enough to mask the

instrument-tissue interaction forces that should be displayed to the surgeon.

Another possible location for force sensors is on the shaft of the instruments. For

surgical systems like the da Vinci, which have cable-driven “wrist” degrees of

freedom at the tip of the instruments, the internal shaft forces vary widely during

manipulation. These internal forces are an order of magnitude higher than the

instrument-tissue interaction forces [30]. Calibration to estimate and cancel the

internal forces is not practical due to hysteresis and heavy dependence on uncertain

starting conditions. Several recent research projects have redesigned the surgical

robot and/or instruments in order to enable practical force sensing at instrument tips

without compromising dexterity or sterilizability (e.g., [28]).

Using certain teleoperation controllers, forces applied to the patient can be

estimated without using force sensors. For example, in patient-side robots designed

Force sensors

Force estimation

Images and models

Tactile sensors

Direct force feedback

Graphical displays

Audio feedback

Tactile feedback

Acquisition Display

Fig. 18.3 Methods for haptic sensing and display in teleoperated robot-assisted minimally

invasive surgery. The lines connecting sensing and display methods indicate combinations that

have been explored in commercial or research RMIS systems described in the literature
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with low inertia and friction, the difference between the desired and actual position

of the patient-side robot is an indication of the level of force applied to the

environment. The implementation and analysis of such controllers and their effec-

tiveness as force estimators are described in Sect. 18.2.

18.1.2.2 Force Display

Force data acquired through direct sensing or estimation can be displayed to the user

in a number of ways. The most obvious is direct force feedback (DFF) to the

surgeon’s hands, using a kinesthetic (force-feedback) haptic device. Many teleop-

erated RMIS systems designed by research groups use three-degree-of-freedom (or

higher-degree-of-freedom) commercial devices such as the PHANTOM (SensAble

Technologies, Inc., Woburn, MA, USA) [18] and Omega (Force Dimension, Inc.,

Nyon, Switzerland) [37] as the force-feedback master manipulandum. In contrast,

the da Vinci surgical system uses a custom-designed master manipulandum, which

is equipped with motors to enable force feedback in six degrees of freedom.

(However, force feedback is limited in part due to the challenges described in

Sect. 1.2.1.) The consequences of a mismatch between degrees of freedom ofmotion

and degrees of freedom of force feedback in a teleoperator are described in Sect. 3.

While direct force feedback provided through a kinesthetic device is consid-

ered the most useful type of haptic feedback for many teleoperation scenarios,

force information can also be conveyed to the surgeon through sensory substitu-

tion, e.g. visual (graphical) [29], auditory [27], or tactile [19] feedback. As

described earlier, such sensory substitution may not be as effective as direct

force feedback because it does not generate the natural physical constraints that

inherently arise from mechanical interactions. Yet sensory substitution may be

significantly more practical in RMIS scenarios because it can be less expensive to

implement, is easier to add to existing robot-assisted surgery systems, and elim-

inates some of the control and stability issues created by direct force feedback

(Sect. 2). In addition, sensory substitution may be an effective approach for

training surgeons to use RMIS systems. Several methods of graphical displays

of force and material property information, as well as their evaluation, are

described in Sects. 4 and 5.

18.2 Control Issues in Force-Feedback Teleoperation

The control design problem posed by force feedback teleoperation sets forth stringent

requirements for performance, stability, and robustness. This section describes com-

mon control architectures used to achieve force feedback, measures of performance in

teleoperation, and the passivity criterion for robust stability of teleoperators. Emphasis

is placed on the relationship between hardware and control design.

A useful set of control architectures for force-feedback teleoperation is described

by the four-channel framework proposed by Lawrence [22]. This framework, shown
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in Fig. 18.4, describes a linear time-invariant model for teleoperation with various

sensor suites, which may include position and force sensing at both the master and

patient-side manipulator (also called the “slave”). The hardware model P is a

diagonal matrix with transfer functions Pm for the master and Ps for the slave

along the diagonal.1 The force/torque controller Cf and the Cy are 2 �2 matrices of

transfer functions. This is a four-channel architecture because four signals that may

be exchanged between the master and remote manipulator controller. If all off-

diagonal elements of Cf and Cy are non-zero, then two channels are needed to

communicate Fh (human-applied force) and Y m (position of the master) to the

remote manipulator, and two more channels are needed to communicate Fe (envi-

ronment-applied force) and Y s (position of the slave) back to the master. If delay

exists in the communication channels between the master and slave, factors e� sT

appear in the off-diagonal elements of Cf and Cy, where T is the one-way transmis-

sion delay. Human operator and environment dynamics are modeled in the transfer

functions H and V, respectively. While neither the human nor the environment are

likely governed by linear time-invariant models, the linearization is frequently

useful for local analysis of performance and stability properties.

The applicability of the four-channel framework to surgical teleoperation

depends on the extent to which real hardware meets implicit ideal assumptions of

the framework. One assumption is that force sensors are located distally such that

they read the interaction force with the user or the environment. A second

+ +
+

+

+ +

+ +

+

−

+

−

Human Biomechanics and
Environment Dynamics

Master/Slave Hardware

Force/torque Feedforward Control Position Feedback Control

Fig. 18.4 Four-channel control framework for force feedback teleoperation. When Cf and Cy have

non-zero off-diagonal terms both force and position measurements are exchanged between the

master and slave. Four communication channels are then required to communicate these signals

between the master and slave

1 The four-channel framework describes single-input/single-output hardware Pm and Ps. To

extend the framework to multi-degree-of-freedom master and slave devices, one may treat each

degree of freedom as an independent scalar feedback loop; however, this assumption ignores

interactions between degrees of freedom. Robust, optimal state-space control design such as H1
and m -synthesis [32] provide an alternative integrated multivariable approach.

424 A.M. Okamura et al.



assumption is that forces F+
h and F+

e and control inputs Um and Us affect the plant

output through the same dynamics, or in short, for each robot, control and signals

may be summed together. These two assumptions are useful idealizations for many

teleoperators. However, it is worth noting that practical hardware never meets these

idealizations exactly; tool-tips present intervening dynamics between the forces and

the sensing element, and the force and the control input do not affect the plant

output through the same dynamics when compliance and friction effects are

considered. Generally, the second assumption is valid for devices termed imped-
ance-type. The master robots of the da Vinci Surgical System, shown in Fig. 18.5,

are examples of impedance-type devices. The da Vinci masters move freely when

the user manipulates the end-points, as the joints exhibit little friction and the links

have low inertia. This is in contrast to the Steady-Hand Robot paradigm [36], in

which an admittance-type device is specifically designed to not move unless

commanded by the control system. Admittance-type devices require force/torque

sensing (visible to the left of the user’s hand in Fig. 18.5) and do not fit within the

four-channel framework for teleoperation.

There are many possible control designs employing a variety of sensor suites and

hardware types. We will present two schemes that are particularly common: a

controller based on position sensing only, and a controller in which the environment

force is sensed. These two control schemes capture key concepts common to many

teleoperator controllers and have both been used in studies of force-feedback

surgical teleoperation.

18.2.1 Position-Position Teleoperation

Position sensing alone can be sufficient in certain scenarios to create a virtual

coupling between the master and remote robots that achieves force-feedback

Fig. 18.5 A da Vinci master interface (left, #2010 Intuitive Surgical, Inc.) and a Steady-Hand

Robot (right, credit: Will Kirk, Johns Hopkins University) are representative of impedance-type

and admittance-type master interfaces, respectively
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teleoperation. This coupling may be as simple as a linear virtual spring that

stretches as the master and remote robots are pulled in opposite directions. Only

position sensors are needed to compute the stretch of the virtual spring. The position

sensing control architecture is commonly referred to simply as position-position
teleoperation to denote the bi-directional exchange of position information between

the master and remote manipulator controllers.

A simple but effective position-position controller is modeled after a parallel

spring-damper connecting the master and remote manipulator. Let position coordi-
nation error be defined as

Ey
4¼ Ym � Ys: (18.1)

The control laws for the master and slave, respectively, are then given by

Um ¼ �ðkp þ kdsÞEy (18.2)

Us ¼ ðkp þ kdsÞEy; (18.3)

where s denotes the Laplace variable (which is equivalent to differentiation in the

time domain). This controller may be expressed in the four-channel framework by

letting

Cy ¼
�kp � kds kp þ kds

kp þ kds � kp � kds

" #
(18.4)

Cf ¼ 0: (18.5)

The strength of the coupling is increased as the proportional (kp) and derivative (kd)
gains are increased, which leads to reduced position coordination error between the

master and slave manipulators.

The position-position architecture is well suited for master and remote robots that

move freelywhen the user or environment pushes on the end-effector. The ideal virtual

spring-damper described by (18.2) and (18.3) maintains equal and opposite forces on

either end. However, hardware dynamics interfere as they detract from this equality.

Good hardware design can reduce inherent friction and inertia. Local feedback around

the master and remote manipulator may also be used to shape the hardware dynamics.

For example, derivative feedback that mimics negative damping can cancel some of
the inherent hardware damping. Caution is advised, however, as stability margins and

robustness seriously degrade as the degree of cancellation increases [11].

18.2.2 Position-Force Teleoperation

Negative attributes of force/torque sensors, notably their cost, fragility, and

need for frequent calibration, discourage the addition of force sensing and make
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position-position teleoperation a generally preferred architecture. However, a

force/torque sensor is necessary if either the master or remote robot has large

friction or inertia. This is frequently the case with very large or very small robots.

Large robots frequently employ gear reducers to obtain greater joint torques from

smaller motors. At the same time, gear reduction can greatly increase the apparent

inertia and friction when driving the end-effector. Certain gear configurations,

such as a worm gear drive, may be completely non-backdrivable. Small robots

frequently suffer from large inherent friction relative to the small forces exerted on

the end-point.

When inherent friction and inertia of the remote manipulator are large, the tool-

tip may be instrumented with force/torque sensing to recover sensitivity to environ-

ment forces and torques. At a high level, the master provides position commands to

the remote robot and the forces measured at the remote robot are transmitted back to

the master. This architecture is called position-force teleoperation because the

master position and the remote force are exchanged. A simple implementation of

position-force control is given by

Um ¼ Fe (18.6)

Us ¼ ðkp þ kdsÞEy: (18.7)

In terms of the four-channel architecture (Fig. 18.4), the controller is given by

Cy ¼
0 0

kp þ kds �ðkp þ kdsÞ

" #
(18.8)

Cf ¼
0 1

0 0

" #
: (18.9)

This position-force controller uses proportional-derivative control to make the

remote manipulator track the master position. The force signal is commanded to

the master interface with unity gain. In practice, the force signal may need to be

filtered to remove high frequency noise. Position-force control schemes are suscep-

tible to instability, particularly when communication contributes delay to the feed-

back system. If significant delay exists, the communicated signals should be

transformed intowave variables prior to transmission to ameliorate the destabilizing

effect. An overview of wave variables is provided by Niemeyer and Slotine [26].

18.2.3 Motion and Force Scaling

Motion scaling between the master and remote tool is a key benefit of teleoperation

in minimally invasive surgery, enabling the surgeon to work with greater precision
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at small scales. With the addition of force feedback, scaling may be applied to both

motion and forces. The scaling factors do not appear explicitly in the control laws;

rather, they are the product of normalizing the remote robot position and force.

Suppose that the un-normalized remote robot dynamics are given by

�Ys ¼ �Psð�Us þ �FeÞ: (18.10)

Here �Ys is the measured (un-normalized) signal. The normalized position is defined

as Ys 4¼ a�Ys where a is the desired ratio for Ym=�Ys. Similarly suppose that b is the

desired ratio for � Fh=�Fe and define Fe 4¼ b�Fe. The dynamics in terms of normal-

ized positions and forces is

aYs ¼ �PsðbUs þ bFeÞ: (18.11)

Note that for Us and Fe to sum together, the normalized control must be defined by

Us 4¼ b�Us. It follows from (18.11) that the normalized remote robot dynamics are

Ps 4¼
b
a
�Ps. The control design is then reduced to teleoperation with unity scaling.

18.2.4 Measures of Teleoperator Performance

The performance objective in force-feedback teleoperation is to provide a stiff, low

friction, light weight/inertia tool with which the user can manipulate of explore the

remote environment. High stiffness is important for feeling material properties such

as surface texture and stiffness. Low inertia and friction are necessary to discern

small environment forces. Performance of force-feedback teleoperation may be

assessed by a pair of metrics: either position and force coordination, or position

coordination and transparency.

Position coordination is measured by the error Ey≜ Ym� Ys. Similarly force

coordination may be measured by Ef≜Fh +Fe, where perfect coordination is

achieved when Fh and Fe are equal and opposite. The conditions under which the

error signals Ey and Ef are identically zero are referred to as ideal kinesthetic
coupling [13, 47]. Measuring performance with position and force coordination

error is made complicated by the dependence of these metrics on the user and

environment dynamics. Thus, a thorough assessment of performance must consider

many possible combinations of user and environment dynamics. An alternate

measure of force-feedback performance provides a partial solution to this problem.

Transparency describes how environment dynamics are altered when rendered

to the user through the teleoperator. The term transparency evokes an analogy to

optical transmission through glass: a perfectly transparent pane of glass does not

distort an image that passes through it. In the four-channel framework shown in

Fig. 18.4, the linear environment dynamics are given by V. The actual dynamics
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rendered to the user are a function of the environment dynamics V as well as the

hardware and controller. Within Fig. 18.4, the rendered dynamics are given by the

response from Fþ
h to Ym without the feedback H from the user:

R4¼ Ym

Fþ
h

; ðH ¼ 0Þ: (18.12)

Transparency is then measured either by the ratio R /V or the error between R and V,
called distortion [10, 11] and defined as

Y4¼ R� V

V
: (18.13)

Perfect transparency is achieved if distortion Y is identically zero. In practice, the

frequency response of distortion can be made small over some finite bandwidth.

The advantage of transparency as a measure of performance is that it does not

depend on the user dynamics.

18.2.5 Stability and Passivity

Mechanical contact between the human operator and the master and between the

environment and the remote manipulator can dramatically alter the closed-loop

system dynamics, potentially yielding instability. A common approach to prevent

coupled instability is to design the teleoperator such that its two-port network model

is passive. (For an in-depth discussion of passivity, see [15] and [17]). In the

network modeling framework, the human and environment may be modeled as

one-port terminations on the two-port teleoperator model, as shown in Fig. 18.6.

Passivity of the two-port network means that the net mechanical work done by the

teleoperator on the human and environment does not exceed a finite initial energy.

If the human operator and environment dynamics are also passive, the entire

coupled system is passive, and thus stable.

Passivity of the teleoperator may be readily determined by a matrix norm

condition on the closed-loop dynamics. Let us first describe the teleoperator

dynamics, including the hardware and controller, but excluding the human and

environment dynamics, by the hybrid matrix:

Environment
Teleoperator

(Control + Hardware)Human
+ +

− −

Fig. 18.6 The human and environment may be modeled as one-port terminations on the two-port

teleoperator network model
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HðsÞ4¼
H11ðsÞ H12ðsÞ
H21ðsÞ H22ðsÞ

" #
(18.14)

where

FhðsÞ
�sYsðsÞ

" #
¼ H11ðsÞ H12ðsÞ

H21ðsÞ H22ðsÞ

" #
sYmðsÞ
FeðsÞ

" #
(18.15)

In terms of the hybrid matrix, the scattering matrix is defined as [2]

StðsÞ4¼
1 0

0 �1

" #
ðHðsÞ � IÞðHðsÞ þ IÞ�1: (18.16)

The teleoperator is passive if and only if

jjStðjoÞjj1 � 1: (18.17)

where k .k1 denotes the peak singular value across all frequencies. When this

inequality is satisfied, the teleoperator feedback design is stable for all passive

human operator and environment dynamics. In practice, such design is overly

conservative, since the range of possible dynamic properties of the human and

environment is limited. Linear analysis and some limited knowledge of the possible

user’s dynamics can yield better performance and linear stability guarantees [7].

18.2.6 Hardware-Imposed Limitations on Control Design

We now emphasize the importance of hardware design choices and their relationship

to control design, since the performance of a teleoperator is largely determined before

any control software is written. The size, weight, linkage design, transmission, and

actuators of the master and remote robots determine important properties, including

structural rigidity, damping properties, friction, saturation, and back-drivability.

These properties guide appropriate sensor selection, control strategy, and ultimately

the achievable robust performance and stability of the teleoperator.

Compliance and structural modes of the robot play a key role in the limiting the

performance of force-feedback teleoperation. For example, we show in Fig. 18.7

the frequency response from a free-standing first-generation da Vinci master inter-

face2 (without the user), obtained by applying pseudo-random noise to a single

2 The tested device differs from the commercial system in its custom mounting, motor amplifiers,

data acquisition, and controllers.
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joint. The axis scales are normalized to protect proprietary data. This plot exhibits

features common to many impedance-type master devices. Below a certain fre-

quency, the linear behavior of the device may be described by a simple mass-

damper model. Compliance in cable drives and resonant modes generate multiple

resonances and anti-resonances evident at higher frequencies (above 10� 2 in

Fig. 18.7). We remark that some of the resonant modes may be attributed to the

distal gimbal assembly and that the characteristics of the higher-frequency modes

depend in part on controller used to constrain the assembly. As the frequency

response decreases in magnitude at higher frequencies, larger control inputs are

required to achieve position coordination. In practice, control authority over the

robot endpoint drops off very rapidly above the first anti-resonance.3 When consid-

ered along with limited actuator bandwidth and saturation effects, the resonant

modes of the device form practical bandwidth limitations for haptic feedback –

limitations which are common to all impedance-type haptic devices.

Saturation and actuator bandwidth are not the only limitations that force the

closed-loop bandwidth below the hardware resonances. Good stability robustness is

similarly restrictive. As the closed-loop bandwidth is increased, the contribution of

resonances to the time-response grows and high-frequency vibrations become

noticeable, both visually and haptically. If the first resonant mode is very poorly

3While the magnitude of the measured frequency response is relatively flat over the normalized

bandwidth of 10� 2 to 10� 1 in Fig. 18.7, the ability to move the distal end of the master robot in

fact diminishes rapidly above 10� 2. The measured response is between a proximal motor and a co-

located sensor rather than the robot endpoint. The anti-resonance zeros become poles in the

response from motor command to the robot endpoint position.

1

Fig. 18.7 Experimental frequency response of a surgical teleoperator master interface in one

degree of freedom. Frequency responses of representative soft and hard tissue stiffnesses are

overlaid for reference
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damped, it may be excited in closed-loop even though the position tracking

bandwidth is much slower than the resonance. A notch filter with zeros carefully

matched to the resonance can be used to diminish these oscillations. However, this

model-based control strategy will be inherently sensitive to the hardware dynamics.

Uncertainty in the model, variations in the open-loop dynamics due to the user and

environment dynamics, and natural variations in hardware parameters between

devices and with age will all degrade the accuracy of cancellation.

Rigidity is an important hardware design consideration, not only for closed-loop

bandwidth, but also for steady-state positional accuracy. The robot end-point is

typically computed based on measured joint angles and rigid kinematics. However,

bending of the robot links under load may be significant and cannot be determined

through measurement of joint variables. A compliant drive between the joint and

the measured variable (as is frequently the case due to the cost and complexity

of instrumenting distal links of the robot) further exacerbates error between the

computed robot end-point and the actual end-point. Tavakoli and Howe [35] show

that the addition of position sensing on flexible surgical patient-side end-effectors

can reduce low-frequency closed-loop flexibility and thus improve position coordi-

nation. Absolute positional accuracy is not necessarily important surgical telema-

nipuation with real-time video. Indeed, clutching allows the surgeon to center the

master without moving the remote manipulator. However, absolute positional

accuracy becomes important when data acquired from the tool-tip must be

registered with itself or with other sensor data.

Other hardware dynamics can limit the ability to achieve high-fidelity haptic

feedback at frequencies below the resonant modes of the system. Inertia, damping,

and frictionmay effectivelymask small forces applied to the endpoints of the remote

and master robot. Filter design can provide partial compensate of these dynamics;

however, increased sensitivity to variations in the hardware dynamics is an unavoid-

able cost. The exact tradeoff has been quantified for linear single-degree-of-freedom

haptic rendering under position feedback control [11]. Qualitatively, rendering

environments with light dynamics on a heavy device requires hardware compensa-

tion. For example, the frequency response of relatively soft tissue stiffness and firm

tissue stiffness are overlayed on the frequency response of the master hardware in

Fig. 18.7. Frequency by frequency, the softer environment requires more hardware

compensation than the hard environment to achieve accurate rendering.

18.3 Partial Force Feedback

Although the utility of force feedback in surgical systems has been demonstrated (as

described in Sect. 1), it is difficult and costly to incorporate in clinical practice. Some

of these challenges were described from a control systems perspective in the

previous section. In addition, force feedback requires additional motors (on the

master) and/or sensors (on the patient-side robot) in comparison to a teleoperator

with no force feedback. To reduce the need for these additional components, partial
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force feedback can be used such that force information is sensed and fed back to the

user in fewer degrees of freedom than the degrees of freedom in which the surgical

system operates. For example, in a robotic system that allows movement in the x, y,
and z directions, it may be more cost effective to only provide feedback to the

surgeon in one of those directions, as long as the force feedback provided is still

relevant to the surgical task at hand.

Although partial force feedback can reduce the cost and complexity of robot-

assisted surgical systems, several questions remain regarding the feasibility of

partial force feedback in the surgical setting. Partial force feedback creates a

sensor/actuator asymmetry in the system, which can potentially be disconcerting

to users because of unrealistic force sensations [3] and may alter how a surgical

system is used in practice. Also, since force feedback has direct implications on the

control strategy of robot-assisted surgical systems, the effect of partial force

feedback on the control stability of these systems must be evaluated.

More work to characterize of the importance of force feedback in specific

directions of surgical tasks is needed. Saha [30] studied the magnitude and variance

of applied force/torque in different degrees of freedom during tasks performed with

the da Vinci Surgical System, but the results are inconclusive. Also, systems with

sensor/actuator asymmetries cause forces to be displayed in incorrect directions.

Work by Barbagli et al. [4] and Tan et al. [33] has shown that human ability to

resolve force direction is relatively poor, thus the effect of partial force feedback on

the users’ understanding of force direction may be minimal.

18.3.1 User Performance with Partial Force Feedback

Results of user studies carried out by our group reveal the effect of partial force

feedback on user performance. These studies tested three important hypotheses

regarding the viability of partial force feedback:

1. The performance of a system with partial force feedback can approximate the

performance of the same system with full force feedback.

2. Applied gripping force cannot be modulated from Cartesian force feedback

alone (i.e. gripping force feedback is needed).

3. 3-DOF force only feedback is sufficient in a 6-DOF manipulator (i.e. no feed-

back in the rotational DOFs needed).

18.3.1.1 Experiment 1: Partial Cartesian Force Feedback

The first study involved a simulated artery dissection task using a 3-DOF research

telemanipulator. The goal of the task was to expose the simulated artery from an

artificial tissue bed (Fig. 18.8a). The teleoperation system consisted of two PHAN-

TOM haptic interface devices, models Premium 1.0 and 1.5 (SensAble Technolo-

gies, Inc., Woburn, MA, USA), and a six-axis force/torque sensor (Nano-17, ATI
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Industrial Automation, Apex, NC, USA). The ATI six-axis force/torque sensor

measured forces applied at the tip of the tool to the artificial tissue bed and the

teleoperation system was connected via a modified position-force controller.

Ten subjects performed the dissection task under four force feedback conditions:

(1) Manual, (2) Full force feedback (Full FF), (3) No tool axis force feedback

(No Axial FF), and (4) No force feedback (No FF). Conditions (3) and (4) were

created by eliminating force feedback in some or all of the DOFs of the master

haptic device. For the manual trials, subjects used a stylus with the force sensor

attached between the subjects hand and the tip of tool with direct vision of the task

set-up. For the teleoperated trials, subjects used the master robot stylus to control

the movements of the tool mounted on the slave; during these trials, subjects

watched a magnified digital video camera image on the computer monitor in

front of them. The force sensed by the force sensor was fed back to the operator

via the operator’s haptic device. Each subject was given approximately 15min of

practice time with the surgical model and became familiar with each feedback type

prior to being the experiment. Subjects were given two minutes to complete each

dissection and the order of the conditions was randomized between subjects.

Results from the simulated blunt dissection task show that performance with the

No Axial FF condition is similar to the Full FF condition (Fig. 18.8b). Average

applied forces in the axial and lateral directions of the tool for the No Axial FF and

Full FF conditions are less than the forces for the No FF condition. Similar results are

found for the net force applied during the experiment. Dissection length between the

three teleoperated trials was not significant different. ANOVA tests show significant

differences in the conditions across all three force metrics (p< 0. 05). Thus, it is

possible for the performance of a system with partial force feedback to approximate

the performance of the same system with full force feedback.
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Fig. 18.8 Partial force feedback (FF) experiment. (a) Blunt dissection task pictured where

operators dissected out an artificial artery from the surrounding tissue bed [31], #IEEE 2003.

(b) Average applied force and length of dissection for 10 subjects for a simulated dissection task.

The axial and lateral applied forces for the No Axial FF condition approximate the applied forces

for the Full FF condition. No significant differences are observed between artery dissection length

in the Full FF, No Axial FF, and No FF cases. Manual yielded the longest dissected length, but this

was most likely due to increased dexterity and a direct, 3D view of the task [40]
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18.3.1.2 Experiment 2: Grip Force Feedback

The second study was a soft peg-in-hole placement task completed using a 4-DOF

research teleoperation a system. The teleoperation system was similar to the one

used in Sect. 18.3.1.1, with an additional custom gripping mechanism attached to

both the master and slave haptic devices (Fig. 18.9a). Force sensors on the slave

manipulator were used to record the force applied to the peg. Each subject com-

pleted the task with four feedback conditions: (1) Full force feedback (Full FF), (2)

Translational force feedback only (Translational FF), (3) Gripping force feedback

only (Gripping FF), and (4) No force feedback (No FF). Conditions (2), (3), and (4)

were created by eliminating force feedback in some or all of the DOFs of the master

haptic device. Five subjects repeated each of the four conditions in a random order

five times. Subjects were given time to practice with each of the four feedback

conditions prior the experiment.

Results from the soft peg-in-hole task show the importance of gripping force

feedback (Fig. 18.9b). Applied gripping force at the slave device in the No FF

and Translational FF conditions is not significantly different, indicating that

translational force feedback does not help users understand the amount of grip

force they are applying to the soft peg. Similarly, the applied translational force

is not significantly different between the No FF and Gripping FF conditions. Thus,

there is no performance crossover between gripping force feedback and transla-

tional force feedback. If the amount of gripping force applied to the patient is

important due to delicate anatomy, grip force feedback should be provided.
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Fig. 18.9 Grip force feedback experiment. (a) A 4-DOF telemanipulator, consists of two PHAN-

TOM haptic devices with added gripping mechanism [41], #IEEE 2007. (b) Average applied

force for 5 subjects performing the peg-in-hole task. Applied translational forces were only

affected by force feedback in the translational DOFs. Similarly, applied grip force was only

affected by feedback given in the gripping DOF [40]
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18.3.1.3 Experiment 3: 3-DOF vs. 6-DOF Force Feedback

The third user performance study involved force and torque feedback in a

6-degree-of-freedom robot-assisted surgical system. The goal of this study was

to determine if 3-DOF force feedback can approximate 6-DOF force and torque

feedback in a 6-DOF positioning device. The master telemanipulator of a research

version of the da Vinci Surgical System at Johns Hopkins University was used to

interact with a virtual environment (master pictured in Fig. 18.1c). Ideally, the

experiment would be performed using both the master and patient side manip-

ulators (i.e. telemanipulation). However, few robot-assisted surgical systems have

the ability to sense forces and torques in 6 degrees of freedom. Thus, for this

experiment, the da Vinci master was used to interface with a virtual environment

that can render forces in 6 degrees of freedom.

Six subjects transcribed the word “HAPTICS” using a virtual pen and paper

(Fig. 18.10a). The 6-DOF motion of the pen corresponded to the motion of the da

Vinci master device. As the tip of the virtual pen penetrated the virtual paper, a

force and torque was exerted on the user. The interaction closely parallels the force

and torque applied to the hand when writing with a real pen. The force and torque

were created by the force of the writing surface applied along the lever arm of the

pen. The virtual environment was presented with a 3-dimensional view to the user

by the standard stereoviewer of the da Vinci system. The subjects performed the

transcription task under four different conditions: (1) No Feedback, (2) Force Only

Feedback, (3) Torque Only Feedback, and (4) Force & Torque Feedback. Each user

was given unlimited time to practice with each condition.

The results of the experiment show that performance with Force Only Feedback

closely approximates the performance with Force & Torque Feedback

(Fig. 18.10b). Similarly, Torque Only Feedback provides reasonable performance,
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Fig. 18.10 Importance of torque feedback in a 6-DOF system. (a) A screen shot of the virtual

“paper” that subjects draw on. (b) Average depth and elapsed time for the transcribing the word
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but it was noted by all of the subjects that this condition felt very disconcerting and

unnatural. Results for elapsed time were inconclusive; though there are some

significant differences between the conditions (Fig. 18.10b). ANOVA tests show

significance differences in the conditions for both time and penetration depth

(p< 0. 001). These results indicate that, for certain tasks with a 6-DOF manipulator,

it may be possible results to provide feedback in only 3 DOFs without significantly

affecting performance with the robot-assisted surgical system.

18.3.2 Potential Instability with Partial Force Feedback

The results of the studies described in the previous section show that partial force

feedback is a promising alternative to full force feedback from the perspective

of user performance. However, ensuring the safety of robot-assisted surgical sys-

tems is of high priority and therefore the stability of systems with partial force

feedback must be demonstrated. As noted in Sect. 2.5, stability of telemanipulators

is often guaranteed by passivity conditions applied using the two-port network

representation.

In contrast to telemanipulators with full force feedback, telemanipulators with

sensor/actuator asymmetries (e.g. partial force feedback) are not guaranteed to be

passive. For telemanipulators with sensor/actuator asymmetries, the scattering

matrix of the communication block of the telemanipulator without time delay is

St ¼
�ðI � AÞðI þ AÞ�1

2AðI þ AÞ�1

2ðI þ AÞ�1 ðI � AÞðI þ AÞ�1

" #
: (18.18)

where A is a singular matrix, called the asymmetry matrix, whose null space

corresponds to the degree(s) of freedom without force feedback. It can be shown

that, for all singular A, the scattering operator is not bounded from above by 1, or

jjStðjoÞjj1>1; (18.19)

and thus the system is not guaranteed to be passive, even if the underlying control

law is passive [40, 42]. Thus, standard “passive” telemanipulator control laws do

not ensure stability for telemanipulators with sensor/actuator asymmetries.

Our experimental work and the preceding result regarding the scattering matrix

reveal the conservative nature of the passivity criterion when applied to telemani-

pulators with sensor/actuator asymmetries. While the system may feel unusual and/

or unrealistic, it may not exhibit unstable behaviors, such as the contact instability

problem that is common in telemanipulator literature. For example, all of the

experiments in Sect. 3.1 were completed without the telemanipulators exhibiting

unstable behavior. Further research on control strategies for systems with partial

force feedback may make it possible to ensure stability of systems with partial force

feedback without the need for passivity requirements.
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18.4 Graphical Display of Force Information

Sections 2 and 3 described some of the control challenges associated with force

feedback in surgical teleoperation. Such issues can be circumvented by providing

graphical displays of force or environment property information, as described in

here and in the following section.

During laparoscopic or RMIS procedures, endoscopic cameras are typically used

to produce a rich visual display of the surgical site, which a surgeon views on a

monitor or through a viewing console. These images can be augmented in real time

with overlaid, artificially generated graphics that enhance a surgeon’s sensory

experience and can display either sensed or estimated forces graphically. This

sensory transduction is a form of sensory substitution, referred to as graphical

force feedback (GFF), which allows a surgeon to visualize an applied force, rather

than feel it directly. Graphical force feedback can take many forms, depending on

the nature of the surgical task (e.g., manipulation or exploration). Additionally,

the graphics used to augment surgical images should be implemented in such a way

to deliver the greatest possible advantage to the surgeon. Considerations include

graphic shape, size, location, transparency, and tracking with tool motion.

A number of studies have employed graphical force feedback in various forms, as

shown in Fig. 18.11.

Since the tip of the surgical instrument is usually in the surgeon’s visual field,

placement of GFF near the tip in the image should facilitate effective use of the

information and require less cognitive processing. Akinbiyi et al. [1] and Reiley

et al. [29] augmented the surgeon’s visual workspace by overlaying small dots on

the image near the robot tooltip during a suturing task. The dots changed colors

(from green to yellow to red) as a function of increasing applied force (Fig. 18.11a).

For surgeons without significant experience in RMIS, GFF resulted in fewer suture

breakages (Fig. 18.12a) and lower peak applied forces (Fig. 18.12b), though the

effect was smaller for surgeons with RMIS experience. These results hint that GFF

may be especially helpful in training surgeons who are not yet skilled with robot-

assisted surgery. In contrast, another study used an external LED display to present

applied force [34] (Fig. 18.11b). We propose that augmenting forces graphically on

top of the normal visual workspace results in superior performance, as it allows the

surgeon to recognize forces without removing visual attention and focus from the

point of operation.

Bar graph displays were developed by Mahvash et al. [24] and Gwilliam

et al. [12], in order to change both the color and size of the display to correspond

with the level of applied force. In the first system, the bar graph did not track the

tooltip motion, causing it to occasionally block a portion of the surgeon’s field of

view in certain configurations in the workspace (Fig. 18.11c). The goal of the

second system was to provide force information more intuitively, while avoiding

obscuring important visual information, cluttering the surgeon’s field of view, or

creating an unnecessary distraction. For exploration tasks in which the instrument

tip moves in a large workspace, it is important that the graphical display tracks the
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tooltip appropriately. Thus, the two-dimensional GFF image for each eye must be

rendered with appropriate size, and disparity in the camera frame as the tooltip

moves in a 3D workspace. Gwilliam et al. [12] created such a bar graph to display

force information near the moving instrument tip. Additionally, it was aligned with

the instrument shaft, such that the bar changed size and orientation as the instru-

ment navigated the 3D workspace. This also made the GFF appear with proper

disparity and depth perception (Fig. 18.11d). Since the graphical rendering was a

bar graph, the surgeon could use both color and size (magnitude of bar graph level)

as cues for the applied force. Because of the calibration to the tool shaft, the GFF

bar never occluded other objects in the visual workspace that were not already

Fig. 18.11 (a) Small dots augmented over the surgeon’s visual workspace display forces during a

suturing task [29]. (b) External LED array displaying force levels [34], #IEEE 2007. (c) Bar

graph overlaid on visual workspace to display estimated forces during an exploration task [24],

#IEEE 2008. (d) Bar graph is aligned with da Vinci tool shaft and tracks its motion with proper

disparity and depth perception, while displaying estimated forces [12], #IEEE 2009. (e) 3D

colored arrows indicated the force vector applied by the surgical instrument (courtesy DLR, see

[37] for details)
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blocked by the tool shaft. An experiment with this system was performed with

experienced robot-assisted surgeon subjects. The task was to identify the correct

orientation of an artificial calcified artery embedded within an artificial tissue model

as part of a surgical palpation task. Figure 18.13 shows that, for this task, graphical

force feedback does not significantly improve subject performance relative to no

feedback. We conclude that spatially distributed direct force feedback is easier for

subjects to integrate than GFF.

a

b

Trained da Vinci Surgeons Non−Trained da Vinci Surgeons
0

5

10

15

20

25

%
 o

f T
ria

ls

Broken Sutures

No Force Feedback (No FF)
Graphical Force Feedback (GFF)

Trained da Vinci Surgeons Non−Trained da Vinci Surgeons
0

1

2

3

4

5

F
or

ce
 (

N
)

Peak Forces

No Force Feedback (No FF)
Graphical Force Feedback (GFF)
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significantly lower suture breakages (a) and lower applied peak forces (b) during a knot-tying

task [29]
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Inconclusion, graphical force feedbackhasproducedmixed results. For exploration

tasks, such as palpating for tumors in artificial prostate [24] and for calcified arteries in

artificial tissue [12], GFF did not significantly improve performance alone, although it

did improve performance when paired with direct force feedback. For a manipulation

task such as suturing, GFF benefited surgeons whose experience with RMIS systems

was minimal, though it did not significantly improve performance of surgeons with

considerable RMIS experience [29]. Thus, one’s experience with RMIS systems as

well as the nature of the surgical task being performedmay impact the effectiveness of

GFF.

18.5 Graphical Display of Tissue Properties

While force feedback and graphical force feedback provide surgeons with real-time

information about applied forces, exploration tasks, such as the palpation scenario

described in the previous section, focus on developing a model of tissue properties.

In this section, we describe a real-time graphical overlay of stiffness information

that is created based on estimated tissue properties during RMIS. The goal of this

type of display is to help surgeons identify and characterize tissue abnormalities.

For example, surgeons palpate biological tissues to investigate locations of lumps,

since malignant tumors are typically stiffer than normal healthy tissues [21, 16].

Although tissue abnormalities can be found preoperatively using medical images

such as magnetic resonance imaging (MRI) or computed tomography (CT), such

images may not help surgeons localize lumps during actual surgery because of

tissue mobility and deformation.

Several studies have explored graphical display of tissue properties. Miller

et al. [25] developed a Tactile Imaging System (TIS) that uses a commercial
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Fig. 18.13 Palpation task performance under various feedback conditions. In contrast to the

suture manipulation task shown in Fig. 18.12, graphical feedback in this task does not improve

surgeon subject performance over no force feedback [12], #IEEE 2009
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capacitance-based tactile array sensor to measure contact pressure. Based on the

measured pressure data from each element of the array, TIS generates a colored tactile

map and overlays it on video images in real time. Liu et al. [23] used a rolling indenter

with a force/torque sensor to localize hard lumps hidden in soft tissues during RMIS.

By keeping the penetration depth constant, a colored force map is created to identify

the locations of nodules. Trejos et al. [38] also used a tactile array sensor and

developed a Tactile Sensing Instrument (TSI) for localization of tumors during

RMIS. They performed a force-controlled autonomous palpation by a robot and

generated a pressure map. Xu and Simaan [44] tested force-sensing capabilities of a

continuum robot. Similar to Liu et al. and Trejos et al., they also kept a constant

penetration depth into the tissues and created a force map to detect embedded hard

materials. The stiffnessmap described in this section differs in that it begins displaying

mechanical properties of the tissues in real time as the surgeon is palpating.

18.5.1 Methods for Graphical Display of Tissue Properties

Acquisition of an accurate mathematical model of tissue is challenging since

biological tissues are known to be nonlinear and inhomogeneous. Our goal is to

use an approximate model of tissue behavior that is sufficiently accurate to give

useful discriminatory information, primarily stiffness. Standard online identifica-

tion techniques can be used to adaptively estimate parameters of a tissue model;

however an appropriate form of the model must be assumed a priori. We select the

best tissue model through the following offline procedure:

1. Consider several possible mathematical models of the tissue type/organ under

consideration.

2. Palpate and record tool-tissue interaction data with real tissue samples. Position,

velocity, and acceleration of a tool tip can be calculated from robot kinematics.

Force data can be acquired by a force/torque sensor or estimated using a force

estimation technique.

3. Postprocess the data to estimate unknown parameters of the model and compare

the model accuracy based on force estimation errors (self-validation).

4. Compare the model accuracy based on force estimation errors, using the esti-

mated parameters from self-validation and recorded data (cross-validation).

5. Pick a model that is useful to distinguish hard nodules from healthy soft tissues.

For the parameters of the selected model to be estimated online, there are several

estimation techniques available, such as recursive least squares (RLS) and adaptive

identification. For detection of lesions in real time, the estimation needs to be so fast

that a single palpation may be enough for unknown parameters to converge.

Previous results [45] suggest that RLS is a fast, accurate, and simple approach to

estimate biological tissue model parameters in real time. In [46], the chosen

mathematical model of the artificial tissues is a nonlinear Hunt-Crossley model.
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For estimating the Hunt-Crossley model, two RLS estimators run in parallel as

proposed by Diolaiti et al. [8].

Simultaneous to the tissue property estimation, a graphical overlay is created to

represent the stiffness at a palpated location. The overlay for a single palpation is a

semi-transparent colored circle, which maintains the ability of the surgeon to see the

surface of the tissue and laparoscopic instrument tip. With transparency of 50%, the

camera images behind the overlay are clearly visible, while the semi-transparent color

map is still easy to interpret. A Hue-Saturation-Luminance (HSL) color space is

employed to create the color map. The level of stiffness is represented by color

(hue) that changes from green to yellow to red as the tissue becomes harder

(Fig. 18.14a). The range of a stiffness value can be predetermined based on a prelimi-

nary palpation task or updated as new estimation data are added to database. The

confidence level of the estimated stiffness is defined by saturation. As a corresponding

pixel in the camera image(s) is away from the center of a palpated point, we have less

confidence in the estimated stiffness. A weighted probability distribution function of

Gaussian distribution is used to calculate confidence level. Whenmultiple probability

density functions overlap each other, each confidence level is summed (Fig. 18.14b).

This simple interpolation technique creates a nicely blended color map. Luminance is

always 0.5 so that the graphical overlay is in color.

18.5.2 Results and Discussion of Graphical Display
of Tissue Properties

We tested our approach by using a research version of the da Vinci Surgical

System [24] at Johns Hopkins University. An artificial heart tissue made of silicone

rubber with an artificial calcified artery embedded was used as a test sample, similar

to that used in the palpation experiment described in the previous section. The task

was to distinguish the invisible artificial calcified artery from the artificial soft

tissue. A sequence of four pictures from a trial are shown in Fig. 18.15. As soon as a

palpation tool contacts with the artificial tissue, the estimation algorithm starts

estimating unknown parameters of the mathematical tissue model. If a chosen
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mathematical model of tissue is accurate enough, estimated parameters converge

within one palpation, which generally takes less than one second. When the

estimated parameters approach steady-state or, alternatively, parameter updates

are small, a semi-transparent colored circle is overlaid on the camera image.

In Fig. 18.15a, there is one green circle overlaid, which indicates the palpated

point is relatively soft. Several palpations occurred in Fig. 18.15b, where some of

the circles located close to each other are blended smoothly due to the interpolation

technique. Fig. 18.15c shows the rough location of the hidden calcified artery. The

red region identifies the center of the artificial heart tissue and is surrounded by a

green region of “normal” tissue. After the entire surface of the tissue is palpated

(Fig. 18.15d), the location of the calcified artery can be easily seen.

To make such graphical overlays appear more natural, tool visualization can be

improved by segmentation of the surgical tool from the background in the camera

images. In addition, the simple 2D stiffness map shown here should be extended to

3D to accommodate the complex surface geometry of real biological tissues. Such a

surface model can be created prior a procedure using pre-operative images, and/or

during a procedure using stereo camera images.

18.6 Conclusions

Collectively, results using various forms of force feedback in research systems

indicate that such feedback would improve surgeon performance (in some cases,

depending on the level of experience of the surgeon) and patient outcomes in RMIS.

However, there remains a great deal of work to make force feedback practical and

safe for clinical systems. In order for RMIS systems to incorporate force feedback

in the most effective manner, such feedback should be considered from the begin-

ning of the design process. Intelligent controller design applied to suboptimal

hardware has inherent limitations in transparency and robustness. In addition, it is

not yet clear how surgeon experience and training relates to the effectiveness of

haptic feedback.

Fig. 18.15 Four representative pictures taken during a palpation experiment. An artificial calci-

fied artery is embedded in the center of an artificial heart tissue vertically. In (d), the stiffness map

successfully displays the hard artificial artery in the artificial tissue [46], #IEEE 2009
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One important area for future work in direct force feedback is the development

of systems that incorporate the minimal level and degrees of freedom of force

feedback. More studies are necessary to understand how users fill in missing haptic

information that is lost when partial force feedback is used. While the phenomenon

of visual “fill in” is well-known and documented in the vision literature, the extent

to which users can infer force information has not been shown for systems with

partial force feedback. Further studies on how people learn to use systems with

sensor/actuator asymmetries may also prove to be insightful. Such studies could

help to understand how people adapt to reduced force information, which could be a

useful for designers considering which degrees of freedom of force feedback are

necessary in a surgical system.

While indirect feedback (or sensory substitution) of force information is

promising, further research is clearly necessary to establish the appropriateness of

such feedback for manipulation (e.g. suturing) versus exploration (e.g. palpation)

tasks. Other future work may include identifying more intuitive ways of graphically

displaying force information. To date, only a limited number of graphical repre-

sentations have been realized, and there are likely other representations appropriate

for specific surgical tasks or settings.

As shown in Sect. 5, acquired tissue models can be used to generate compelling

graphical displays for exploratory procedures. Future work could incorporate such

models in teleoperation controllers to improve transparency for direct force feed-

back. While most teleoperation controllers assume no knowledge of the environ-

ment [22, 14], an estimated tissue model may be also useful to create enhanced

sensitivity [6, 9] in direct force feedback systems.
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Chapter 19

Tactile Feedback in Surgical Robotics

Martin O. Culjat, James W. Bisley, Chih-Hung King, Christopher Wottawa,

Richard E. Fan, Erik P. Dutson, and Warren S. Grundfest

Abstract While commercial surgical robotic systems have provided improvements

to minimally invasive surgery, such as 3D stereoscopic visualization, improved

range of motion, and increased precision, they have been designed with only limited

haptic feedback. A number of robotic surgery systems are currently under develop-

ment with integrated kinesthetic feedback systems, providing a sense of resistance

to the hands or arms of the user. However, the application of tactile feedback

systems has been limited to date. The challenges and potential benefits associated

with the development of tactile feedback systems to surgical robotics are discussed.

A tactile feedback system, featuring piezoresistive force sensors and pneumatic

silicone-based balloon actuators, is presented. Initial tests with the system mounted

on a commercial robotic surgical system have indicated that tactile feedback may

potentially reduce grip forces applied to tissues and sutures during robotic surgery,

while also providing high spatial and tactile resolution.

Keywords Tactile feedback � Haptic feedback � Pneumatic � Actuator � Piezo-
resistive � Sensor � PDMS � Silicone �Mechanoreceptor � da Vinci Surgical System
� Grip force � Robotic surgery � Surgical robotics � Balloon � Membrane

19.1 Introduction

Robotic minimally invasive surgery offers advantages such as improved range of

motion, enhanced visualization, and higher precision compared to standard laparo-

scopic techniques. However, the surgeon sits remotely from the patient, therefore
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limiting haptic information interchange between the surgeon and the patient.

The near absence of haptic feedback in commercial robotic surgery systems

requires surgeons to rely almost exclusively on visual cues. Visual information is

sufficient for many procedures; however the addition of haptic information may

enable surgeons to feel tissue characteristics, appropriately tension sutures, and

identify pathologic conditions, possibly decreasing the learning curve associated

with the adoption of robotic surgery and also enabling its expansion to other

minimally invasive procedures.

Haptic feedback refers to the restoration of both tactile and kinesthetic infor-

mation [1]. Tactile information is useful in providing touch, or cutaneous, sensa-

tion to the user, while kinesthetic, or force, feedback provides a sense of position

and movement of the robotic end-effectors relative to tissues in the body. The da

Vinci surgical robotic system (Intuitive Surgical), a commercially available trans-

lational master-slave system (Fig. 19.1), has minimal kinesthetic feedback that

limits tool collision and over-extension of joints, but does not prevent damage to

tissues or sutures. The ZEUS (Computer Motion), an earlier translational master-

slave system, did not feature kinesthetic feedback. Other commercial systems that

provide some form of kinesthetic feedback include the NeuroMate (Integrated

Surgical Systems, Inc.) for guidance of neurosurgical tools; the RoboDoc

(Integrated Surgical Systems, Inc.), CASPAR (Ortomaquet), and HipNav (CASur-

gica) systems for bone-milling during hip and knee replacement surgeries; the

MAKORIO (MAKOSurgical Corp.) for guidance during minimally invasive knee

replacement surgery; the Sensei Robotic Catheter System (Hansen Medical) for

cardiac catheter placement; and the Acrobat Sculptor (Acrobat Company Ltd.) for

precision bone-drilling during knee replacement surgery. The AESOP (Computer

Fig. 19.1 Tactile feedback system concept, with force sensors transmitting information to actua-

tors at the surgeon’s fingers. Surgeon is seated at the master console of the da Vinci Surgical

System (left), and the robotic end-effectors are positioned above the patient cart (left)
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Motion) and EndoAssist (Armstrong Healthcare) systems, used for control of

camera orientation, and the PathFinder (Armstrong Healthcare Ltd), used to

actively align tools using pre-operative imaging, do not have haptic feedback. A

number of robotic surgical systems being developed at academic institutions are

equipped with kinesthetic feedback, such as the UW RAVEN II, the MIT Black

Falcon, the JHU Steady-Hand, UC Berkley/UCSF Robotic Telesurgical Worksta-

tion, NASA-JPL RAMS system, U Calgary NeuroArm and the UCLA LapRobot

[2–7].

Although some surgical robotic systems provide kinesthetic feedback, no com-

mercially available systems provide tactile feedback. Two tactile feedback systems

have previously been developed for robotic teleoperation, but both were designed

for mounting on specialized mechanical systems rather than robotic surgical sys-

tems [8, 9]. Similarly, many tactile feedback system components, both sensors and

actuators, have been fabricated for specialized mechanical or robotic applications

[9–15]. While promising, these designs are either not intended for surgical robotics

or have limited applicability to surgical robotic systems due to size, complexity, or

limitations with respect to tactile output.

In many surgical robotic systems, such as those intended for passive positioning,

tactile feedback may not provide substantial benefit. Tactile feedback may be more

applicable to active master-slave systems, in which the sense of touch can improve

precision and control during surgical manipulation. The full effect of the applica-

tion of augmentative tactile feedback to surgical robotics has not been quantified,

primarily because tactile feedback has not yet been applied to surgical robotic

systems [16, 17].

This chapter focuses on tactile feedback as it relates to surgical robotics. The

importance of tactile feedback is discussed, and a tactile feedback system is

described that features silicone-based pneumatic balloon actuators and piezoelec-

tric force sensors, paired with a control system. This system has been fitted directly

onto the da Vinci surgical robotic system, allowing the forces applied at the robotic

end-effectors to be felt on the fingers of surgeons or other system operators

(Fig. 19.1). The system is the first complete tactile feedback system known to be

applied to a commercial robotic surgical system. Preliminary system tests with

human subjects are described that examine the potential benefit and hindrance of

the system in the performance of simple surgical tasks.

19.2 Tactile Perception

Before describing the approach to designing a tactile feedback system, it is worth

mentioning how the body collects and processes haptic information. Kinesthetic

information, which comes from proprioceptive nerve afferents, contains information

about the current musculoskeletal configuration of the body. Golgi tendon organs

convey information about muscle tension and drive reflexes that keep muscles from

being damaged from excessive contraction. Muscle spindles are stretch receptors that
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drive reflexes to allow muscles to automatically adapt when environmental forces

change. Joint receptors are only active at the extreme limits of the joint’s movement.

In addition to kinesthetic information, fine tactile information, which originates from

four main classes of nerve afferents, contains information about local interactions

between the skin and the objects it touches. The four afferents are divided into two

classes, based on their physiological responses to skin indentation: fast adapting (FA)

afferents respond only when the skin initially contacts a stimulus; whereas slowly

adapting (SA) afferents respond both to the initial contact and then continue to be

active throughout the period of contact. Within the two classes, the afferents are

further characterized by the average area of skin on which contact induces afferent

activity. The type I afferents (SAI and FAI) respond to indentation over small regions

of skin. Type II afferents respond to stimuli presented over larger areas, with SAII

afferents preferring skin stretch and FAII afferents responding best to high frequency

vibration, such as that induced when the finger rubs over a fine texture. The responses

of these four afferent neurons are driven by the mechanical deformation of the skin,

and this deformation is usually caused by local force from a stimulus indenting into the

skin. It is important to note that both proprioceptive receptors and tactile receptors

respond to force, but it is the location and magnitude of the force that differentially

excites these receptors.

Although proprioception no doubt plays an integral role in motor control, the

fine control of grip force appears to be driven by a reflex mediated by the responses

of FAI afferents. When an object is held between the thumb and forefinger, it is held

with just enough force to keep the object in place. Too little force results in the

object being dropped or slipping, too much force may damage the object and is

inefficient, as it may result in more rapid muscle fatigue. The grip force is usually

determined by sensory-motor memory, but it is fine tuned by reflexes that monitor

slippage of the object. Recordings from single human afferents have found that the

responses from muscle spindles cannot account for this reflex and full reliance on

these afferents, induced by anesthetizing the nerves innervating the fingertips,

produces a lack of controlled changes in grip force [18–19]. This would indicate

that the tactile afferents innervating the fingertip make up the sensory leg of the

reflex, and single human afferent recordings have confirmed that the responses of

FAI afferents can explain such changes in grip force [20].

Forces at the fingertips in fine manipulation are also not measured by propriocep-

tive receptors, but by the receptors connected to these tactile afferents. Thus, for fine

manipulation in surgery, it is more appropriate to feed this tactile signal back than

proprioceptive information. However, it is worth noting that muscle spindles are

clearly important for perturbances in digit (or limb) positioning, but when forces are

this strong, they have likely passed the point of being potentially detrimental to the

tissue being manipulated. Thus, tactile feedback is the more pertinent haptic mecha-

nism for fine manipulation, which is directly applicable to direct grasping of tissues

and suture needles.

These principles were used to guide the design of the tactile feedback system.

Knowing that it is the FAI afferent that plays a major role in the grip force control

reflex, and that the FAI afferent has a small receptive field and responds to
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indentation of the skin, the tactile actuator was designed such that it exerts pressure

onto the skin in a controlled manner. Translating forces from surgical tools directly

to the skin of the finger avoids issues related to sensory substitution. These issues

include the learning curve associated with the translation of a sense through a

different sensing modality. This added step may even require active processing by

the surgeon, potentially attenuating the benefits of real-time sensory feedback with

time delays and added stress. By providing direct tactile feedback, it was possible

to tap into existing grip force control reflexes. In order to do this, the actuator must

stimulate the finger in exactly the same way as the object being manipulated.

FAI afferents are known to be particularly sensitive to vibrations between 30–50

Hz. However, we felt that the use of a vibratory stimulus would be unsuitable

because the time-locked response it elicits would likely swamp the small burst in

activity normally seen when a change in force occurs. Thus, we would not be able

to tap into the reflex; this would result in a less efficient feedback system. The ideal

actuator would also stimulate the SAI and SAII afferents so the surgeon would be

able to get a sense of the local force and size of the object being manipulated.

SAI afferents are known to give the most accurate representation of the pattern of

skin indentation, which correlates to the shape and force of the stimulus and direct

stimulation of SAII afferents conveys further information about force [21].

If tactile stimuli can be provided that innervates the FAI, SAI and SAII afferents

on a surgeon’s fingertips that correspond to detected forces on a robotic grasper,

detailed information about the shape size and grip force of a grasped object can be

conveyed. Since two of these tactile afferents have small receptive fields, it is

possible for an appropriately designed array to transmit information about all three

of these variables.

19.3 Actuation in Tactile Feedback

There are various challenges involved with mounting actuators on surgical robotic

systems, including limited mounting space, movements of the robotic system,

timing, and synchrony between sensing and actuation. Additional requirements

are that it must have a light weight, compact size, durability, and negligible

hysteresis over thousands of actuation cycles. An ideal actuator is scalable and

adaptable, has broad application to multiple fields, and remains viable even as

robotic systems are redesigned. Both the Zeus and the da Vinci are finger-controlled

systems with limited mounting space, and the master controls are subject to various

rotational and translational movements. In order to provide sufficient information to

the operator while occupying a small footprint, the individual actuator array

elements must be small (0.5–5.0 mm) and allow for narrow element-to-element

spacing. In addition, designs must incorporate durable cabling that does not inter-

fere with system operation.

Previous psychophysical, surgical, and haptic feedback studies provide further

guidelines regarding tactile actuator design, especially when stimuli are provided to
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the finger. The temporal and spatial resolutions of the fingertip in response to pin

stimuli are approximately 5.5 ms and 2 mm, respectively [22]. For circular or

hemispherical stimuli to the fingers, Braille dots serve as a better model than

pins. In Standard American Braille, Braille dots are 1.45 mm in diameter, 0.48

mm in height, spaced 0.89 mm apart, and grouped in 3.79 � 6.13 mm cells [23].

The slowly adapting (SA) mechanoreceptors of the finger are sensitive to spherical

stimuli and encode Standard American Braille with high efficiency [24].

Grasping frequencies in minimally invasive surgery (MIS) typically do not

exceed 3 Hz, so 5–10 Hz operation is sufficient for local procedures [25]. However,

for application to tele-robotic surgery or tele-mentoring, frequencies in the 50 Hz

range (20 ms cycle) may be desired to minimize the impact of latency between

movements. During the first transatlantic telerobotic surgery demonstration, an

experimentally verified safe latency period between movement and video images

over long distance was found to be within a 300 ms [26]. The minimum detectable

force change on the finger pad, △F, depends on the applied force. For tapping

stimuli, △F � F/2.5, where F is the applied force [22]. Tactile displays in the

literature have had element diameters and spacing as small as 1.0 mm, and have

operated in the 6 mN to 3 N force range [27, 28].

Several tactile feedback schemes have been developed as non-invasive means to

provide sensory feedback, including motor driven actuation, vibrotactile displays,

piezoelectric actuators, shape memory alloys, rheological fluids, and pneumatically

driven actuators. These systems function by applying either static or dynamic

mechanical deformations along the skin’s surface, triggering the sensory receptors

in the skin. Many of these tactile systems are effective for a variety of applications;

however adaptation effects, low force output, slow response time or bulky mechan-

ical apparatus limits some of these actuators. These characteristics are detailed in

Table 19.1.

Vibrotactile actuators, which are among the most popular tactile actuation

schemes, have been shown to function with the greatest spatial resolution at

250 Hz [40]. Since this optimized vibrotactile scheme operates in the range of

hundreds of hertz, they tend to innervate the fast adapting Pacinian corpuscle

sensory receptors (FA II) [41]. While vibrotactile actuators have been shown to

operate with very high spatial resolution, it has also been demonstrated that the

stimulation of the fast adapting sensory receptors has a deleterious effect on the

long-term perception of these actuators [30]. Therefore, despite the many successes

of vibrotactile actuators, it does not appear to be a clinically viable choice for

extended use in surgical robotics [42].

Pneumatic balloon actuators are well suited for surgical robotics, since they

address many of the design constraints described above. They have the advantage

of large force output, large deflection, rapid response time, and low mass [43].

Actuation frequency and intensity can be electronically specified to ameliorate

adaptation limitations that are prevalent with vibrotactile actuators. This concept

has been explored previously for different applications, including aerodynamics

control movements and tactile feedback to the fingertip [44–46]; however these

designs were not intended for surgical robotics.
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19.4 Pressure Sensing in Tactile Feedback

Pressure sensing systems in robotic surgery are primarily limited by the small

mounting surface, the need for serrated edges, large grasping forces encountered

on robotic instruments. Forces felt by surgical tools are typically in the 0–5 N range,

but have been reported as high as 40N, and over an average duration of 2–3 s [25, 47,

48]. Recording or transmitting force data can require wire traces along the shaft or a

wireless transmitter. In either case, the sensor needs to be powered, also requiring

wiring. Sensing systems must be biocompatible, autoclavable, and be capable of

withstanding a wet biological environment as well as temperature variations

between the body and operating room. Tool-mounted sensor systems must not

interfere with the tool’s basic functionality (such as the grasping action of a grasper).

Therefore ideal sensing systems would have a low-profile, be highly durable to

different environments, and could be integrated directly onto or into the instrument.

Table 19.1 Tactile actuation technologies

Technology Operating principle Advantages Disadvantages Ref.

Motor-driven Step-motor

rotation translated

into linear

movement via lead-

screw

Precise control of

actuation via

step-motor,

success relaying

complex objects

and shapes

High response time

difficult to provide

real-time feedback,

large mechanical

apparatus

[29]

Vibrotactile Vibrating motors

typically with

tunable frequency

High spatial

resolution

Susceptible to sensory

adaptation effects,

[30]

Piezoelectric Bimorph plate array

of elements that

mechanical deform

driven by voltage

Can integrate many

elements using

MEMS

processing,

Similar to vibrotactile

functionality

[31]

Shape memory

alloys

Mechanical deflection

induced by thermal

expansion

Large force output High response time,

hysteresis

[32, 33]

Rheological

fluids

Electrical or magnetic

field inputs alter the

viscosity of target

fluid to allow

passive tactile

displays

Can be developed

for both

kinesthetic and

tactile feedback.

Large input

requirements

(voltage or

magnetic field),

only passive tactile

display (in

response to finger

scanning or rolling)

[34, 35]

Pneumatically

driven

Pneumatic source

provides vertical

actuation on either

pin or membrane to

provide tactile

feedback

Large force output,

low response

time

Bulky mechanical

apparatus

[36–39]
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Many force sensing technologies are strong candidates for force sensing in

tactile feedback systems. Some of these technologies include capacitive sensors,

magnetic coil sensors, magnetoelastic sensors, optical sensors, piezoelectric

sensors, piezoresistive sensors, strain gauges, spring-loaded whisker sensors, and

ultrasonic sensors. Some of the advantages and disadvantages of each modality are

described in Table19.2. Of these technologies, capacitive force sensors and piezo-

resistive force sensors are among the most promising for miniaturization and

mounting onto surgical robotic end-effectors. Capacitive force sensors have high

sensitivity, low temperature dependence, and long-term stability, but are often beset

Table 19.2 Force sensing technologies

Technology Operating principle Advantages Disadvantages Ref.

Capacitive Force ! change in

capacitance

High sensitivity, low

temperature

dependence, long

term stability,

ideal for

measuring

dynamic loads

Static loads difficult to

measure,

hysteresis,

nonlinearity,

complicated

circuitry

[49, 50]

Magnetic coil Force ! probe

displacement !
change in

magnetic field

Simple design, wide

dynamic range,

large detection

range

Bulky size,

mechanical failure

under shear loads

[51]

Magnetoelastic Force ! deformation

of magnetoelastic

material !
change in

magnetic field

Wide dynamic range,

linear response,

low hysteresis, low

temperature

dependence

Susceptible to external

magnetic fields,

small output power

[52]

Optical Force ! change in

light intensity

[53]

Piezoelectric Force ! deformation

! change in

electric field

Linearity, good at

dynamic

measurements

Limited in the ability

to measure static

loads

[54, 55]

Piezoresistive Force ! deformation

! change in

resistance

Common, simple

design, good static

and dynamic

response

Nonlinearity,

hysteresis, creep

[56]

Ultrasonic Force ! change in

density and speed

of sound in

material !
change in acoustic

wavelength

High linearity, high

frequency

response, and high

sensitivity

Complex electronic

interface, limited

number of sensing

element, hysteresis

effect due to

material property

[57, 58]

Whisker Force ! deformation

of spring-loaded

whisker !
change in

displacement

angle of whisker

High sensitivity,

simple electronic

interface.

Low spatial resolution,

bulky size, difficult

for

microfabrication

[59]
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by hysteresis, have complex control circuitry, and are limited in their ability to

measure static forces. Piezoresistive force sensors are among the most common

force sensing mechanisms, and have the ability to accurately detect both static and

dynamic stimuli with simpler electronics, but are also often beset by hysteresis,

creep, and signal nonlinearity. Both capacitive and piezoresistive sensors have been

developed using sufficiently small MEMS packaging.

Several research groups have developed sensing systems to evaluate tool-tissue

force interactions during minimally invasive surgery. Howe et al. [33] developed an

8 � 8 capacitive sensor array on a probe that measures the distribution of pressure

across the tissue contact [50]. Matsumoto et al. [58] developed an ultrasonic sensing

probe for stiffness detection of soft tissue, capable of detecting the presence of a

gallstone in the gallbladder or cholecystic duct during laparoscopic surgery [58].

Bicchi et al. [60] used an optical sensor to measure contact area spread rate and then

correlated this with grasping force [60]. Dargahi et al. [54] developed a 1 � 4

piezoelectric sensor array using thin film PVDF on a custom made laparoscopic

grasper [54]. Kattavenos et. al [61] fabricated a 1 � 8 piezoresistive array using

resistive paste, thin polyester film, and screen-printing technologies [61]. Schostek

et. al. [62] integrated a sensor array (32 hexagonal elements) into a customized 10

mm grasper tip. Forces exerted on the silicone rubber layer resulted in a change of

the contact area between the conductive polymer sheet and the electrode surface,

and thus in a change in electrical resistance between the copper foil and the

respective electrode [62]. Mirbagheri et al. [63] developed a four-element force

sensor using an instrumented membrane [63].

19.5 Tactile Feedback System Design

A tactile feedback system was developed at the UCLA Center for Advanced

Surgical and Interventional Technology (CASIT) in order to address the need for

haptics in surgical robotics and to explore its benefits. The tactile feedback system

features piezoresistive force sensors, silicone-based balloon actuators, and a pneu-

matic control system. Pneumatic balloon-based actuation was selected due its

ability to provide high force output and be easily integrated and piezoresistive

sensing was selected due to thin profile and monotonic response.

19.5.1 Pneumatic Balloon Actuator Design

The actuators are composed of a macromolded polydimethylsiloxane (PDMS)

substrate housing a 3 � 2 array of pneumatic channels and a thin film silicone

membrane (Fig. 19.2a). Vertical pneumatic channels within the PDMS substrate

connect to horizontal channels that lead to a series of polyurethane tubes, connected

with silicone adhesive sealant. The thin film silicone membrane at the output of the
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vertical channels form an array of hemispherical balloons that provide pneumatic

pressure stimuli to the fingers. Velcro straps were attached to the rear of the PDMS

substrate with silicone adhesive sealant for rapid mounting directly onto the da

Vinci master controls. The existing Velcro straps were removed from the da Vinci

and replaced with the Velcro straps of the actuator array by feeding them through a

pair of metal brackets on each master control. The actuator array body fits tightly

against the metal master control surface at each finger contact. The Velcro straps

were fastened around each finger, and the pneumatic tubing was fed upwards such

that it does not interfere with movements of the da Vinci master controls

(Fig. 19.2b). Two tactile actuators arrays were developed for each master control,

such that a separate actuator array interacts with each finger (left/right index fingers,

left/right thumbs).

Mechanical tests and human psychophysical tests were performed to determine

the most effective actuator architecture; it was determined that 3 mm diameter

balloons, with 1.5 mm element spacing and 300 mm membrane thickness, provided

the highest level of performance both mechanically and perceptually [64, 65]. This

configuration allowed a maximum of six tactile balloon elements, to be placed on

the 1.8 cm � 1.0 cm size mounting area of the da Vinci master controls. Vertical

balloon deflection was found to be directly proportional to input pressure.

The relationship is monotonic, which allows deterministic and controllable deflec-

tion output. Fatigue tests were performed and found the balloon actuators to have

negligible hysteresis over at least 150,000 inflation-deflation cycles, therefore

ensuring consistent and reliable performance during surgical procedures [64].

19.5.2 Piezoresistive Sensor Design

Commercially available piezoresistive force sensors (Tekscan FlexiForce) were

selected for mounting onto the robotic end-effectors due to their thin-film profile

(208 mm), small diameter (10 mm), appropriate force range (0–110 N), high

linearity, and good static and dynamic response. The sensors were diced to a

Fig. 19.2 Actuator array (left) and mounting on the da Vinci master controls (right). (# 2008

IEEE), reprinted with permission
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width of 5 mm and mounted onto Cadiere tools, which had had their serrations

machined down to create a flat surface (Fig. 19.3) [66]. Silver conductive strips

(2 mm � 10 mm) taken from the FlexiForce sensors served as the electrodes of the

sensors. Thin copper wire was connected to the electrodes using silver epoxy.

An inverting amplification circuit was used to translate the change in resistance

of the sensor to a change in voltage.

The sensorswere able to operate both as a single element sensor and as a 3� 2 array,

with the single element sensor used for feasibility studies and the array developed

to examine spatial resolution (Fig. 19.3). The array was constructed by incorporating a

3 � 2 element array of gold electrode pads into the sensing pad. The gold sensing

electrodes, traces, and interconnect electrodes were deposited on 127 mm thick poly-

imide film (Dupont Kapton HN type) using a microfabrication process [67].

The electrode pads were each 1.75 mm � 1.75 mm and separated by 1.5 mm.

The sensors were characterized using an Instron mechanical loading system

(Instron 5544), which was programmed to perform 20 loading cycles at the speed

of 1 cycle/min over a force range of 0–25N [66, 67]. Both the single-element sensors

and sensor array elements demonstrated a linear resistance decrease with increasing

force. The linear response of the mounted piezoresistive sensors was essential to

simplify the translation of the input forces from the sensors into proportional output

pressures to the balloon actuators. As designed, the force sensing robotic end

effectors were sufficient for laboratory testing, but not for clinical use.

19.5.3 Pneumatic and Electronic Control System

A control system was developed that converts the forces detected at the grasper tips

to pressures at the surgeon’s finger tips via the pneumatic balloon actuators. The

control system has both pneumatic and electronic subsystems.

The pneumatic subsystem uses a parallel arrangement of on/off solenoid valves to

route different pressures to each actuator. These pre-set pressure levels are achieved

Fig. 19.3 Cadiere graspers with single-element sensors (left) and 3 � 2 array (right) (# 2008

IEEE), reprinted with permission
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through the use of pressure regulators. The solenoid valve arrangement selects

which pre-set pressure level is sent to the actuator. Press-fit pneumatic tubing and

fittings connect the individual system components, one-way check valves are used to

prevent backflow, and an external air canister acts as the pressure source.

The solenoid valves are controlled by the electronic subsystem. A peripheral

interface controller (PIC) measures sensor resistances, determines the desired level

of balloon inflation for each channel, and outputs a set of digital control signals to the

solenoid valves. Signal conditioning electronics convert the variable resistances of the

force sensors into measurable voltages. A built-in analog-to-digital converter (ADC)

reads these values into the PIC. Software on the PIC divides the voltage range into five

distinct regions, using calibration data from surgeons, with buffer regions to limit level

transition jitter. In previous experiments, it was determined that five discrete levels

were the maximum number that could accurately be detected by the finger [65].

System performance was primarily limited by the response of the pneumatic

system, which had a combined filling and exhausting time that was under 50 ms and

a frequency response up to 20 Hz. Prior temporal human perceptual tests with the

tactile feedback system indicated that the minimum threshold for accurate detection

of two time-separated actuations was 62.4 ms, or 16 Hz [65]. Therefore the

maximum frequency of the system exceeds the maximum frequency that can be

perceived by the finger. For reference, grasping frequencies in local minimally

invasive surgery procedures do not typically exceed 3 Hz, and the experimentally

verified safe latency period between movement and video images for long distance

telesurgery was determined to be within 300 ms [68, 69].

19.6 System Testing

Three system evaluation studies were performed to determine the viability of tactile

feedback in surgical robotics, specifically for the master-slave da Vinci surgical

system. The first study explored the effect of tactile feedback on grasping, and

found that grip force was significantly decreased when tactile feedback was present.

A second study examined the potential hindrance of the tactile feedback system to

normal operation, and determined that there was no negative effect on the perfor-

mance of simple tasks. The third study investigated array-based tactile feedback,

and determined that spatial information could improve discrimination of objects

held within the grasper jaws.

19.6.1 Grip Force

Two grasping studies were performed to examine the potential benefit of tactile

feedback in robotic surgery, using the tactile feedback system with the mounted

single-element force sensors [66, 70]. The tactile feedback system provided five

discrete pressure levels to the finger, corresponding to five grip force ranges at the
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surgical end-effectors. In the first of the two studies, grip force was observed

qualitatively by asking subjects to grasp a pressure-indicating film, and observing

the film following grasping with tactile feedback and without tactile feedback [66].

The film (Fuji Prescale Film LLLW) was attached to a rectangular neoprene

substrate (Dupont Corp), with the film and substrate together serving as a soft tissue

phantom. When pressure was applied to the pressure-indicating film, the rupture of

microcapsules within the film generated a red hue on the white film surface, with

increased pressure corresponding to increasing color intensity. Four subjects were

asked to perform two trials each, in which they passed the phantom from one end to

the other and back (Fig. 19.4a). One trial was performed with the tactile feedback

system active, and other with the system inactivated, with the order of trials

reversed for each subject. The intent of the study was to determine whether grip

force was decreased when the tactile feedback system was activated. All four

phantoms had fewer and lower intensity red spots when tactile feedback was used

(Fig. 19.4b), therefore indicating that grip force may be lower when the subjects

used tactile feedback.

A follow-up study was performed to quantify the effects of tactile feedback

on grip force [70]. Twenty subjects (16 novices, 4 experts) were asked to

perform a single-hand peg transfer task using the da Vinci system with the

tactile feedback system in place, and the subjects’ performance was analyzed.

Each subject used his/her dominant hand to transfer rubber pieces between two

parallel rows of pegs (Fig. 19.5a). The peg transfer test was composed of three

consecutive blocks of trials; in each block, a subject performed 18 peg transfers.

In the first block, the subject was tested with no tactile feedback; in the second

block, the subject was tested with the tactile feedback system activated; and

in the third block, the subject was again tested without tactile feedback.

The peg transfer task was adapted from the standard peg transfer test in the

Fig. 19.4 (a) Grasping of the tissue phantom with the da Vinci robotic system. The left grasper
passed the neoprene phantom; the right grasper (with mounted sensors) passed the neoprene

phantom with attached pressure-indicating film. Marks appeared on the film at grasping locations;

color intensity of the marks was proportional to the grasping force. (b) Pressure-indicating film

resulting from a grasping trial without tactile feedback (top) and with tactile feedback (bottom).
These results indicate that less force was applied to the film with tactile feedback. (# 2008 IEEE),

reprinted with permission

19 Tactile Feedback in Surgical Robotics 461



Fundamentals of Laparoscopic Surgery (FLS) education module developed by

the Society of American Gastrointestinal Endoscopic Surgeons (SAGES).

Addition of tactile feedback reduced grip force by more than a factor of two. The

overall mean grip force for a representative expert subject during each block is

shown in Fig. 19.5b. The overall mean grip force during the initial block, in which

there was no tactile feedback, was substantially and significantly greater than

during the block with feedback (p << 0.01, t-test). Since the subject maintained

control of the peg throughout the duration of the feedback block, these data suggest

that grip force in the absence of feedback is significantly higher, even in a skilled

surgeon used to using the da Vinci system. The mean grip force in the block after

the feedback was switched off was similar to the initial block, and significantly

more than the mean grip force in the block with feedback (p << 0.01, t-test). This

result indicates that after the tactile feedback was removed, the subject’s grip force

rapidly returned to the level in the initial block. Similar results were seen in all 20

subjects [70].

19.6.2 System Operability

A study was performed to examine whether the addition of the mounted actuators

and pneumatic system, while inactive, impeded system performance [71]. Seven

subjects performed four trials each of a Fundamentals of Laparoscopic Surgery peg

transfer task; two trials were performed with the inactive actuators and pneumatic

system attached to the master controls and master console of da Vinci system, and

two trials were performed using the baseline da Vinci system without the actuators

or pneumatics attached to the system. All peg transfer trials were timed, and the

subjects were asked to respond to a questionnaire regarding the potential impact of

the actuators and pneumatic system on task performance.

The results of the peg transfer test found no significant difference in task

performance (p¼ 0.078, Wilcoxon Sign Rank test) with and without the inactivated

Fig. 19.5 (a) Single-hand peg transfer task showing grasping and transfer of a rubber piece using

the da Vinci robotic system. (b) The mean grip forces exerted by an expert subject during each

block of the peg transfer test. Error bars indicate standard error of the mean. (# 2009 IEEE),

reprinted with permission
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actuators and pneumatics attached to the robotic system. Survey responses from the

study indicated that the mounted, inactive actuators and pneumatics did not hinder

task performance, ergonomics, or finger or arm movements. The PDMS/silicone

actuators themselves did not present added difficulties in grasping; in fact, some of

the subjects’ responses indicated that the silicone surface of the actuators improved

their grip of the robotic master controls.

19.6.3 Array-Based Tactile Feedback

A third study using the mounted 3� 2 element force sensor array was performed to

determine whether the array-based tactile feedback system could accurately trans-

mit tactile information spatially [70]. Forces were applied to individual force

sensing elements on the robotic end-effectors, and transmitted to the corresponding

balloon elements at the fingers of the robotic operator. Pressure stimuli was

provided to six subjects by applying forces to individual sensor elements, to rows

and columns of sensor elements simultaneously, and to rows and columns of

elements sequentially. The subjects were asked to identify the location and/or

sequence of the stimuli.

The spatial perception tests using the system with the 3� 2 element force sensor

array found that there was a high accuracy in detection of single elements (>96%),

in rows and columns of elements excited simultaneously (100%), and in rows and

columns of elements excited sequentially (100%). The high accuracy in the detec-

tion of array-based tactile information suggests that spatial information can accu-

rately be transmitted from the grasper surface to the finger pad, potentially enabling

discrimination of variations in tissue properties and slippage of tissues or sutures

within the grasper jaws.

19.7 Conclusion

Tactile feedback has not previously been applied to surgical robotics, and still has

not been demonstrated for clinical use, primarily because of the challenges asso-

ciated with the development and integration of proper sensing and actuation

technologies. The work described here demonstrates that tactile feedback can be

supplied accurately and effectively using thin film piezoresistive force sensors and

compact silicone pneumatic balloon actuators with minimal impact to task perfor-

mance. However, for in-vivo use, force sensing technologies must be better

integrated into robotic end-effectors, such that the grasper serrations can remain.

The studies described here have also shown that tactile feedback has quantifiable

benefits to surgical task performance, and that the array-based tactile feedback

approach is viable. Therefore, further development and in-vivo testing of tactile

feedback array systems should be pursued for surgical robotics.
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Reduction of grip force was a direct outcome of the addition of tactile feedback

during surgical task performance. There are many other potential benefits to tactile

feedback that are yet to be characterized, such as the sensing of tissue properties,

force distributions, and dynamic force changes. The spatial perception tests with the

force sensing array have demonstrated that spatial information can be accurately

processed from the finger when gripping the robotic master controls. The combina-

tion of pressure magnitude and spatial information may provide a surgeon with the

full spectrum of tactile information needed during surgery, including grip force,

tissue stiffness, tissue conformation, finger positioning, and tissue or suture slip-

page. Additional quantitative studies must be carried through to examine the

magnitude of these effects, and to determine whether these effects extend from

the dry laboratory to the in-vivo environment.

The tactile feedback system that was developed for robotic surgery was designed

such that it is modular, it is scalable, and its force input and pressure output ranges

can be modulated. The system therefore can be rapidly adapted for industrial

robotic applications, as well as for future robotic surgery or robotic microsurgery

systems, and can be integrated with existing force feedback systems. The system

has already been adapted to laparoscopic tools and to provide dynamic Braille

information to the blind [72, 73]. The system has also been redesigned and

integrated into a lower-limb prosthetic system that transmits tactile information

from the base of a lower-limb prosthesis to the upper residual limb of an amputee in

order to improve gait and rehabilitation [74]. Other potential applications of the

tactile feedback technology include upper limb rehabilitation, virtual reality,

gaming, aeronautic feedback, and device packaging.
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Chapter 20

Robotic Techniques for Minimally Invasive

Tumor Localization

Michael D. Naish, Rajni V. Patel, Ana Luisa Trejos, Melissa T. Perri,

and Richard A. Malthaner

Abstract The challenges imposed by Minimally Invasive Surgery (MIS) have

been the subject of significant research in the last decade. In the case of cancer

surgery, a significant limitation is the inability to effectively palpate the target

tissue to localize tumor nodules for treatment or removal. Current clinical

technologies are still limited and tumor localization efforts often result in the

need to increase the size of the incision to allow finger access for direct palpation.

New methods of MIS tumor localization under investigation involve restoring the

sense of touch, or haptic feedback. The two most commonly investigated modes of

haptic perception include kinesthetic and tactile sensing, each with its own

advantages and disadvantages. Work in this area includes the development of

customized instruments with embedded sensors that aim to solve the problem

of limited haptic feedback in MIS. This chapter provides a review of the work to

date in the use of kinesthetic and tactile sensing information in MIS for tissue

palpation, with the goal of highlighting the benefits and limitations of each mode

when used to locate hidden tumors during MIS.

Keywords Tumor localization � Palpation � Minimally invasive surgery (MIS)

� Minimally invasive therapy � Cancer treatment � Haptics � Force feedback � Kinaes-
thetic feedback � Tactile sensing � Instrument design � Palpation depth � Palpation
velocity � Palpation force � Tactile pressure maps

M.D. Naish (*)

Department of Mechanical & Materials Engineering, Department of Electrical & Computer

Engineering, The University of Western Ontario, London, Ontario, Canada N6A 5B9;

Lawson Health Research Institute (LHRI), Canadian Surgical Technologies & Advanced

Robotics (CSTAR), 339 Windermere Road London, Ontario, Canada N6A 5A5

e-mail: mnaish@uwo.ca; michael.naish@lawsonresearch.com

J. Rosen et al. (eds.), Surgical Robotics: Systems Applications and Visions,
DOI 10.1007/978-1-4419-1126-1_20, # Springer Science+Business Media, LLC 2011

469



20.1 Introduction

Cancer is the second leading cause of death in North America for both men and

women [1]. For early stages of cancer, surgery is usually the treatment of choice [2],

traditionally performed through a large 12-cm incision that allows direct access to

the organ of interest. Although preoperative images provide a general idea of the

tumor location, intraoperative localization of the cancerous nodule is also required

and is commonly performed by manually palpating the organ since nodules are

typically stiffer than the surrounding healthy tissue [3].

With the advancement and integration of technology into medicine, minimally

invasive surgery (MIS) has become increasingly prevalent over traditional open

surgical procedures. MIS is characterized by the use of long, slender instruments to

perform procedures through small incisions, 5–12 mm in diameter. However, with

the physical constraints presented in MIS, direct palpation of the organ by the

surgeon is no longer possible. As a result, the surgeon is limited to using visual or

limited tactile cues to determine the position of the tumor.

Current clinical technologies adopted for MIS tumor localization procedures

include preoperative Computed Tomography (CT) scans, and the intra-operative use

of ultrasound or endoscopic graspers. CT is one conventionalmethod used to diagnose

cancer; however, due to tissue shift between preoperative imaging and the operative

procedure, the CT image is often an unreliable resource during surgery [4]. This is

further aggravated in the case of the lung, since the lung of interest must be collapsed

prior to the operative procedure. Intraoperatively, diagnostic ultrasound can be used

for tumor localization, and is usually favored due to its real-time non-invasive,

portability and versatility. However, ultrasound technologies require specialized

personnel to be present in the operating room to interpret the ultrasound images.

Furthermore, its use in the lung is impeded by the presence of residual air that often

results in poor quality and distorted images [5]. Finally, the use of endoscopic

instruments for tissue palpation is affected by forces exerted by the tissue at the

instrument entry port [6], thereby corrupting the force feedback to the surgeon.

In the case that these methods fail to locate a tumor intraoperatively, the size of the

incision must be increased and the ribs spread apart to allow finger access for direct

palpation. Therefore, there is a clear need for an alternativemethod for locating tumors

during MIS while preserving all of the associated benefits of MIS.

20.1.1 Role of Kinesthetic and Tactile Feedback
in Tumor Localization

New methods of tumor localization during MIS have been investigated that involve

the re-creation of haptic cues, or the “sense of touch,” from tissue–instrument

interactions at the surgeon–instrument interface.

Haptic information can be divided into two categories: kinesthetic and tactile [7].

Kinesthetic information relates to themovement and bulk forces acting in the joints of
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an arm, either human or robotic, and at the point of contact. The contour and stiffness

of an object can be determined through kinesthetic information via a force/torque

sensor. In contrast to kinesthetic information, tactile information includes the sensa-

tion of surface textures, or distributed pressures acting across the contacting surface.

In this category of haptic information, multiple contact pressures or forces can be

concurrently measured using a tightly packed array of sensors. Between the two

modes of haptic information, tactile feedback is inherently more complicated than

kinesthetic feedback since it often requires an array of sensing elements to determine

pressures over a small area. The benefit of tactile feedback, however, is that signifi-

cantly more information can potentially be collected while palpating tissue.

In MIS procedures, the absence of haptic feedback can be regarded as a safety

concern potentially leading to accidental puncture of vessels, or severe bulk tissue

damage through the application of high forces. Due to these risks, both modes of

haptic feedback have been the focus of active research. This research involves the

development of customized instruments with embedded sensors that aim to solve

the problems of limited haptic feedback in MIS.

20.1.2 Instrument Design Goals

When designing an instrument specifically for use in MIS procedures, several

design challenges are encountered. The design constraints include the following:

the sensor size is limited to about 10 mm in diameter in order to fit through the small

port incisions; the sensor must be able to withstand temperature variations without

affecting its sensing accuracy; it must be sterilizable using at least one commonly

used sterilization method; and the sensor must be biocompatible or operate with a

protective sheath. Other considerations could require that the instrument be easy

and intuitive to use (similar to current conventional surgical devices, in order to

reduce the amount of training required); provide real-time information to the user;

and have the capability of providing a warning when excessive forces are being

applied to the sensor or palpation surface.

The integration of tactile or kinesthetic sensors into MIS instruments aims to

increase patient safety, reduce the operation time, and avoid the need to convert

from a minimally invasive to an open procedure. The following sections provide a

review of the work to date in the use of kinesthetic and tactile sensing information

in MIS for tissue palpation. The goal is to outline the benefits and limitations of

each mode when used to locate hidden tumors during MIS.

20.2 Kinesthetic Methods

The simplest mode of haptic perception is provided by kinesthetic information,

referring to the bulk forces, position, or movement occurring at the joints of an arm

when applying forces at the end-effector. These force measurements can be acquired
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through the use of simple force/torque sensors in order to establish the contour and

stiffness of nodules during tumor localization. The following section outlines the state

of the art in tumor localization techniques using kinesthetic feedback.

20.2.1 Prior Art

For medical diagnosis, instrument design, and improved simulations, it is

important to be able to measure tissue compliance during palpation in order to

accurately portray kinesthetic feedback. Indentation testing of in vivo and ex vivo

human and porcine abdominal organs was conducted in [8]. While healthy tissues

demonstrated similar compliance, a noticeable difference was observed for

diseased tissues. These results suggest that an indentation instrument could be

used as diagnostic palpation device during MIS.

The simplest palpation device capable of providing kinesthetic feedback is

a rod that palpates axially, fitted with a sensor capable of registering the amount

of force applied during palpation. One such device thatmeasures tissue elasticity using

a force-sensing resistor is presented in [9]. Similar technology was employed in [10]

to localize breast tumors. With the aid of finite element analysis, the authors were

able to determine the pressure applied during palpation on breast tissue containing an

underlying tumor. An indirect measurement approach is used in [11], where

an infrared cut filter and image processing algorithms are used in combination with

an endoscopic camera to detect forces on the tip of a laparoscopic instrument.

While promising, the system must be calibrated for each operating environment,

has a relatively slow 5 Hz update rate, and suffers from noise. An axial probe that

employs a distal wheel to roll over tissue is presented in [12]. Palpation force is

measured using a force-sensing resistor. By rolling the probe over a tissue in several

passes, a two-dimensional image of the underlying tissue stiffness can be created.

With probe-type palpation devices, the tip shape and approach method can yield

significantly varying results [13]. To address this, a number research groups

have developed grasping type designs. In [14], a six degree-of-freedom (DOF)

force/torque sensor based on a strain gauge-instrumented Stewart platform is

incorporated into a grasper system. The sensor is suitable for MIS, can be placed at

the distal end of the instrument to directly measure tool–tissue interaction forces, and

has a force resolution of 0.25 N in the z direction and 0.05 N in the x and y directions.
A three-DOF sensor with 0.04 N resolution based on fiber-optic sensing is presented

in [15]. Strain gauges, sealed in silicone to permit operation in a wet saline environ-

ment, were mounted to the back of the jaws of a Babcock grasper in [3]. Qualitative

changes in grasping force as small as “a few grams” were relayed to the user via

an array of light emitting diodes (LEDs) near the instrument handle. An alternate

configuration is described in [16], where a number of strain gauges and a single-axis

load cell have been integrated into a custom endoscopic instrument. This system was

used to explore user performance during soft tissue discrimination and lump localiza-

tion [17, 18]. A customized instrument with interchangeable handles and tips that
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can measure all five DOF available during MIS is presented in [19]. RMS error

below 0.07 N was reported for forces in the x and y directions, with 0.35 N for

actuation (grasping) and 1.5 N·mm for torsion about the instrument shaft; axial (z)
measurements were affected by significant noise. A refined version of the instrument

[20] improves slightly upon the measurement of the x, y, and actuation forces; RMS

error for torsion was reduced to 0.07 N·mm and for z to 0.14 N.
While sensing at the distal end is preferable because it avoids friction and fulcrum

effects of the entry point, it is easier to measure outside the body. A Babcock grasper

modified with strain gauges near the handle is presented in [21]. The grasping force

and grasper position were indicated, along with a measure of compliance, which

could be used to differentiate between objects of various stiffnesses. Another

instrumented grasper, described in [22], includes a computerized endoscopic surgi-

cal grasper that utilizes shafts and tips from existing surgical tools. It performs an

automatic palpation consisting of three cycles of a 1 Hz sinusoidal displacement of

the grasper. Experimental results indicate that the tool can distinguish different

mechanical properties of tissues by relating motor torque to grasper displacement.

In comparative testing, it outperformed a standard laparoscopic grasper but could

not discriminate stiffness as well as a gloved hand, the standard approach in open

surgery [23, 24]. A similar approach is used in [25], in which tissue stiffness is

determined by measuring the amount of current applied to the motor of a motorized

grasper. This sensing method is affected by the friction present within the moving

components of the grasper, leading to inaccuracies and nonlinearities.

By combining two piezoresistive sensors for measuring lateral forces at the

grasper and a thin film force sensor for normal force sensing, tri-directional force

sensing may be achieved [26, 27]. The device enables both palpation in an axial

direction by closing the grasper jaws and the use of shear force measurements to

detect abnormalities by sliding the jaws over a tissue sample. An automatic

palpation function was used during validation to ensure consistent palpation. In

[28], an ionic polymer metal composite (IPMC) sensor was designed to determine

the mechanical properties of soft tissue for open brain tumor resection procedures.

Research in [29] used a polyvinylidene fluoride (PVDF) sensor to determine and

record mechanical properties during a non-invasive mammogram procedure.

Other research has focused on using pulsated air jets as a means to locate tumors

in an internal organ. A non-contact active sensing system is described in [30] to

visually represent the dynamic behavior of internal organs for pulmonary tumor

localization during VATS procedures. The system is composed of a nozzle to

supply pulsated air jets to an internal organ, a strobe system for visualizing the

dynamic behavior of tissue, and a camera for capturing strobe images.

The ability to localize tumors using kinesthetic feedback alone depends on a

series of requirements and unknowns:

1. What is the ideal palpation method: to palpate to a particular depth and measure

the resulting force or to palpate to a particular force and measure depth?

2. Howmany times can tissue be palpated before the properties of the tissue change

and alter the results?
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3. If measurements are made to a particular depth, how deeply should the tissue be

palpated to best characterize underlying tissue stiffness?

4. In order to reliably measure palpation depth, how can the first point of tissue

contact be reliably established?

5. If a robot is used for palpation, what control method produces better results:

a constant velocity or accelerating approach?

6. Considering the viscoelastic response of tissue, what forces should be measured

during palpation and are the peak or settled forces better suited to the task of

identifying the presence of a tumor? This also determines how long the tissue

should be palpated for.

The first of these questions was examined both analytically and experimentally

for viscoelastic materials in [31]. This study found that palpating to a specific depth

from the tissue surface and measuring the force response was more sensitive to

stiffness deviations than palpating to a predetermined force and measuring depth.

The second question relates to an effect known as pre-conditioning, where soft

tissue response approaches a steady-state stiffness and hysteresis over repetitive

strain cycles. In [32], in vivo and in situ tissue did not tend to reach a pre-

conditioned state within ten cycles.

A series of experiments were performed with the goal of answering the remain-

ing questions. A simple probe, instrumented to provide kinesthetic feedback, was

applied to the task of tumor localization in lung tissue. The following sections

provide a description of the experiments as well as the results obtained. A final

analysis is presented in order to answer the questions above and provide guidelines

for future work in the area.

20.2.2 Robotic System and Control

Consistently palpating tissue following a selected palpation method while

accurately measuring force requires the ability to accurately control the position

and motion of the palpating probe. To achieve this, a robotic system was selected.

The benefits of using robotic systems lie in their ability to perform repetitive tasks

with great accuracy, consistency and control. For tumor localization, this translates

into the ability to control the velocity, location and depth of palpation with

increased precision and better repeatability.

For the experiments outlined herein, a Mitsubishi PA10-7C robot was used.

An aluminum rod 50 cm in length with a hemispherical tip 9 mm in diameter was

mounted on a Gamma force/torque (F/T) sensor (ATI Industrial Automation Inc.).

The sensor was directly attached to the mounting plate on the robot. The robot was

programmed to move the probe in a vertical position straight down toward the

surface of the lung. A picture of the experimental setup is shown in Fig. 20.1.

Considering the variability in tissue thickness between samples and within each

sample, a method was developed to determine when the probe made first contact
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with the tissue. The probe was positioned above the tissue and then moved down in

0.5 mm increments until a threshold force was detected in the axial direction.

Due to the variability in the tissue surface, the forces acting on the probe were

not always in line with the axis of the probe. Therefore, the magnitude of the

resulting forces was computed from the force data for the three orthogonal

directions. To determine the value of the threshold force that establishes the first

point of contact, a series of trials were performed to establish the minimum value

that would not produce false triggers caused by inertial forces acting on the probe.

A value of 0.04 N was shown to be ideal. After establishing first contact with the

tissue, the robot was held stationary while recording a series of measurements

(17 measurements were recorded at 250 Hz) to establish the base force value.

Using this approach to ensure consistency between separate palpations, a variety

of different palpation methods were assessed. As discussed later in this section, the

depth to which the tissue was palpated and the palpation velocity were varied in

an effort to determine the ideal method for probe-based tumor localization.

20.2.3 Experimental Evaluation

The feasibility of using kinesthetic feedback alone to establish the presence of a

tumor within soft tissue can only be established through an appropriate model of the

Fig. 20.1 Experimental setup showing the Mitsubishi PA10-7C robot with the palpation probe

mounted at the end-effector through a force/torque sensor
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diseased tissue. The following sections outline the selection and handling of tissues

for testing, the method used to create artificial tumors and the methodology used to

assess different approaches to palpation with a rigid probe.

20.2.3.1 Preparation of a Tissue Model

For the series of experiments presented in this section, lung was selected as

the target organ. Current practice for MIS lung tumor resection involves deflating

the lung by occluding the bronchus. Over 30–45 min, the residual gases in the

alveoli are absorbed by blood circulating through the lungs. Unfortunately,

obtaining collapsed lungs for experimental purposes is often not possible.

According to research reported in [33], uncollapsed lung tissue will be equal in

stiffness, or slightly stiffer, than intra-operative lung. Thus, detecting a tumor

in uncollapsed ex vivo lung tissue will be of similar difficulty as the intra-operative

case, if not more so.

Ex vivo porcine lungs were collected from local abattoirs. When harvested, the

right and left lungs were left connected by an intact portion of the bronchi. Artificial

tumors were embedded into the left lung, while the right served as a control in all

experiments. This approach served to mitigate the effects of tissue autolysis [34],

temperature cycles and hydration that could obscure the effect of the artificial

tumor. Furthermore, all experiments were completed within 60 hours of harvest.

The lungs were sealed individually in plastic bags containing saline solution and

refrigerated when not undergoing testing.

20.2.3.2 Manufacturing of Artificial Tumors

After testing a variety of methods, including placing small volumes of material into

incisions or on a mesh placed between the halves of bisected tissue, it was

discovered that any method that introduced major incisions affected the force-

deformation behavior of the tissue [13]. To preserve the tissue characteristics,

material was instead injected. A preparation of Sigma Gelrite Gellan Gum (agar),

prepared in a 30:1 ratio of water to agar by weight, boiled and then injected

into cold tissue was determined to provide the most suitable tumor model.

This ratio results in artificial tumors that have a stiffness within the range of those

found clinically. In qualitative terms, tumor stiffness generally varies from that of a

grape to that of a rock.

To produce a tumor with a diameter of approximately 1 cm, a volume of 1.5 ml

of agar was injected. The additional volume accounted for losses of liquid through

the injection site – no evidence of absorption of agar into the surrounding tissue was

observed. Examples of artificial tumors, excised from ex vivo porcine lung after

testing, are shown in Fig. 20.2.
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20.2.3.3 Methods

Tests were conducted on paired lungs, as described in Sect. 20.2.3.1. To avoid

preconditioning as much as possible, test sites were selected to be at least 30 mm

apart, minimizing the influence of adjacent sites. The testing grid was designed to

sample only the lower lobe and to avoid the main bronchial branches. Each test site

underwent only two palpations: an initial sample was collected for the intact tissue,

followed by a second sample after a tumor had been injected.

Each test began by locating the lung surface as described in Sect. 20.2.2.

Once contact was verified, the probe was advanced into the tissue to a pre-

programmed depth. Depths of 5, 7, and 9 mmwere selected after preliminary testing

revealed that the artificial tumors would occasionally crack when palpated beyond

10 mm. Upon reaching the target depth, the probe was held stationary for the

remainder of the sample period. Continuous force measurements were recorded in

three orthogonal directions for 10 s at a sample rate of 250 Hz. At the end of the test,

the probe was retracted and moved to the next test site. After testing was completed

for each lung, each palpation site was marked with permanent marker.

Once all initial tests were completed for a specific depth, artificial tumors were

injected into each palpation site of the left lung, to approximately the mid-thickness

of the lung (the right-side control lung was left intact). The palpation tests were then

repeated. Due to variability in the tumor formation process, each tumor was located

using manual palpation and aligned with the probe prior to testing. The test sites

were numbered such that the measurements from before and after the tumor was

injected could be paired for each location.

To account for the effect that palpation velocitymight have on the ability to detect

underlying tumors, the tests were performed using two velocity control methods.

The variable-velocity approach was realized by setting the maximum velocity of

the robot to 40mm/s.With the relatively short translations required for palpation, the

robot did not achieve this velocity, but rather accelerated towards it. As a result, the

variable-velocity approach resulted in higher peak velocities as the palpation depth

was increased. In contrast, the constant-velocity approach set the maximum transla-

tion velocity of the robot to 2 mm/s. This velocity was reached for all depths.

Fig. 20.2 Sample artificial tumors excised from ex vivo lung

20 Robotic Techniques for Minimally Invasive Tumor Localization 477



20.2.4 Effect of Palpation Depth and Velocity

The detection of tumors is based on the change in observed force when palpating to

a fixed depth. Thus, the change in force feedback, DF¼ F2� F1, reflects the degree

to which a tumor is likely present, where F1 and F2 are the forces measured during

the first and second palpations respectively. The greater the force increase, the

better the response to the presence of underlying tumors can be considered to be.

For the control lungs, the expected force increase was 0 N. For the experiments

presented here, F1 represents the force recorded from the initial palpation of either

the test or control lung and F2 is the measurement record with the tumor present, or

the second test of the control lung.

To account for any changes that could be caused by factors other than the

presence of a tumor, the test values were adjusted using the upper quartile mea-

surement from the associated control. This effectively reduces the observed force

increase. Following this correction, the differing palpation methods were assessed

by grouping the DF values into sets according to depth and the control approach

used. These results are presented in Tables 20.1 and 20.2. A Wilcoxon paired-

sample test found the p values to be less than 10�4 in all cases.

20.2.4.1 Depth

All of the selected palpation depths produced an observable force increase when

palpating tumors. The best depth is then the one that produces the largest consistent

force increase. Ideally, the deviation from the median value is small and there are

no negative differences. Negative differences are problematic as they indicate a

Table 20.1 Lower quartile (LQ), median, and upper quartile (UQ) of force difference, DF,
observed when palpating tumors using a variable-velocity approach

Palpation depth (mm)

Peak force (N) Settled force (N)

LQ Median UQ LQ Median UQ

5 0.0675 0.1092 0.1657 0.0587 0.0871 0.1294

7 0.1466 0.2295 0.4643 0.0703 0.1609 0.2908

9 0.0425 0.3995 0.6853 0.0301 0.1666 0.4311

Table 20.2 Lower quartile (LQ), median, and upper quartile (UQ) of force difference, DF,
observed when palpating tumors using a constant-velocity approach

Palpation depth (mm)

Peak force (N) Settled force (N)

LQ Median UQ LQ Median UQ

5 0.0521 0.0946 0.1458 0.0434 0.0764 0.1303

7 0.1011 0.1529 0.1923 0.0724 0.1246 0.1568

9 0.0560 0.1445 0.2481 0.0576 0.1300 0.2225
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false negative—a case where a tumor is undetected. The numbers of negative

differences observed are presented in Table 20.3.

On average, the force difference and variance observed for the 5 mm palpation

tests were lower than the 7 and 9 mm tests and in over 8% of the cases, the

difference was negative, resulting in a false negative interpretation. In contrast,

the false negative rates for both 7 and 9 mm constant-velocity tests were 3%.

Note that, in clinical practice, the surgeon would likely perform multiple

palpations, mitigating the impact of false-negative results.

The 7 mm constant-velocity tests tended to perform best in terms of statistical

confidence in the observed force increase, tight data spread and the number of false-

negative results, leading to a more accurate conclusion regarding the presence of

an underlying tumor. However, the performance of the 9 mm constant-velocity

approach was very similar to that of the 7 mm, with the exception of a wider

data spread. Overall, the 7 and 9 mm constant-velocity approaches were clearly

superior to the other methods tested.

20.2.4.2 Velocity

Comparing the peak and settled values of the variable- and constant-velocity

approach methods in Tables 20.1 and 20.2, it is apparent that the slower constant-

velocity approach exhibits less of a difference between the peak and settled

force values. This implies that the constant-velocity approach permits reasonably

accurate comparisons between measurements collected at any time after the

desired palpation depth has been reached. Figure 20.3 illustrates the nearly constant

stress resulting from the constant-velocity method. This may be advantageous when

considered in a clinical setting, where maintaining a constant strain for an

extended period may not be possible. When considering the faster, variable-

velocity approach, the pronounced peak and exponential stress decay imply

that, to make comparisons between two tests, the time at which the response is

analyzed is critical.

20.2.5 Applicability to the Design of Tactile Instruments

Table 20.4 presents the raw peak values that were recorded when palpating

tissue after a tumor had been injected. These represent the maximum expected

forces during probe-based kinesthetic lung tumor localization. Note that, unlike the

Table 20.3 Percentage of observed negative force differences, indicating rate of false negatives

Palpation depth (mm)

Variable-velocity approach Constant-velocity approach

Peak (%) Settled (%) Peak (%) Settled (%)

5 10 10 8 8

7 3 5 3 3

9 21 21 3 3
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values in Tables 20.1 and 20.2, these do not represent differences, nor are they

adjusted by the controls.

Overall, peak measurements lie in the range of <2 and <1 N for the variable-

velocity and constant-velocity tests, respectively. Thus, depending on the control

method, it would be reasonable to define the full scale range of a sensor system as

0–2 or 0–1 N.

The required resolution can be determined from the corrected DF values given in

Tables 20.1 and 20.2. The 7 mm constant-velocity approach will be used for this

purpose, due to its superior performance. Considering the upper and lower quartile

bounds from both the peak and settled analysis, a significant portion of the DF
values are in the range 0.07–0.16 N. To be able to detect the majority of underlying

tumors, a kinesthetic sensing system must be able to resolve forces in this range.

A resolution of 0.07 N would result in a false-negative error rate of 25%, based on a

single palpation. To avoid quantization error, the resolution of the sensor should be

one order of magnitude less than this value: 0.007 N, or approximately 0.01 N.

Table 20.4 Lower quartile (LQ), median, and upper quartile (UQ) of peak forces observed in the

presence of a tumor

Palpation depth (mm)

Variable-velocity approach (N) Constant-velocity approach (N)

LQ Median UQ LQ Median UQ

5 0.2405 0.2862 0.3414 0.2320 0.3025 0.3416

7 0.4333 0.5260 0.7396 0.4061 0.4607 0.5096

9 0.5154 0.9057 1.1401 0.4562 0.5987 0.6858

Fig. 20.3 Sample force response of variable-velocity and constant-velocity palpation to a depth

of 9 mm
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20.2.6 Conclusion

The experiments performed as part of this study aimed to determine the ideal

palpation method when using kinesthetic information for tumor localization.

Through a review of the literature, it was determined that, ideally, a probe palpates

to a particular depth and a sensor measures the resulting force on the probe.

Other research supports the idea of pre-conditioning tissue, showing that

the number of palpation cycles must be kept below ten in order to minimize

the effect of tissue change caused by palpation. Following this reasoning, a series

of experiments were conducted that showed the ideal palpation depth to be 7 mm,

with good results also possible with a 9 mm palpation depth, at the expense of

higher forces and possible tissue damage. The experiments also showed that

constant-velocity tests tended to perform the best in terms of statistical signifi-

cance of the force increase caused by the presence of a tumor, limited data

spread, and the number of false negative results observed. Furthermore, as the

constant-velocity approach shows a nearly constant stress curve as a function of

time, taking the settled measurement over the peak measurement is not signifi-

cantly different.

Through these experiments, the importance of clearly identifying when

the probe first makes contact with the tissue was determined, in order to ensure

that the palpation depth is the same at each palpation point. The ideal method for

establishing the first point of contact was to slowly advance the probe towards the

tissue until a consistent value of 0.04 N was detected by the force sensor.

The results of these experiments indicate that sensors for minimally invasive tumor

localization should have a sensing range of 0–2 N and a minimum resolution of

approximately 0.01 N. This information is not only valuable for the development of

kinesthetic sensors for tumor localization, but also for tactile sensors, as outlined in the

following section.

20.3 Tactile Approaches

Although kinesthetic information is useful in minimally invasive tumor

localization techniques, there are limitations with providing the surgeon with solely

kinesthetic feedback. Most importantly, the use of kinesthetic feedback for tumor

localization requires absolute control of the palpation depth relative to the

tissue surface, which is not always feasible in actual clinical settings.

An alternative technology involves the use of tactile sensors, usually formed

by an array of pressure sensors that can map relative pressure differences on

the contacting surface. The resulting pressure map provides information on the

relative difference in the stiffness of the tissue immediately below the sensor,

regardless of the applied force or depth of palpation. To achieve this, many sensing

elements must be embedded onto a small sensing area, taking into account
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manufacturability and the complexity of integration with minimally invasive

instruments. Despite this difficult task, most researchers value the advantage of

relaying more information about the tissue over the added design complexity.

Therefore, the use of tactile sensors with different feedback methods to aid in

tumor localization has become an active research area.

20.3.1 Prior Art

A variety of tactile instruments have been developed to measure tool-tissue

interaction forces and relative tissue stiffness. Technologies employed for tactile

sensors include piezoelectric, piezoresistive, capacitance-based, optical fiber and

polymer-based sensors. These have been integrated into passive and active devices

for MIS. Manual instruments generally rely on the user to properly position

the sensor and apply the correct level of contact force, while active devices

automate the sensing process to ensure consistent operation. Examples of these

devices are summarized below:

A simple four-element one-dimensional array sensor for a grasper-type

minimally invasive instrument is developed in [35]. The sensor is constructed from

layers of PVDF as the sensing medium for a tactile sensor with four sensing elements.

While the sensor is compact and inexpensive, the one-dimensional configuration is

uncommon. Instead, most tactile devices employ two-dimensional arrays that limit

the amount of motion required to build a topographical pressure map of the under-

lying tissue.

A number of elastomer-based tactile sensors are reviewed in [36]. In one type,

carbon or silver was embedded within rubber, such that compression of the rubber

caused a local increase in the concentration of the embedded media, thereby

increasing the conductivity. The resulting sensor had a spatial resolution of a few

millimeters. In general, these sensors suffer from noise, hysteresis, creep, cross-

talk, and limited dynamic range.

Piezoelectric and piezoresistive sensor technologies have been incorporated into

a variety of devices for tumor localization in organs. For example, a device

consisting of a modified ultrasound scaler and a piezoelectric sensor used as a

sensing element for brain tumor localization is proposed in [37]. When tested, this

device could determine the difference between healthy tissue and hard occlusions in

gelatin models. However, due to the nature of the design, the instrument does not

meet MIS design constraints. The design of an 8 � 8 array of piezoresistive-based

sensors incorporated on forceps for MIS examination of the bowel for tumors was

proposed in [38]. The resulting prototype was slightly too large for traditional MIS.

Asimilardesignwasproposedin[39]fornon-invasivemammogramexaminations.The

instrument consisted of a 64-element tactile sensor array using piezoelectric technol-

ogy; however, it also did not meetMIS size constraints.
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A high-sensitivity capacitance-based sensor is described in [40]. A variety of

different arrays may be formed from perpendicular copper strips separated by thin

pieces of silicone dielectric. Devices based on this technology include a modified

conventional laparoscopic grasper with a 60-element capacitive array sensor [41, 42].

This device was able to determine the hardness and size of rubber balls in water-filled

porcine intestine. Using similar technology, another device was proposed in [43] for

pulmonary tumor localization during video-assisted thoracoscopic surgery (VATS).

When tested on ex vivo porcine lungs, the systemwas capable of outputting streaming

video images overlaid with color-contour maps representing the pressure distribution

of the tissue. Limited haptic feedback and difficulties in articulating the end-effector of

the probe were reported to be problematic.

A three-layer hexagonal array comprised of spherical conductor electrodes and

thin conductive films is presented in [44]. Signals from the tactile array are

multiplexed at the sensor, minimizing the required number of signal wires.

This device has been incorporated into the jaw of a custom laparoscopic grasper

by completely sealing it in silicone rubber. The sensor provides an operating range

of 0–40 N and a 1.4 mm spatial resolution.

In [45], pairs of LEDs and photodetectors are mounted within a special casing.

Deformation of the casing changes the internal optical reflectance of each pair,

permitting contact forces to be estimated. This sensor is simple and inexpensive;

however it is currently too large for MIS applications. Using optical fiber

technology, a force-sensitive wheeled probe is proposed in [46] to generate a

color-contour image representing the stiffness distribution of tissue. However, the

successful use of this system is entirely dependent on the accurate movement of

the wheeled probe across the surface of the tissue at an equal palpation depth, which

is not realistic in actual clinical applications.

A robotic system consisting of an anthropomorphic finger with a tactile sensor

array in the fingertip is proposed in [47] to autonomously palpate for a patient’s

arterial pulse at the wrist. This system is the only automated system, apart from the

work presented herein, to use tactile sensing for diagnostic purposes. To detect

the presence of a 19 mm acrylic ball embedded in rubber, a master–slave robotic

system equipped with tactile sensing capabilities was evaluated by [48]. When

compared to direct manipulation of the tactile sensor, the results showed that

the performance of the system was greatly dependent on how well the exploration

force could be controlled by the user.

20.3.2 Tactile Instrument Design

To address the limitation of poor tactile sensing capabilities during MIS, a device,

termed the Tactile Sensing Instrument (TSI), was designed to meet the sensor
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performance conditions determined through the experiments presented in the

previous section [49]. The TSI, developed by a research team at Canadian

Surgical Technologies and Advanced Robotics (CSTAR, London, Ontario), uses

a commercially available pressure sensor that was incorporated on a metal probe

that meets the design constraints for MIS procedures (see Fig. 20.4 and Table 20.5).

The instrument has been designed using only biocompatible materials that could

withstand various sterilization procedures. To protect the sensor during use, a

disposable laparoscopic latex sleeve can be placed over both the sensor and the

shaft of the probe.

The pressure sensor on the TSI uses capacitance-based technology,marketed as the

Industrial TactArray sensor from Pressure Profile Systems (PPS, Los Angeles, CA).

This sensor can offer excellent sensitivity and repeatability while maintaining

satisfactory results in resolution, temperature, and design flexibility [50]. The PPS

Industrial TactArray sensor was custom-built using only biocompatible materials and

adhesives to meet the size constraints of MIS procedures. The resulting sensor has a

sensing area 10 � 35 mm formed by 60 sensing elements arranged in 15 rows and 4

columns. In the sensor array, two layers of electrodes are oriented orthogonally to

each otherwith each overlapping area between the row and column electrodes forming

a distinct capacitor [51]. In between the capacitor plates is a compressible dielectric

matrix that effectively acts as a spring between the electrodes.When a force is applied

to the top mobile capacitor plate, the decrease in distance between the two capacitor

plates generates an increase in the output voltage.Once pressure is no longer applied to

the sensor, the spring-like dielectricmatrix allows the capacitor plates to return to their

resting position.

Preliminary experiments performed with the TSI [52] showed a marginal

improvement over palpating with a surgical grasper in a minimally invasive box

trainer. This led to the notion that robotic manipulation of the instrument could

improve the results, as presented in the following section.

Fig. 20.4 The Tactile Sensing Instrument (TSI)

Table 20.5 Specifications of the TSI

Probe shaft length 385 mm Spatial resolution 2 mm

Probe shaft diameter 10 mm ADC resolution 12-bit

Active area of sensor 10 � 35 mm Pressure range of sensor 0–14,000 kPa

Number of sensor elements 60 Temperature range of sensor �40 to 200 C
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20.3.3 Robotic System and Control

20.3.3.1 Experimental Setup

Experiments using the TSI were performed using a seven-DOF Mitsubishi PA10-7C

robot. The laboratory setup is shown in Fig. 20.5. To measure the forces exerted by

the robot end-effector on the tissue, an ATI Gamma six-DOF force/torque sensor

(F/T Sensor B) was fixed to the wrist of the robot.

20.3.3.2 Robot Control

The control system was designed to allow for force-controlled tissue palpation.

An Augmented Hybrid Impedance Control (AHIC) scheme [53–55] was

implemented on the PA10-7C robot. The AHIC scheme allowed for the control

of palpation force and position of the robot’s end-effector in Cartesian space.

The task space in AHIC was divided into two modes. The first mode allowed

for force control in the direction of palpation (z direction). The second mode

controlled the position and orientation of the end-effector of the robot in

the remaining orthogonal directions (x, y directions). A simple interface allowed

a user to indicate the desired tissue area to palpate by entering the direction

of palpation and the number of points to palpate. After the required input

information was provided by the user, robot palpation occurred in a completely

autonomous manner.

Fig. 20.5 Robotic experimental setup for tissue palpation with the TSI
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The robot control strategy was implemented in two settings: force control and

position control. In the force-control setting, the robot was designed to approach the

tissue (in the z direction) under force control until the ATI force/torque sensor (F/T
Sensor B) located on the robot end-effector registered a pre-determined threshold

force. A threshold force of 4 N was determined through preliminary experiments

using the PA10-7C robot, as well as from other experiments that found that the

average maximum force applied by surgeons when manually palpating tissue was

4.4 N [56, 57]. Upon reaching the threshold force of 4 N, the client computer

recorded the robot end-effector coordinates (also corresponding to the tissue surface

coordinates) and the readings from the TSI, indicating the force profile of the contact

made by the robot onto the tissue. After data logging of the desired information was

complete, the robot autonomously moved to the next palpation point bymoving both

up (z direction) and 3 mm sideways in either the x or y direction, depending on the

user’s input. This process continued until all user instructions were executed and the

entire tissue surface was palpated.

Similarly, the position-control setting ensures that the position of the robot end-

effector is controlled in all Cartesian directions. In this mode, the desired trajectory in

the z direction was designed to ensure that the robot made contact with the surface of

the tissue andmoved below the surface under position control. To determine how deep

below the surface the robot end-effector should go, readings from F/T Sensor B were

constantly polled to detect when the contact at the end-effector reached the pre-

determined threshold force of 4 N. When the threshold force of 4 N was reached,

the robot position and TSI data were recorded and the robot autonomously moved to

the next palpation point. This process continued until the entire area defined by the

user had been palpated.

20.3.4 Experimental Evaluation

A study was designed to assess the feasibility of using the TSI under robotic control

to reliably locate underlying tumors while reducing collateral tissue trauma. The

performance of humans and a robot using the TSI to locate tumor phantoms

embedded into ex vivo bovine livers was compared. Two experimental setups

were used for comparison; both setups incorporated the use of the TSI.

20.3.4.1 Tissue Preparation

To perform these experiments, ex vivo bovine liver slices were used as tissue. To

simulate the tumors, 5 and 10 mm diameter spheres were prepared using thermo-

plastic adhesive with thin metal wires embedded within them. This ensured that the

tumors were visible in radiographic images later used to measure accuracy. The

spheres were pressed into the underside of the liver. Each liver sample had the
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possibility of containing zero to two tumors, determined a priori through a block

randomization process. For each of the palpation methods, nine ex vivo livers were

prepared with small tumors and nine with large tumors.

20.3.4.2 Manual Control

For the manual control experiments, four participants were recruited. The layout of

the manual setup, shown in Fig. 20.6, consisted of an ATI Gamma six-DOF force/

torque sensor (F/T Sensor A), a 0 degree endoscope with standard resolution

camera (Stryker Endoscopy, Inc.), a monitor to provide the endoscope display, an

adjacent monitor to display the tactile map, and the TSI. The TSI was used by the

participant to palpate tissue resting on a platform that incorporated the ATI Gamma

force/torque sensor to register the forces being applied to the tissue during palpa-

tion. To mimic the indirect vision conditions present during MIS, the tissue samples

were shielded from the view of the participant during tissue palpation, such that the

working field was only visible via the monitor.

The tactile display uses the commercially available PPS Sapphire® Visualization

software, designed to display the results from the tactile sensor in a meaningful way

to the user. This real-time pressure profiling system converts the measured voltage

values from the capacitive sensor to pressuremeasurements, and displays these results

in a color-contour map of pressure distributions. The visualization software uses the

Fig. 20.6 Experimental setup for manual testing of TSI
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visual color spectrum to indicate the levels of localized pressure intensity experienced

by the probe. Pink areas of the contour map signify areas on the sensor that are

experiencing maximal pressures and blue areas of the contour map signify areas that

are experiencing small or no contact pressures. Pressures lying within this dynamic

range are linearly represented by the visual color spectrum, listed in increasing

pressure as blue, green, yellow, orange, red, and pink. In these experiments, since

the tumors are stiffer than the surrounding liver tissue, a typical color-contour map

displayedwhen a tumor is locatedwould show a pink region of localized high pressure

(representing the tumor) surrounded by a blue region of low pressure (representing the

surrounding tissue), shown in Fig. 20.6, thereby clearly distinguishing a tumor from

the surrounding tissue.

20.3.4.3 Manual Tests

A total of eighteen trials were completed by each of the four subjects to locate

artificial tumors embedded in liver (nine livers with 10 mm tumors and nine with 5

mm tumors). The livers used in each trial were randomly assigned to the subjects,

ensuring that the each would palpate the same number of tumors as the robot.

The task completion time and the palpation force, as indicated by F/T Sensor A

shown in Figs. 20.5 and 20.6, were recorded. The location of the tumors found by the

participants were marked using a plastic instrument marker and marking pins. To

assess the success of the manual control method in locating tumors, all livers were

imaged using a fluoroscopic radiographic machine after palpation. The images were

later assessed by an additional four volunteers to determine the detection sensitivity

by determining if the tumors located by the participant were actually a true positive

or false positive result. Similarly, instrument accuracy was determined by identify-

ing the true positive and true negative results after palpation. It was decided that the

best way of determining whether the participant had in fact correctly identified a

tumor, without introducing a proctor bias into the results, was to see if the area of the

plastic instrument marker and the tumor in the radiographic images intersected,

thereby indicating the correct localization of a tumor by the participant.

20.3.5 Data Visualization and Interpretation

For the tests performed by the PA10-7C robot using both force and position control

methods, a software program was custom-designed to integrate the tactile pressure

map with the robot position information for the palpated tissues. This was achieved

by post-processing the data obtained by the client computer and plotting the data

on a 2D topographical map representing the surface of the liver, with palpation

force information overlaid directly on this map. This graph results in an indication

of tumors located by the robot during palpation, with tumors presented as red areas

in the color map, and blue areas representing healthy palpated tissue (see Fig. 20.7).

The analysis and assessment of the 2D plot was performed by four volunteers
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who were blinded to the number of tumors present and the control method used

in each trial to create an unbiased record of the location and number of tumors

that were located by the robot.

Fig. 20.7 Sample pressure maps for the robot palpation experiments showing (a) one large tumor,

(b) two small tumors, (c) two large tumors, and (d) no tumors. Visible tumors are indicated by

arrows
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20.3.6 Discussion of Results

The results of the experiments were evaluated in terms of the maximum palpation

force, the task completion time, and the accuracy and sensitivity of the system for

both small and large tumors. The maximum palpation force for all three methods

was calculated by the mean of the maximum force applied in the eighteen

trials with each of the methods. It was shown that there was a significant

difference (p < 0.001) in the forces applied by the TSI using human control

methods (8.13 � 3.2 N) in comparison to both robotic control methods

(5.17 � 0.63 N for force control; 5.24 � 0.9 N for position control). It was

also observed that in the human trials, the application of forces greater than 6 N

for extended periods of time caused visible, irreversible damage to the palpated

tissue. Both robotic control methods on average stayed below these damaging

forces. Between the two robotic control methods, however, there is no significant

difference between the forces applied on the tissue (p ¼ 0.784). For performance,

the force-control method (p ¼ 0.180 small to large) showed marginally better

performance for smaller tumors over the position-control method (p ¼ 0.537

small to large). However, the average times for the two robotic methods are

significantly different (p < 0.001) with position control having a quicker task

completion time (100.6 � 14.9 s) than the force-control method (142.9 � 31.5 s).

Task completion time for the human was 197.2 � 126.4 s. This can only be used

as a reference and cannot be directly compared to the robot trials since task

completion time for the human control methods also includes the time it took to

assess the locations of tumors from the tactile display. For the robot control

methods, the assessment of tumor location was executed during offline analysis of

the topographical maps.

The measures of accuracy and sensitivity can be used to assess the effectiveness

of each control method in determining tumor presence. Force control, position

control, and manual control achieved 92, 90, and 59% accuracy, respectively.

Force control (94%) was also better with respect to sensitivity when compared to

position control (86%), and manual control (81%) methods. Overall, both force and

position robot control methods were better in all of the measures when compared to

manual control.

There is no clear indication whether the robot force-control method or position-

control method is better for tissue palpation purposes. There was an insignificant

difference in the amount of force applied during palpation for both methods.

Although position control reduced task completion time by about 40%, force

control provided better accuracy and sensitivity measures, which are significant

indicators that a greater proportion of tumors were correctly identified. Regardless

of the robot control method used, the experimental results demonstrated that the

detection of tumors using tactile sensing is highly dependent on how consistently

the forces on the tactile sensing area are applied, and that robotic assistance can be

of great benefit when trying to localize tumors in VATS.
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20.3.7 Factors Influencing Performance

The primary difference between robot and human tissue palpation is the ability to

use the information from the robot to create a complete contiguous force map of the

entire palpated surface. This can be achieved since the robot has the ability to apply

a consistent amount of force when palpating tissue at all points and can move

systematically over the entire surface of the tissue. It is also possible to record the

exact position of the robot end-effector during palpation. The creation of a

topographical force map is the equivalent to having one large tactile sensor that

covers the entire specimen and applies an ideal force to the entire surface of the

tissue. On the other hand, when palpation is performed manually, there is no

method to determine the amount of force being applied to one area of the tissue,

particularly when compared to the amount of force applied to other areas of the

tissue. Due to the sensitivity of the tactile sensor, a particular feature on the tissue

might be highlighted solely because a higher palpation force was applied to that

area, or conversely, a tumor might not be detected only because inadequate levels of

palpation force were applied to that area. Manual control also cannot guarantee that

the surface of the tactile sensor and tissue are parallel, thereby creating the potential

for inaccurate results simply due to the contact angle between the instrument and

the tissue becoming oblique without the intention of the user. Even with surgical

experience and knowledge of acceptable pressures for tissue palpation, humans

cannot always control the amount of force being applied to the tissue during

palpation. Humans have a natural tendency to apply increased force to areas of

palpated tissue that indicate the possible presence of a tumor. Hence, there were

significant increases in task completion times and applied forces, sometimes

leading to irreversible tissue damage. This highlights the advantage of using a

robot. Not only can the robot be designed to administer a consistent force onto the

tissue, it can also be designed to always restrict the applied forces to lie within safe

limits, thereby reducing the possibility of severe tissue damage.

20.4 Concluding Remarks and Future Directions

This chapter has presented a review of the current state of the art in the development

of kinesthetic and tactile sensing techniques for tissue palpation during tumor

localization with the goal of highlighting the merits of each approach for minimally

invasive tumor localization. Haptic feedback has been shown to significantly assist

in localizing tumors in minimally invasive procedures by re-establishing the ability

to palpate and detect differences in tissue stiffness. Robotic control of the haptic

sensors has been shown to increase localization accuracy while applying force

levels that ensure adequate sensitivity and minimize tissue damage.
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Kinesthetic sensing alone is capable of identifying the presence of an underlying

tumor in tissue; however, determining the first point of contact with tissue and very

accurate control of the palpation depth are critical. This level of control and accuracy

can only be achieved through the use of robotic manipulators or mechatronic devices.

Although most sensors currently available are not small enough to enter the patient’s

body through the small incisions characteristic of MIS procedures, several research

groups have been successful in designing sensors adequate for these applications. The

true advantage of using kinesthetic sensors lies in the simplicity of their design,

compared to the more complex tactile sensors. Through experimental evaluation

using kinesthetic techniques, it has been established that sensors for MIS tumor

localization have an ideal range of 0–2 N with a 0.01 N resolution. This information

is also applicable to the development of MIS tactile sensors.

Unlike the kinesthetic methods, tactile sensing approaches are less sensitive to

the way the tissue is approached and how deeply the instrument palpates the tissue.

Instead, the success of tactile sensing depends upon ensuring that the angle of

approach is such that even contact of all of the sensing elements is made with the

target tissue. Additionally, to ensure that underlying regions of increased stiffness

are adequately detected, a minimum contact force threshold must be met, while

simultaneously ensuring that an upper force threshold is not exceeded in order to

prevent tissue damage. A force of 4 N was found to be optimal during the experi-

mental evaluation presented herein.

The advantages of using haptics-enabled robotic assistance for the detection of

underlying tumors in MIS lie in the ability to generate consistent and complete

pressure maps of the target tissue. Through a systematic palpation approach,

combined with control of the palpation force, accurate tumor localization and

detection of small tumors (under 10 mm in diameter) can be realized, while

minimizing tissue damage.

Despite these advances, approved sensors for use in MIS procedures are not

currently available. The challenge lies in developing devices that meet the size

constraints of MIS, in addition to sterilization and biocompatibility requirements.

The design of minimally invasive sensing instruments is further limited by the

presence of wires and cables required to interface with the sensors. The bulk of

these wires becomes all the more problematic in the development of articulating

instruments that are capable of applying even palpation forces for a range of access

conditions and tissue orientations. From a usability perspective, it is in the devel-

opment of these articulating instruments that the future of tumor localization

devices is headed.

An additional limitation of current tactile sensors is their coarse spatial

resolution, constrained by how densely the sensing elements can be packed and

the number of wires required to transfer pressure signals. Development of sensors

capable of submillimeter spatial resolution, while still meeting the force range and

resolution requirements of MIS, would facilitate the detection of millimeter-scale

tumors. Local signal processing and data encoding at the sensor location could

serve to significantly reduce the number of signal wires that must pass through the
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distal end of the instrument. This would create more available space to allow for

more complex articulation mechanisms and/or enable more compact instruments.

It is expected that as haptics-enabled robotics-assisted minimally invasive tumor

localization techniques become further refined and find their way into common

clinical practice, the treatment of cancer will be enhanced, leading to improved

patient care and offering the potential for new surgical and therapeutic techniques.

The ability to localize increasingly small tumors is expected to lead to a reduced

number of cancer deaths and an increased quality of life.
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Chapter 21

Motion Tracking for Beating Heart Surgery

Rogério Richa, Antônio P. L. Bó, and Philippe Poignet

21.1 Introduction

The past decades have seen the notable development of minimally invasive surgery

(MIS), in which the surgical gesture is performed through small incisions in the

patient’s body. The benefits of this modality of surgery for patients are numerous,

shortening convalescence, reducing trauma and surgery costs. However, several

difficulties are imposed to the surgeon, such as decreased mobility, reduced visibil-

ity, uncomfortable working posture and the loss of tactile feedback. In this context,

robotic assistance aims to aid surgeons to overcome such difficulties, making the

surgical act more intuitive and safer. Consequently, commercially available surgi-

cal platforms such as the daVinciTM (Intuitive Surgical) quickly became popular.

However, current robotic platforms display limitations, specially regarding the

absence of tactile feedback and the absence of active physiological motion com-

pensation, impeding their use in a broader range of surgical scenarios. For instance,

active physiological motion compensation in cardiac surgery imposes challenges

on several levels of the robot’s design. The ultimate goal is the creation of a virtual

stable operating site, where the surgeon is given the impression to be working on a

motionless environment. The potential improvements of precision and repeatability

of surgical gestures when working on a stabilized environment have been revealed

in recent studies [30].

In the domain of cardiac MIS, heartbeat and respiration represent two important

sources of disturbances. Even thoughminiature versions of heart stabilizers have been

conceived for theMIS scenario, residualmotion is still considerable [15] and has to be

manually canceled by the surgeon, complicating the realization of the delicate surgical

tasks. For actively compensating the residual heart motion, the heart must be accu-

rately tracked. In the literature, different kinds of sensors have been employed for

estimating the heart motion, ranging from contact sensor systems [3], sonometric

systems [7], laser range finding systems [13], miniaturemobile robots [25] and vision-
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based systems [21]. From a practical point of view, vision-based techniques are

preferred since they rely only on the visual feedback provided by the laparoscope

and avoid the insertion of additional sensors in the limited surgical workspace. In this

chapter we discuss the problem of tracking the beating heart, present the main

difficulties involved in this task and give a summery of recent advances in the field.

In addition, we describe a visual tracking method for estimating the beating heart

motion specially tailored for the specific challenges of MIS.

21.2 Tracking the Heart Surface

Heart surgery has critical accuracy constraints, since fine cardiac structures are

manipulated. If we consider a common task such as performing suture points on

vessel 2mm diameter wide, motion estimation accuracy under 20 mm is required. It

is important to remark that the estimation accuracy depends fundamentally on the

tracking algorithms but also largely on hardware setup and specifications.

The challenges involved in tracking the beating heart begin with the acquisition

system. Image quality (resolution, lens deformation), synchronization and acquisi-

tion speed are essentially hardware problems. Ginhoux et al. [11] pointed out that

the heart motion has very fast transients and with a slow acquisition rate, informa-

tion loss due to aliasing is not negligible. They also suggested an acquisition speed

not smaller than 100Hz for compensating the heart motion. This observation has

direct consequences on the design of a tracking algorithm.

From the computer vision point of view, the problems encountered when

tracking the heart can be grouped in three categories: illumination issues, appear-

ance changes and lack of visual information. These categories are presented below

in detail. With current commercially available acquisition hardware, motion blur is

an important problem but since it is a hardware-related problem, it is not cited

below. For our investigations, we use in vivo images of a total endoscopic coronary

bypass grafting captured by a daVinciTM platform as a realistic clinical scenario.

Extracts of this image sequence are presented in Fig. 21.1.

l Illumination issues – The wet-like appearance of soft-tissue gives rise to specular

reflections. These specular reflections work as occluders and considerably reduce

Fig. 21.1 Images acquired by the left camera of a stereoendoscope during a total endoscopic

coronary bypass grafting procedure using a daVinciTM surgical platform
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the available visual information used by the tracking algorithm. Another important

source of disturbance for the tracking algorithm are lighting changes. Due to the

restricted workspace in MIS, the light source illuminates unevenly the operating

site. Therefore, the brightness constancy assumption on which various tracking

methods are based upon is violated, complicating the visual tracking task.
l Appearance changes – Liquids and smoke which are present at the operating site

often disturb visual tracking. It is also expected that as the surgeon manipulates

the heart its appearance will significantly change. Due to the unpredictable

nature of the changes, their modeling is very difficult.
l Lack of visual information – Certain regions of the heart surface do not offer a set

of identifiable and stable features or texture information, from which we can

estimate motion. Since certain regions of the heart surface do not offer enough

image gradient information and the use of artificial markers is not practical,

visual tracking is challenging.

21.3 State of the Art

The first visual-based system for heart motion compensation was proposed by

Nakamura et al. [21], who introduced the concept synchronizing the surgical

tools with the heart motion (dubbed heartbeat synchronization). In his first proto-

type, the 2D motion of artificial markers fixed on the heart surface were estimated

on the image plane by a vision system using high-speed cameras. Artificial markers

were also employed in different works to facilitate the visual tracking task but for

the medical community the fixation of markers is not practical. This issue motivated

the use of natural structures on the heart surface to estimate the heart motion.

The first work that explored natural landmarks on the heart surface for estimat-

ing the heart motion was Ortmaier et al. [23], where a reduced affine tracking

method was proposed for tracking the 2D displacement of salient features on the

heart surface. Only with the recent advent of the stereo endoscope, research began

to explore stereo vision techniques for 3D tracking the heart motion. Stoyanov et al.

[29] presented a modified Lucas–Kanade feature tracker for tracking salient fea-

tures on the heart surface. Feature-based techniques display performance issues

related to the deformable nature of the heart surface and the complexity of the

operating field. Addressing these problems, Mountney et al. [20] recently proposed

an on-line learning based feature tracking method that improves tracking perfor-

mance when facing drift, occlusions and tissue deformation. Another interesting

study by Mountney et al. [19] evaluates existing feature descriptors in computer

vision in the specific context of deformable tissue tracking. Texture information has

also been investigated in Noce et al. [22] for increasing feature discriminability.

Another class of methods for tracking the heart surface are region-based meth-

ods. This class of methods, also called direct methods, are based on the key

assumption that the heart surface is smooth, continuous and is sufficiently textured.

If this assumption stands, a parametric function can be used to describe the heart
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surface deformation and tracking is formulated as an iterative registration problem.

Traditionally, region-based methods have been applied for estimating depth in the

intraoperative field rather than 3D motion tracking. Lau et al. [14] proposed a B-

Spline parametric model to obtain depth from the disparity between stereo images

of the heart. A similar approach by Stoyanov et al. [28] employed a piecewise

bilinear map for modeling the heart surface. Due to the complex nature of the heart

surface, a suitable choice for a deformation model is complicated.

An alternative to parametric interpolating functions are physically based models,

as proposed by Bogatyrenko et al. [5]. Nevertheless, convincing experimental

results are still required to demonstrate the validity of such models. A novel and

very promising approach was recently proposed by Lo et al. [17], where the fusion

of multiple visual cues such as Shape-from-Shading (SFS) and stereo correspon-

dence using a Markov Random Fields (MRF) Bayesian belief propagation is

proposed for increasing reconstruction accuracy.

An analysis of currently proposed techniques suggests that region-based techni-

ques cope better with the challenges of tracking soft-tissue such as large deforma-

tions and illumination variations. In the next section, a 3D tracking method based

on a Radial Basis Function called Thin-Plate Spline (TPS) is described in detail.

The TPS modeling enables dense motion estimation and copes better with texture-

less regions on the heart surface.

21.4 Motion Tracking Using a TPS Deformable Model

In this section, we present the TPS for modeling the heart surface deformation. This

tracking method was originally proposed in [24]. First, we give a brief review of the

TPS transformations following the parameterization proposed by Lim et al. [16].

Secondly, we describe the extension for tracking in 3D using a stereo camera

system and how the model parameters can be estimated using efficient minimiza-

tion techniques.

21.4.1 The Thin-Plate Spline Warping

The Thin-Plate Spline is a radial basis function (RBF) that specifies an approxima-

tion function f : R2 ! R which minimizes the bending energy:

Ef ¼
Z Z

R2

ðf 2xx þ 2f 2xy þ f 2yyÞdxdy (21.1)

The function f of a point x ¼ (x, y) in a plane is defined by the Thin Plate Spline

basis function U(s)¼ s2log(s2), a (n+3) parameter vector t¼ (w1, . . . ,wn, r1, r2, r3)
T

and a set of n control points ci ¼ ð�xi;�yiÞ, such that:
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f ðxÞ ¼ r1 þ r2xþ r3yþ
Xn

i¼1
wiUðjjci � xjjÞ (21.2)

Also, side conditions must be considered in order for the function f(x) to have

square-integrable second derivatives:Xn

i¼1
wi ¼

Xn

i¼1
wi�xi ¼

Xn

i¼1
wi�yi ¼ 0 (21.3)

To write a R2 ! R2 mapping m we stack two RBFs fx and fy sharing their

control points:

mðxÞ ¼ f x

f y

� �
¼ rx2 rx3 rx1

ry2 ry3 ry1

� � x
y
1

2
4

3
5þ

Xn

i¼1

wx
i

wy
i

� �
Uðjjcj � xjjÞ (21.4)

The mappingm can be used to describe the positions of the pixel coordinates of a

reference image on the current image. Bookstein [6] proposed a linear system to

calculate the parameter vectors tx and ty of each Cartesian coordinate that define fx

and fy based on the mapped positions of the control points c on the original image.

This linear system can be written by stacking the mapped values

c0 ¼ ð�x0; �y0Þ ¼ mðcÞ of each control point c into a matrix �P ¼ ½�x0; �y0�:

L P

PT O

� �
tx ty½ � ¼ �P

0

� �
(21.5)

where Lij¼U(k cj� ci k), P are the stacked coordinates of the control points ð1; �x; �yÞ
on the original plane, O and 0 are 3 �3 and 3 �2 zero matrices respectively. The

mapped control points c0 are called control point correspondences. Denoting the

leftmost matrix as K, we can invert the system to solve for tx and ty :

tx tyð Þ ¼ K�1
�P
0

� �
(21.6)

Finally, since we are considering the correspondence between two images, we

can calculate the transformed coordinates x0 ¼ (x0, y0) of the reference image as a

function of control point correspondences c0 (see Fig. 21.2a). For simplification

purposes, we denote the (n+3) �n sub-matrix of K� 1 as K∗ . This eliminates the

need for adding zeros in the rightmost matrix in the above equation. Let P0 be the q
stacked transformed pixel coordinates x0j such that P0 ¼ [x01, x02, . . . , x0q]

T:

P0 ¼ V W½ �K�
�P (21.7)

where V ji¼U(k xj� ci k) andWj¼ (1, xj, yj). The matrix [VW] is denoted asM. If

the position of the control points in the reference plane does not change, the

matrices M and K∗ can be pre-computed.
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From the formulation above, we can define the function wðxi; �PÞ that warps the
i-th pixel xi of the reference image based on control point correspondences ½�x; �y�
stored in the matrix �P.

wðxi; �PÞ ¼ ½x0i y0i� ¼ ½MiK��xjMiK��y� (21.8)

where Mi is the i-th row of the matrix M.

21.4.2 Extension to 3D Tracking

In the formulation given above, the TPS warping defines a mapping between each

pixel position on T to the current image I of the surface, as defined in (21.7).

Nevertheless the standard TPS warping is intrinsically affine and cannot capture

projective deformations with a finite number of control points. Addressing this

problem, Malis [18] proposed the parameterization of the projective depths of the

tracked surface in order to represent projective deformations.

Following the TPS formulation adopted in this paper, the mappingm proposed in

(21.4) can be extended to model surface depth by adding the necessary degrees of

freedom with an additional TPS function f z:

mðxÞ ¼
f x

f y

f z

2
4

3
5 ¼

rx2 rx3 rx1
ry2 ry3 ry1
rz2 rz3 rz1

2
4

3
5 x

y
1

2
4

3
5þ

Xn

i¼1

wx
i

wy
i

wz
i

2
4

3
5Uðjjcj � xjjÞ (21.9)

The transformed pixel coordinates x0 ¼ (sx0, sy0, s) from the original image (now

in projective coordinates) can be calculated in the same fashion as (21.7):

P0 ¼ MK�
�P �z

� �
(21.10)

Fig. 21.2 (a) The control points mapped on the current image are projections of 3D points in

space onto the image. (b) If we seek the alignment of the same reference image on both cameras of

the stereo pair, the TPS control points are necessarily the projections of the same 3D points in

space onto both images. If we consider a calibrated system, these 3D points can be estimated from

both images
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where the additional column �z represents the stacked depth positions for each

control point, in pixels. We then propose the expansion of this framework for the

stereo case, by first making the observation that, by definition, the position of

the control points correspondences c0 are the projections of 3D points onto the

image plane.

�P �z
� � ¼ ðC X

1T

� �
ÞT ¼ X 1½ �CT (21.11)

where C is the 3 �4 camera calibration matrix, X the n �3 matrix of stacked 3D

cartesian coordinates of the points that map to c0 on the image and 1 a n column

vector of ones. Following this interpretation, the (21.10) can be rewritten as a

function of X.

P0 ¼ MK� X 1½ �CT (21.12)

In result, a linear relationship can be established between the reference image

and its pixel’s 3D coordinates. Assuming the world coordinate frame centered on

the camera, the camera matrix C is composed uniquely by its intrinsic parameters

C∗ and the stacked 3D coordinates X0 of every pixel from the reference image T

(in the camera coordinate frame) can be found by inverting (21.12):

X0 ¼ ðC��1P0TÞT ¼ C��TP0 (21.13)

To fully constrain the estimation of the transformed pixel coordinates on (21.10)

and consequently their 3D coordinates (21.13), we consider a calibrated stereo rig

as illustrated in Fig. 21.2b, with the world coordinate frame arbitrarily centered on

the left camera. The tracking problem then consists on minimizing the alignment

error between the reference image T in both left and right cameras Il and Ir.

Redefining (21.8) for the 3D case, the new warping function w3D(x, h,C) is defined

by the camera calibration matrix C and a 3n parameter vector h ¼ (hxT,hyT, hzT)T

composed by the stacked columns of the matrix X¼ [hx,hy, hz]:

w3Dðxi; h;CÞ ¼ ½sx0isy0isi� ¼ MiK� hx hy hz 1½ �CT (21.14)

where Mi is the i-th row of the matrix M corresponding to xi.

21.4.3 Efficient Warp Estimation

Unlike the 2D case where the problem consists in estimating the control point

correspondences between the reference and current images, in the stereo case we

estimate the 3D coordinates of the points in space that map to control point
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positions that minimize the alignment error between the reference image and both

stereo images simultaneously. The concept is illustrated in Fig. 21.2b. Letting Cl

andCr be the camera calibration matrices for the left and right cameras respectively

and Il and Ir their respective images, this problem can be formulated as:

minh E ¼
X

x2A½ Ilðw3Dðx; h;ClÞÞ � TðxÞ½ �2

þ Irðw3Dðx; h;CrÞÞ � TðxÞ½ �2� (21.15)

where A is the set of the template coordinates and I(w3D(x,h,C)) is the current left

or right image transformed by the warping function w3D(x,h,C). Notice that we

minimize the alignment error of the same reference image in both images from the

stereo pair.

In the literature, the above minimization problem is traditionally solved using

Gauss–Newton or Leverberg–Marquardt techniques. In our study, we apply the

efficient second-order minimization (ESM) algorithm, proposed by Benhimane and

Malis [4]. The ESM displays a significant improvement over the traditional tem-

plate-based tracking techniques, since it has a faster convergence rate and larger

convergence basin.

Let ha be the current warping parameters, ho the parameters at startup and dh the

increment such that h+ dh minimizes (21.15). Since we consider images from both

stereo pairs Il and Ir, the increment dh can be calculated by stacking the left and

right image Jacobians and error images:

dh ¼ �2
JðT; ho; xÞ þ JðIl; ha; xÞ
JðT; ho; xÞ þ JðIr; ha; xÞ

� �þ dIl
dIr

� �
(21.16)

where dI represents the stacked error image (I(w(x,ha))�T(x)) for all x2A. The
Jacobian matrix J is calculated by deriving the warping function (21.14) with

respect to each parameter hj of hj, with j2 { 1, . . . , 3n}. The i-line of J,

corresponding to the pixel xi is given as:

JiðI; h; xiÞ ¼ @Iðwðxi; hÞÞ
@h1

:::
@Iðwðxi; hÞÞ

@h3n

� �
(21.17)

Equation (21.16) is iterated to achieve higher precision. The whole procedure

could also be performed at multiple scales to aid the convergence. When tracking

through an image sequence, we make the assumption that the inter-frame surface

deformation is sufficiently small. Hence, for every new frame, the previous surface

parameters ha can be used as initial guess in (21.16) for the current parameters.

In this framework for 3D tracking, no explicit matching between the stereo

camera images is performed. Consequently no intermediate steps such as rectifica-

tion are needed and tracking accuracy is increased.
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21.4.4 Illumination Compensation

Due to the illumination conditions in MIS, lighting variations on the heart surface

are not negligible. The lighting on the heart surface is uneven and its glossy nature

gives rise to specular reflections that reduce the observable surface. For tracking to

be robust, these phenomena must be taken into account. In this section we incorpo-

rate in our tracking method an illumination compensation step which is adapted for

beating heart imaging conditions.

In the specific context of soft-tissue tracking, Gröeger [12] was the first to treat

illumination changes, based on a simple mean intensity normalization. Other

commonly used methods, such as the affine compensation can also significantly

improve tracking robustness but only global illumination changes are modeled.

Recently, Silveira and Malis [26] proposed an efficient method for modeling

arbitrary illumination changes which does not require any knowledge of the

reflectance properties of the target surface or the characteristics of the illumination

source. Here we apply this technique for modeling the illumination variations on

the heart surface.

The illumination compensation can be formulated as the problem of finding the

elementwise multiplicative lighting variation Î for each pixel xi of the current image

I and a global bias b such that I
0
matches the closest the illumination conditions of

the reference image T :

I
0 ðxiÞ ¼ ÎðxiÞIðxiÞ þ b (21.18)

The element Î can be modeled as a parametric surface Î ¼ f ðx; uÞ, where x are

pixel coordinates and u are the surface parameters which vary with time. As

suggested in [26], the surface Î can be modeled as a Thin-Plate Spline surface:

Îðx; uÞ � umþ1 þ x½umþ2; umþ3�T þ
Xm

k¼1
ukUðjjx� qkjjÞ (21.19)

where the control points q are evenly spaced on the image to best capture the

illumination changes. The only assumption made when using a TPS surface is that

the lighting changes are continuous over the surface, which is a weak assumption.

Furthermore, in our application the illumination transformations of the left and

right cameras of the stereo pair are treated independently.

In our study, we develop the illumination parametrization based on the TPS

using the same formulation as for the deformation warping presented in

Sect. 21.4.1. The TPS surface of parameters u in (21.19) can be reparameterized as

a function of y, which are the stacked values of Î at each control point q. Therefore,

matrices Kil and Mil can be deduced similarly to (21.6) and (21.7) and Î can be

calculated as:

Î ¼ MilKil
� y (21.20)
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For estimating the illumination compensation parameters, we use the same

optimization framework based on the ESM. Similarly to (21.16), an increment

dh0 ¼ [h, yl, yr, bl, br] can be defined, such that dh0 incorporates the warping and

illumination parameters. The minimization problem in (21.15) can be redefined as:

minh;yl;bl;yr ;br E ¼
X

x2A½ Îðx; ylÞ Ilðw3Dðx; hÞÞ þ bl � TðxÞ
� �2 þ (21.21)

þ Îðx; yrÞ Irðw3Dðx; hÞÞ þ br � TðxÞ
� �2� (21.22)

After the incorporation of the illumination compensation parameters, new Jaco-

bian matrices are required. In this case, they are composed of 3 sub-matrices:

J0ðI; h; y; b; xÞ ¼ JwðI; h; y; xÞ; JyðI; xÞ; JbðI; b; xÞ� �
(21.23)

The matrix Jw(I, h, y, x) is the Jacobian matrix corresponding to the warping

parameters. It can be computed by replacing I by I0 in (21.17):

JwðI; h; y; xiÞ ¼ @I0ðwðxi; hÞÞ
@h

¼ Îðxi; yÞ @Iðwðxi; hÞÞ
@h

(21.24)

The second sub-matrix, Jy(I, x) corresponds to the TPS surface that models Î.

Notice that it no longer depends on the illumination parameters y:

JyðI; xiÞ ¼ IðxiÞMilKil
� (21.25)

The final third sub-matrix Jb(I, b, x) is a column of ones, is the result of deriving

(21.18) with respect to b. An interesting aspect about this illumination compensa-

tion technique is that little extra computational cost is needed, since only a few

extra parameters are estimated per iteration. More details about this technique can

be found in [26].

21.4.4.1 Specular Highlights Detection

Specular reflections on the heart surface considerably affects tracking perfor-

mance because they act as occluders, reducing the available visual information.

Most works propose to detect these effects based on simple thresholding of the

intensity level, which is a practical solution once little computational effort is

required.

The specular highlights detection step consists on finding saturated zones on the

image by thresholding the intensity level for generating a specularity map. Based on

the specularity map, the pixels corresponding to specular highlights on the images

are removed from the estimation of the illumination and warping parameters during

the optimization process (21.22). Figure 21.3 shows some example results of the

specular reflection detection.
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21.4.5 Tracking Results

An in-vivo analysis of the performance of the proposed algorithm was performed

using the image sequence of a totally endoscopic coronary artery bypass graft

(TECAB) from the daVinciTM (Intuitive Surgical, CA) surgical platform previously

presented in section 2. Since the real 3D structure of the heart surface could not be

measured, we evaluate the results based on the coherence of the retrieved 3D shape

and motion of the heart surface.

21.4.5.1 Experimental Setup

The cameras of the stereo endoscope (Figure 21.4) were synchronized using a

proprietary FPGA device designed by Intuitive Surgical and the stereo cameras

were calibrated before the procedure using a planar calibration object [33].

A mechanical stabilizer was positioned on the patient’s heart previous to the

Fig. 21.3 The proposed specular detection method. The pixels on the original image (left)
affected by specular reflections are painted in black (right). The specular reflections are detected
and removed from the computation of the warping parameters

Fig. 21.4 The stereo

endoscope that integrates the

daVinci platform. Photo

courtesy of Intuitive Surgical,

Inc., 2008
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acquisition. Thesequence consists in 320x288 color images of the heart captured at

50 Hz but for generalization purposes the image sequence is converted to 8-bit

grayscale. Even though the distance between camera centers is small, accurate 3D

reconstruction using the stereoendoscope is still possible since the system has low

calibration error and the distance to the operating field is small (less than 80mm).

21.4.5.2 Tracking performance

In our experiments, we apply the proposed method to track a 80x80 pixel image of a

region on the heart surface using 6 control points (Fig. 5 (left)). The reference image

of the heart surface is manually selected by the surgeon and defines the region of

interest to be virtually stabilized. The left camera image is arbitrarily used for

defining the reference image. The control points are manually placed on regions

with enough texture. To avoid the aperture problem, the number of control points is

kept small. The factors that limit the spatial resolution of the tracking algorithm are

the amplitude of the surface motion and available texture information. Some of these

limitations can be overcome by applying a coarse-to-fine estimation procedure.

Figure 21.7 illustrates the target surface viewed by both left and right cameras

for different instants of the heartcycle. The world frame is centered at the left

camera. The 3D displacement of a point of interest situated in the center of the

target region is plotted in figure 21.5. The cardiac and respiratory motion for this

interest point has an amplitude ranging from [9.89,5.13] mm, [0.92, -1.30] mm and

Fig. 21.5 (Top-left) The position of control points on the reference image (marked as white

circles). A point of interest in the center of the target region is marked by a cross. (Bottom-left) The

target region on the heart surface. (Right) The retrieved 3D coordinates of a point of interest on

the heart surface
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[43.02, 36.94] mm for the xyz coordinates respectively. This corresponds approxi-

mately to the amplitude verified by the experiment performed by Stoyanov [29] on

the same image sequence. From the experimental results, we verify that the TPS

model successfully copes with the real heart surface deformation and the retrieved

3D heart motion illustrates the high accuracy of the tracking algorithm.

Back-warped images from the tracking sequence illustrated in Fig. 21.6 (left)

present significant illumination variations. In our experiments, we found that a TPS

surface with 4 control points was sufficient to model and compensate the illumination

variations. Figure 21.6 (left) illustrates the visual result of the illumination compensa-

tion and Fig. 21.6 (right) shows the evolution of Îl and bl at the four control points in
time. One can easily notice the correlation between the illumination parameters

variation and the heart motion, as expected. The amplitude of Îl varies of� 20% in

average, indicating a considerable lighting variation. The same is observed for bl, that
models the global intensity shift, that has an average amplitude of 5 gray levels (over

256 gray levels). The average number of iterations for the tracking algorithm to

converge (including the illumination parameters for both left and right images) is

8 iterations, suggesting that the warping and illumination parameters converge rapidly

even though interframe motion at 50Hz is relatively large.

21.4.6 Real-Time Implementation on a Graphics Processor Unit

The visual tracking algorithm must extract the heart motion on-line for an accurate

synchronization with the robotic tools. The first implementation of the tracking

algorithm proposed in the previous sections was done using Intel Performance

Primitives (IPP) and its performance was far below the desired tracking framerate

Fig. 21.6 Illustration of the compensated back-warped images at frame 220 and the illumination

compensation parameters yl; bl of the left stereo image. (Left) From top to bottom, the original,

compensated back-warped images and the reference template. (Top-right) The evolution of the

values of I at the four control points that model the surface. (Bottom-right) The global bias b
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Fig. 21.7 For different instants of the heart cycle, we illustrate the target region tracked on the left

and right images of the stereo pair and the corresponding TPS surface approximation. The TPS

model successfully copes with the real tissue deformation. The world coordinate frame is centered

in the left camera
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(� 5Hz). The computational requirements of the application motivated us to explore

the computational power of recently released graphics processor units (GPU).

The market for real-time high-definition 3D graphics has given birth to high-

parallel, multi-core processors with great computation power. In our work, we seek

to exploit this computational power for executing the beating heart tracking algo-

rithm. Since GPUs are specially well-suited to address problems that can be

expressed as data-parallel computations, the tracking algorithm was adapted in

order to take advantage of the hardware efficient processing. For our experiments,

we used a NVidia GTX280 (Santa Clara, EUA) graphics card programmed using

CUDA (a programming extension to C).

An overview of the tracking algorithm described earlier is given in Fig. 21.8. To

illustrate the performance gain using the GPU, we have summarized the gains for

each step in the real-time tracking algorithm.

l Step 2 The lens distortion on the endoscopic images is considerable and its

correction is done by remapping the pixels using a pre-computed lookup table.

The computation of the interpolated gray-values using bilinear interpolation is

hardware accelerated on the graphics card. Therefore, the gain with respect to

the CPU implementation where the intensity value each pixel is computed

sequentially is considerable.
l Step 3 For each camera, the mapped position of each pixel from the template is

given by a matrix-vector multiplication (see (21.12)). The computational speed-

up is obtained by computing each line of the matrix-vector multiplication on

separate threads, which is far more efficient than the CPU implementation.

Finally, the computation of the interpolated gray-values using bilinear interpo-

lation is hardware accelerated.
l Step 4 For mounting the Jacobian matrix, each line of the matrix is handled by a

separate thread. The low latency access to the graphics card internal memory

allows for a significant speed-up compared to the CPU implementation. Sec-

ondly, the computation of the gradient of the warped images by convolution is

highly efficient on the graphics card, since the convolution with a kernel can be

efficiently parallelized on the graphics card.
l Step 5 The computation of the ESM update is performed both on the CPU and

the GPU. For the computation of the pseudo-inverse required by the

Fig. 21.8 A schematic

overview of the tracking

algorithm
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minimization, the Moore-Penrose pseudo-inverse is used. Since the computation

of a matrix inverse is required in the process and since its implementation on a

GPU is still an open problem, we opted to transfer the matrices to the CPU and

use LAPACK C library functions to perform the inverse. As expected, this is the

most time-costly operation required by the tracking algorithm. The computation

of the Hessian matrix JTJ, where J is the Jacobian matrix detailed in Sect. 21.4.2

as well as the multiplication of the Jacobian transpose with the error image is

performed on the GPU. However, no significant speed-up is obtained with

respect to the CPU implementation. This is due specially to the shape of the

Jacobian matrix, which does not allow efficient accesses to the graphics card

memory and the parallel computation using a larger number of threads.

The time required for each step is detailed in Table 21.1. Themost costly operation

is the Hessian computation and the inverse. It is important to note that the number of

iterations required for the tracking algorithm to converge depends on the inter-frame

motion, which is directly related to the image acquisition speed. Therefore, if we

increase the acquisition speed, the computational requirement decreases. Considering

a total processing time of 2.25ms per iteration in addition to the time required to

acquire the images from the camera to the graphics card memory, tracking at speeds

above 80 fps can be achieved. It is important to remark that the time required by the

memory transfers between the CPU and the GPU can be neglected in our problem.

21.5 Predicting the Beating Heart Motion

In the previous sections, a visual tracking method for estimating the 3D motion of

the heart surface was proposed. Tracking is solved as an iterative registration

method: at every frame, the previous estimated tracking parameters are used to

initialize the minimization procedure. Furthermore, no regularization or constraint

is applied to the TPS model deformation. Thus, even though this formulation gives

full freedom for the deformable model to adapt to complex shapes, it does not take

into account the quasi-periodicity of the beating heart motion.

Clearly, valuable information can be extracted from the beating heart motion

dynamics for improving the accuracy and robustness of visual tracking. More

specifically, if the heart dynamics can be modeled, the future heart motion can be

anticipated and tracking disturbances such as occlusions (e.g. surgical instruments,

smoke, blood, specular reflections, etc) or tracking failures can be bridged.

Table 21.1 Computational

times for the GPU

implementation

Step Required time (ms)

2 0.25

3 0.6

4 0.6

5 0.8

Total 2.25 (per iteration)
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In this section, the problem of modeling and estimating the beating heart motion

for predicting its future behavior in the context of visual tracking is studied. We

propose to estimate the future heart motion using a predictive Extended Kalman

Filter (EKF) based on a time-varying dual Fourier series for modeling the quasi-

periodic beating heart motion. The performance of the proposed heart motion

prediction method is assessed through several experiments using in vivo data.

The resulting improvements in the tracking robustness facing tracking failures

and occlusions are presented and discussed. Preliminary results have been pub-

lished at [?]. Given the tracking framework proposed above, we seek to model the

3D motion of the points in space that project to the TPS control points on both

stereo cameras.

21.5.1 Background

The heart motion modeling and prediction is also useful in several levels of a

surgical robotic assistant design. Notably, error feedback alone is insufficient for

controlling a robotic actuator with a sufficiently low tracking error [7]. In the

literature, various paradigms for predicting future positions of a point of interest

(POI) on the heart surface have been proposed. In Franke et al. [10], a generalized

linear predictor was designed for providing future position estimations of a POI in

a robot tracking task. Similarly, Bebek et al. [2] uses a copy of the previous

heartbeat cycle synchronized with an electrocardiogram (ECG) signal for predict-

ing the following heartbeat cycle. For tracking features on the beating heart using

vision, Ortmaier et al. [23] uses embedded vectors of previous heart cycles for

increasing tracking resilience. A thorough investigation of the heart motion was

performed by Cuvillon [8], who proposed a motion prediction algorithm based

on a Linear Parameter Variant model that is a function of the ECG and respira-

tory signals.

An alternative paradigm also found in the literature for describing the quasi-

periodic heart motion is the Fourier series model and different approaches exist for

estimating its coefficients. In Ginhoux et al. [11] a known and steady cardiac

rhythm is assumed, whereas Thakral et al. [31] proposed the estimation of a non-

stationary Fourier series coefficients using Recursive Least Squares. A similar

approach has also been proposed by Yuen et al. [32] for tracking the Mitral valve

annulus motion on a single axis. However, in the methods above, the respiratory

and cardiac motions that comprise the heartbeat are treated separately or only the

cardiac motion is modeled. This is an obvious drawback since these two sources of

motion are coupled [8]. Alternative approaches have also been proposed, such as

the membrane model presented in Bader et al. [1] and the motion model based on a

combination of several basis functions proposed by Duindam et al [9], but experi-

mentations using real heart motion are not presented.

In our previous work, we introduced an estimation framework based on the

Extended Kalman Filter (EKF), which offers the advantage of explicitly modeling
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the sthocastic uncertainties associated with estimating the heart motion, offering

also the possibility of fusing external signals such as the ECG for improved

prediction quality. However, the previous formulation was not capable of predict-

ing the heart motion for larger prediction horizons, as needed in case of occlusions

by surgical instruments. In this section, we present an improved motion model

based on a time-varying dual Fourier series that explicitly models the cardiac and

respiratory components that comprise the heart motion. Details of the design of the

Extended Kalman filter for estimating the series parameters are given. Secondly, we

illustrate the contributions of the proposed prediction method in visual tracking,

enabling us to successfully bridge tracking disturbances and automatically reestab-

lish tracking in case of occlusions. For designing and testing the motion prediction

scheme, we use in vivo porcine beating heart motion data.

21.5.2 Beating Heart Motion Dynamics

Here we present the key characteristics of the heart motion. High-speed images are

necessary to properly capture the heart dynamics [11] and since the acquisition

speed in commercial stereo endoscopes is limited, we used two high speed 1M75

DALSA cameras attached to Storz endoscopes mounted with a small baseline to

simulate a real stereo endoscope. The system was calibrated using standard tech-

niques [33]. Figure 21.9 displays the y trajectory of a POI on the surface of a porcine
heart, acquired at 83.3 Hz using artificial markers attached to the heart surface. The

acquisition setup is illustrated in Fig. 21.9. The heart was imaged for 60 s in an open

chest configuration with no mechanical stabilization, which yields a heart motion

amplitude considerably larger than in the MIS scenario. A frequency analysis

shows that the dominant frequencies are situated between 0 and 2Hz, with signifi-

cant energy up to 5Hz. These observations match similar experimental data

reported in [2]. Also from the FFT plot, the two dominant frequencies associated

to the respiratory and cardiac motions can be easily detected.

21.5.3 Non-Stationary Dual Fourier Series Model

The heart motion can be considered as the sum of the respiratory and cardiac

motions, which can be represented as a dual non-stationary Fourier series. Given

the 3D coordinates d¼ [xd yd zd] of a POI on the heart surface, the motion dynamics

d of each Cartesian coordinate at a given instant t can be parameterized as:

dðtÞ ¼
XHr

h¼1

h
ah sin

�
h
Xt

k¼0
orðkÞ

�
þ bh cos

�
h
Xt

k¼0
orðkÞ

�i
þ

cr þ
XHc

h¼1

h
dh sin

�
h
Xt

k¼0
ocðkÞ

�
þ eh cos

�
h
Xt

k¼0
ocðkÞ

�i
;

(21.26)

514 R. Richa et al.



where Hr and Hc are the number of harmonics for modeling the respiratory and

cardiac components respectively, or and oc are the respiratory and cardiac fre-

quencies and the vector p ¼ [a1; :::; aHr
; b1; :::; bHr

; cr; d1; :::; dHc
; e1; :::; eHc

] are its

Fourier coefficients. Note that the number of harmonics Hr and Hc among the x y z
directions may vary due to differences in their motion complexity. Finally, a POI

has n¼ (xHr+
xHc) + (

yHr+
yHc) + (

zHr+
zHc) parameters plus the respiratory and

cardiac frequencies, which are shared among coordinates. At a given instant t, the
computation of q-step future position estimates using (21.26) is straightforward,

considering a stationary system within the prediction horizon.

Fig. 21.9 (Top left) Markers used to retrieve the beating heart motion (Top right) In vivo

experiment setup (Middle) y motion of a POI on the heart (Bottom) FFT spectrum of the y
coordinate motion. The main peaks related to the respiratory and cardiac motions are highlighted
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21.5.4 The Extended Kalman Filter

In our formulation, we employ the Kalman Filter (KF) for the recursive estimation

of the Fourier series parameters. The KF offers several advantages, such as explicit

modeling of the uncertainties associated with the proposed motion model and

position measures. Since estimating the Fourier series parameters is a nonlinear

problem, the EKF is used [27].

The EKF state vector x for estimating the trajectory of p POIs is composed

(p �n + 2) parameters, where n is the number of parameters of the Fourier series

mentioned in the previous section. It is composed of the Fourier parameters [px,

py, pz] for the Cartesian coordinates of all estimated POIs and the cardiac and

respiratory frequencies. When initializing the filter, no a priori knowledge of the

signal is needed and all state vector values are set to zero except for the two

frequencies, for which initial values (extracted from ECG and ventilation machine)

are normally available in practice.

In the KF, estimation is divided between the prediction and correction phases.

All parameters are modeled as random walk processes. In the prediction phase, the

a priori estimate of the filter’s state x� at an instant k is given by the state values

from the previous instant k-1. This implies that the error covariance matrix P is

propagated according to:

P�ðkÞ ¼ Pðk � 1Þ þQ (21.27)

where Q is the process covariance matrix.

It is important to remark that an interesting feature that can be incorporated

into the filter formulation is motion correlation between POIs, since close POIs tend

to have similar trajectories. This notion is incorporated in the process noise covari-

ance matrix Q by giving small values to the non-diagonal elements of the matrix.

When initializing the filter, we use a process variance related to the respiratory

components sr¼ 10� 5 (with a variance sc¼ 10� 6 for the offset cr), the cardiac

components sc¼ 10� 5 and the frequencies variance sw¼ 10� 8. To consider the

correlation between POIs, the non-diagonal elements of Q are set to 10� 10.

In the correction phase, the available measurements from the visual tracking

algorithm y are used to update the initial estimates x� , yielding the a posteriori

estimate x+ . The updated state is computed as:

xþðkÞ ¼ x�ðkÞ þ P�ðkÞCTðCP�ðkÞCT þ RÞ�1|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
KðkÞ

ðyðkÞ � x�ðkÞÞ (21.28)

where R is a diagonal matrix containing the measurement error covariance (the

diagonal elements are set to 10� 1) and C is a Jacobian matrix whose lines contain

the derivatives of each motion component (as in 21.26) with respect to the Fourier

series parameters. The matrix K(k) indicated above in 21.28 is the Kalman gain
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matrix. As an example, if we were to estimate only the x component of one POI, the

matrix C(k) would be a 1 �(xHr+
xHc + 2) matrix given as:

CðkÞ ¼ @dðt; xkÞ
@xk

				
xk¼x̂kjk�1

(21.29)

The updated error covariance matrix is given by:

PþðkÞ ¼ ðI�KðkÞCÞP�ðkÞ (21.30)

where I is the identity matrix.

21.6 Experimental Results

21.6.1 Predictive Filter Performance

For evaluating the performance of the proposed prediction method, we use the

experimental data presented in Sect. 21.5.2. As stated in Sect. 21.5.3, predictions

are computed using (21.26), considering a stationary system within the prediction

horizon. This idea is illustrated in Fig. 21.10, featuring the estimated Fourier series

at an instant t0. Since motion is estimated on-line with all parameters initialized

with zeros, 1.5 respiratory cycle (	 400 samples) is needed for the model’s para-

meters to converge. The number of harmonics for modeling respiration Hr for the x
y z directions was set to 3, while for Hc, 5 harmonics were sufficient.

For investigating the prediction performance in time, we evaluate the prediction

error at every instant for 15, 83 and 250-step prediction horizons (0.18, 1 and 3 s

respectively). The error is calculated as the Euclidean distance k k d� p k k between
the predicted d and true p 3D positions of the POI. The root mean square and peak

prediction errors at every motion sample for a given prediction horizon are

measured. The prediction errors are plotted in Fig. 21.11 and quantified in

Fig. 21.10 Ground truth and estimated Fourier series at an instant t0. For evaluating prediction

performance, we measure the prediction error for a 15, 83 and 250-step horizon prediction (0.18,

1 second and 3 seconds respectively)
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Table 21.2. The identification error, which is the difference between the true position

and the position estimated by the filter at a given instant is also plotted in Fig. 21.11.

The prediction filter must be robust to changes in the heart rhythm. In order to

investigate the filter’s behavior to amplitude changes, we slowly damp the original

heart motion signal with respect to its mean to 50% of its original value in all

coordinates and analyze the behavior of the filter and the evolution of the prediction

errors for a 1 s prediction horizon. Results are plotted in Fig. 21.12. Cardiac

arrhythmia may also cause irregular heart motion and in order to analyze the filter’s

performance under such circumstances, we have simulated a disturbance in the

heartcycle in all coordinates as illustrated in Fig. 21.13. The effects on the predic-

tion error for a 1 s prediction horizon is plotted in Fig. 21.13.

21.6.2 Improvements in Visual Tracking

For evaluating the improvements in visual tracking, we use another set of in vivo

data consisting of images of a porcine beating heart acquired using the same

experimental setup presented in Sect. 21.5.2.

Fig. 21.11 From top to bottom, the RMS and peak prediction errors for a 15-step, 83-step,

250-step prediction horizon and the identification error, respectively [48]

Table 21.2 Predictive filter

performance on in-vivo data
Horizon (s) Average RMS error

(mm)

Average peak error

(mm)

0.18 0.8076 1.1829

1 0.8785 1.6764

3 1.0209 2.0496

Fig. 21.12 (Top) The original heart motion is slowly damped from t0 to t1 to 50% of its original

amplitude. (Bottom) The prediction error plot for a 1 second prediction horizon indicates the fast

filter adaptation to the amplitude change
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Recalling Fig. 21.2, we note that the parameter vector h is composed of 3D

points that projects to the TPS control points on both stereo cameras and therefore,

each point can be considered as a POI in the prediction framework presented before.

Figure 21.14 displays a 128�128 pixel ROI on the heart tracked using the proposed

method, using 6 control points for modeling the heart surface deformation.

21.6.2.1 Specular Reflections

Specular reflections are the direct reflection of the illumination source on the

glossy, wet-like heart surface. Such reflections saturate the affected pixels, disturb-

ing considerably the visual tracking task. Figure 21.16 illustrates a case of tracking

under such phenomenon. Although the tracking method automatically removes the

affected regions from the estimation of the warping parameters, certain control

points of the TPS mesh whose support region on the image is more severely

affected by this phenomenon may be poorly estimated. In addition, depending on

the duration of the perturbation, the estimation of the warping parameters may get

stuck in local minima and diverge.

Fig. 21.13 (Top) A signal disturbance that resembles an arrhythmia is induced from t0 to t1.

(Bottom) The prediction error plots for a 1 second horizon indicate high prediction errors during

the disturbance but the prediction quality is quickly reestablished past the disturbance

Fig. 21.14 (Left) The white mesh represents the TPS surface that models a selected ROI on

the heart. (Right) The 3D shape of a ROI on the heart surface.
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In the motion prediction context, specular reflections can be considered as

occluders since no texture information is available from the affected areas. If the

area affected by specular reflections goes beyond a critical level, tracking is

suspended. In this context, the predicted heart motion can be used to bridge such

disturbances, which normally last for approximately 0.12 s (15 frames in the

acquisition speed used for the experiments).

21.6.2.2 Occlusions

The proposed motion prediction method also allows us to tackle the problem of

occlusion by surgical tools. Surgical instruments eventually occlude the operating

site for considerably longer periods of time and the proposed prediction scheme

offers a solution for automatic tracking reinitialization in such cases.

In Fig. 21.15, the result of a simulated 3-s occlusion is presented, displaying the

successful tracking reestablishment after the event. For simulating the occlusion,

the correction step of the Kalman filter is suspended at an arbitrary instant t0 and the
predicted heart motion at t1 3 s later was used to reestablish tracking. For visualizing
the accuracy of the predicted heart motion, tracking results (the motion plots of one

TPS control point) are also presented throughout the whole sequence for compari-

son purposes. An important remark after a visual inspection of the results is that

although the predicted motion is accurate enough to restart tracking, it cannot be

used for motion compensation since its error is too large.

Fig. 21.15 (Left Top) The mesh illustrates the tracked region of interest on both left and right

endoscopic images. (Left Middle) During the simulated occlusion, tracking is suspended amd the

predicted trajectory of the several POI that comprise the mesh is displayed as the mesh in red. (Left
Bottom) Tracking is successfully reestablished past the occlusion. (Right) The predicted and

tracked heart motion at an instant t0 for the x component of a POI.
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21.6.3 Discussion of the Predictive Filter Performance

The prediction errors presented in Fig. 21.11 reveal the good performance of the

predictive filter, successfully acquiring the true heart dynamics. In addition,

the error values given in Table 21.2 indicate that the RMS and peak errors do not

increase significantly when the prediction horizon is extended, suggesting the

proposed motion model fits properly the heart motion. If the prediction horizon is

further expanded, the prediction quality gradually degrades, due specially to small

cardiac frequency variations.

The capacity of the filter to adapt to amplitude variations was properly displayed

by the extreme simulation presented in Fig. 21.12. From the error plots, we can

verify that the filter takes approximately 1 s to re-adapt to the signal changes, later

stabilizing in a lower level since the signal’s amplitude was reduced by 50%.

Next, the simulated arrhythmic heart behavior presented in Fig. 21.13 is the most

challenging event for the prediction filter. In fact, if we analyze the filter parameters

in detail we learn that the abnormal heart behavior is interpreted as a drastic phase

change. Although the error plots show a considerable large error during the event,

the filter successfully copes with the disturbance, converging quickly past the event.

It is also important to remark that although the simulated arrhythmia generates a

major disturbance in the predictive filter, such abnormal heart behaviors can be

easily detected from the heart electric activity and in practice they do not represent a

critical problem.

Moreover, the relatively high identification error indicates that the heart motion

model describes the coarse heart trajectory. An increase of the number of harmonics

does not lower this error, which suggests a relation to the natural variability of the

heart motion.

The performance increase obtained with a Kalman filtering framework has been

analyzed in previous works [32]. However, the direct comparison with experimental

results of similar techniques proposed in the literature is not possible since the

used experimental database highly influences the prediction errors, as clearly

Fig. 21.16 The endoscopic illumination source reflects on the wet-like surface of the heart, giving

rise to specular reflections that considerably disturb visual tracking.
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demonstrated when analyzing the amplitude changes in the input signal shown in the

experimental section. This is due to the non linearity of the RMS error measure and

the fact that the error amplitude is dependent on the amplitude of the heart motion.

The heart motion prediction can be further improved using the proposed formu-

lation by exploring the ECG and respiratory signals directly in the filter design, as

suggested in Sect. 21.5.4. For instance, the heart electric activity precedes the

mechanical motion and the ECG waves may help predict more accurately the

heartbeat contraction and relaxation cycles. The EKF framework adopted in this

paper provides an elegant framework for fusing different sources of information in

a straightforward fashion. Furthermore, the ECG can also be used for detecting

abnormal cardiac behavior (e.g. arrhythmia). Another aspect of Kalman filtering is

the adequate choice for the filter’s covariance matrices. Although the values

proposed in Sect. 21.5.4 were not “fine” tuned for the experimental database, an

adaptive update of the filter’s uncertainty parameters could better estimate the heart

motion, hence producing better future estimates.

21.7 Conclusion

In the previous sections, we have described a performing tracking method for

estimating the beating heart motion. The proposed tracking model based on the

TPS mapping in association with the motion prediction scheme attests the feasibil-

ity of a visual motion compensation system for robotized surgery. The tracking

algorithm is robust to illumination variations, specular reflections and occlusions by

surgical instruments. In addition, real-time performance has been achieved using a

GPU. Experiments conducted on in vivo data attest the good performance of the

approach.

There are several routes for improving the current design of the tracking

algorithm. Although region-based techniques such as the TPS based tracker pro-

posed in this paper provide dense reconstruction with respect to feature-based

tracking, they still provide limited reconstruction quality due to the parametric

models used to approximate the heart surface. A possible solution is the use of

physically inspired models supported by pre-operative data for modeling more

accurately the heart dynamics. An alternative for increasing tracking accuracy is

the fusion of multiple visual tracking techniques (such as feature-based and direct

tracking methods, shape from shading, etc), compensating the downsides of one

technique with the upsides of others. Another important aspect of the problem of

designing a visual motion compensation system which also must be taken into

consideration are the hardware requirements, briefly discussed in Sect. 21.2. High

resolution and acquisition rate are essential for accurate motion estimation.

Currently, our works focus on the incorporation of the motion tracking methods

in a robotized prototype surgical platform. We are also evaluating the performance

of different predictive filters for increasing the heart motion prediction.
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Chapter 22

Towards the Development of a Robotic System

for Beating Heart Surgery

Özkan Bebek and M. Cenk Çavuşoğlu

Abstract The use of intelligent robotic tools promises an alternative and superior

way of performing off-pump coronary artery bypass graft (CABG) surgery. In the

robotic-assisted surgical paradigm proposed, the conventional surgical tools are

replaced with robotic instruments, which are under direct control of the surgeon

through teleoperation. The robotic tools actively cancel the relative motion between

the surgical instruments and the point-of-interest on the beating heart, in contrast to

traditional off-pump CABG where the heart is passively constrained to dampen the

beating motion. As a result, the surgeon operates on the heart as if it were stationary.

We call the proposed algorithm “Active Relative Motion Cancelling” (ARMC) to

emphasize the active cancellation. This chapter will provide a review of our research

towards developing robotic tools for off-pump CABG surgery. First, we will explain

the algorithm we have developed to achieve effective motion cancellation. Second,

we will explain the necessary sensory system for the beating heart surgery and the

developed whisker sensors to detect three-dimensional heart motion. Third, we will

explain the millirobotic gripper developed for minimal invasive surgery. Finally, we

will outlay the overall system design for robotic-assisted beating heart surgery.

22.1 Model-Based Active Relative Motion Canceling

In this section of the chapter, we will first discuss the model-based intelligent

ARMC algorithm we have developed to achieve effective motion cancellation.

The developed algorithm relies on the quasiperiodic nature of the heart motion,

using feedforward predictive motion control with estimation of heart motion. The

developed model-based algorithm employs biological signals, such as electrocar-

diogram, in estimation of heart motion, and uses this for integrated arrhythmia
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detection and handling, to provide safety during the operation. One of the goals

of this research was to improve the tracking performance so that the degree of

necessary tracking can be achieved. To this end, the tracking performance research

has primarily been focused on developing estimation methods for use with a

receding horizon model predictive controller. Next in this section, a heart motion

prediction method based on adaptive filter techniques will be explained. A recursive

least squares based adaptive filter algorithm was used to parameterize a linear

system to predict the heart motion. Finally, we will discuss a generalized adaptive

filter to further improve the prediction by using parameterized linear predictors for

points throughout the prediction horizon independently. The feasibility and

effectiveness of the approach will be demonstrated.

22.1.1 Robotic-Assisted Beating Heart Surgery

Improving the treatment for coronary heart disease (CHD) should be a priority

in terms of developing relevant treatment options as the statistics of the Centers for

Disease Control and Prevention (CDC) indicate heart disease as a leading cause of

death [1, Table 7]. In the medical field, intelligent robotic tools reshape the surgical

procedures by providing shorter operation times and lower costs. This technology

also promises an enhanced way of performing off-pump coronary artery bypass

graft (CABG) surgery. In the robotic-assisted off-pump CABG surgery, the surgeon

operates on the beating heart using intelligent robotic instruments. Robotic tools

actively cancel the relative motion between the surgical instruments and the point

of interest (POI) on the beating heart, dynamically stabilizing the heart for the

operation. This algorithm is called Active Relative Motion Canceling (ARMC).

Although off-pump CABG surgery is in a nascent stage and only applicable to

limited cases, it is preferred over on-pump CABG surgery because of the significant

complications resulting from the use of cardio-pulmonary bypass machine, which

include long term cognitive loss [34], and increased hospitalization time and

cost [38]. On the other hand off-pump grafting technology is crude and only

applicable to a small portion of the cases because of the technological limitations:

inadequacy with all but the largest diameter target vessels, ineffectiveness with the

coronary arteries on the side and the back of the heart, and its limitation to small

number of bypasses. Off-pump procedures represent only 15–20% of all CABG

surgeries, at best [32]. Manual tracking of the complex heartbeat motion cannot be

achieved by a human without phase and amplitude errors [16]. Use of robotics

technology will overcome limitations as it promises an alternative and superior way

of performing off-pump CABG surgery.

Therefore, it is aimed to develop telerobotic tools to actively track and cancel

the relative motion between the surgical instruments and the heart by Active

Relative Motion Canceling (ARMC) algorithms, which will allow CABG surgeries

to be performed on a stabilized view of the beating heart with the technical
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convenience of on-pump procedures. Towards this direction, electrocardiogram

(ECG) is utilized as a biological signal in the estimation of the heart motion for

an effective motion canceling in the model-based intelligent ARMC algorithm.

22.1.2 System Concept for Robotic Telesurgical System
for Off-Pump CABG Surgery

Robotic-assisted surgery concept replaces conventional surgical tools with robotic

instruments which are under direct control of the surgeon through teleoperation, as

shown in Fig. 22.1. The surgeon views the surgical scene on a video display with

images provided by a camera mounted on a robotic arm that follows the heart

motion, showing a stabilized view. The robotic surgical instruments also track the

heart motion, canceling the relative motion between the surgical site on the heart

and the surgical instruments. As a result, the surgeon operates on the heart as if it

were stationary, while the robotic system actively compensates for the relative

motion of the heart. This is in contrast to traditional off-pump CABG surgery where

the heart is passively constrained to dampen the beating motion. The proposed

control algorithm is called “Active Relative Motion Canceling (ARMC)” to empha-

size this difference. Since this method does not rely on passively constraining the

heart, it is possible to operate on the side and back surfaces of the heart as well as

the front surface using millimeter scale robotic manipulators that can fit into spaces

the surgeon cannot reach.

Fig. 22.1 System concept for Robotic Telesurgical System for Off-Pump CABG Surgery with

Active Relative Motion Canceling (ARMC). Left: Surgical instruments and camera mounted on a

robot actively tracking heart motion. Right: Surgeon operating on a stabilized view of the heart, and

teleoperatively controlling robotic surgical instruments to perform the surgery (# IEEE 2007),

reprinted with permission
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22.1.3 Motion Canceling in Medical Interventions

The earlier studies in the literature on canceling biological motion in robotic-assisted

medical interventions focus on canceling respiratory motion. Sharma et al. [42]

and Schweikard et al. [41] studied the compensation of the breathingmotion in order

to reduce the applied radiation dose to irradiate tumors. Both studies concluded

that motion compensation was achievable. Riviere et al. [39] looked at the cancel-

ation of respiratory motion during percutaneous needle insertion. Their results

showed that an adaptive controller was able to model and predict the breathing

motion. Trejos et al. [46] conducted a feasibility study on the ability to perform tasks

on motion-canceled targets, and demonstrated that tasks could be performed better

using motion canceling.

Madhani and Salisbury [30] developed a 6-DOF telesurgical robot design for

general minimally invasive surgery, which was later adapted by Intuitive Surgical

Inc., Palo Alto, CA, for their commercial system, called daVinci. Computer Motion

Inc., Goleta, CA,1 developed a 5-DOF telesurgical robotic system, called Zeus, with

scaled motions for microsurgery and cardiac surgery. Both of these systems are

currently in use for cardiothoracic surgery applications. These systems are designed

to enable dexterous minimally invasive cardiac surgery, and they are neither

intended nor suitable for off-pump CABG surgery with active relative motion

canceling, due to their size, bandwidth, and lack of motion tracking capabilities.

These systems can only perform on-pump or off-pump CABG surgery using

passive stabilizers, therefore have the same limitations as conventional tools

described above.

Gilhuly et al. [20] tested suturing on a beating heart model using optical

stabilization through strobing. They found that participants’ reaction times were

too slow to adjust to the changing light conditions, and concluded that stabilization

methods should not rely on surgeons’ reaction times.

Nakamura et al. [33] performed experiments to track the heart motion with a

4-DOF robot using a vision system to measure heart motion. The tracking error due

to the camera feedback system was relatively large (error on the order of few

millimeters in the normal direction) to perform beating heart surgery. There are

also other studies in the literature on measuring heart motion. Thakor et al. [45]

used a laser range finder system to measure one-dimensional motion of a rat’s heart.

Groeger et al. [22] used a two-camera computer vision system to measure local

motion of heart and performed analysis of measured trajectories, and Koransky

et al. [28] studied the stabilization of coronary artery motion afforded by passive

cardiac stabilizers using 3-D digital sonomicrometer.

Ortmaier et al. [35, 36] used ECG signal in visual measurement of heart motion

using a camera system for estimation of the motion when the surgical tools

occluded the view. They reported significant correlations between heart surface

trajectory and ECG signals, which implies these inputs can be used

1Computer Motion Inc. was acquired by Intuitive Surgical Inc., and does not exist anymore.
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interchangeably. Therefore, these two independent components were considered as

inputs to the estimation algorithm. In their study, heart motion estimation was not

based on a heart motion model and it was completely dependent on previously

recorded position data. Actual tracking of the heart motion using a robotic system

was planned as future work.

More recently, in a pair of independent parallel studies by Ginhoux et al. [21]

and Rotella [40], motion canceling through prediction of future heart motion was

demonstrated. In both studies, model predictive controllers were used to get higher

precision tracking. In the former, a high-speed camera was used to measure heart

motion. Their results indicated a tracking error variance on the order of 6–7 pixels

(approximately 1.50–1.75mm calculated from the 40 pixel/cm resolution reported

in [21]) in each direction of a 3-DOF tracking task. Although it yielded better

results than earlier studies using vision systems, the error was still too large to

perform heart surgery, as operation targets to be manipulated using the robotic

systems in a CABG surgery are blood vessels with 2mm or less in diameter. In

Rotella’s study [40], using a 1-DOF test bed system, accuracy very close to the

desired error specifications for heart surgery was achieved, and it was concluded

that there still was a need for better prediction of heart motion.

A heart model was proposed by Cuvillon et al. [14], based on the extraction of

the respiration motion from the heartbeat motion using the QRS wave form of the

ECG and lung airflow information as sensory inputs. They concluded that heartbeat

motion is not the product of two independent components, rather the heartbeat

motion is modulated by the lung volume.

Duindam and Sastry [15] proposed a method to separate 3-D quasiperiodic heart

motion data into its two periodic components using ECG and respiratory informa-

tion. Future heart surface motion was estimated using the separated periodic

components; and an explicit model based controller was proposed to asymptotically

cancel the relative motion between surgical tools and a region on the heart surface.

22.1.4 Model-Based Active Relative Motion Cancelation:
Motivation and Methodology

The control algorithm is the core of the robotic tools for tracking heart motion

during coronary artery bypass graft (CABG) surgery. The tools need to track and

manipulate a fast moving target with very high precision. During free beating,

individual points on the heart move as much as 7–10mm. Although the dominant

mode of heart motion is on the order of 1–2Hz, measured motion of individual

points on the heart during normal beating exhibit significant energy at frequencies

up to 26Hz. The coronary arteries that are operated on during CABG surgery range

from 2mm in diameter down to smaller than 0.5mm, which means the system

needs to have a tracking precision in the order of 100 mm. This corresponds to a less

than 1% dynamic tracking error up to a bandwidth of about 20–30Hz.
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The specifications for tracking heart motion are very demanding. These stringent

requirements could not be achieved using traditional algorithms in earlier attempts

reported in the literature [33, 45], as they rely solely on feedback signal frommeasure-

ment of heartmotion using external sensors, and do not use any physiologicalmodel of

the heart motion.

Using a basic model of heart motion can significantly improve tracking

performance since heart motion is quasiperiodic [21]. It is also possible to use the

information from the biological signals, such as ECG activity, and aortic, atrial and

ventricular blood pressures, to control the robotic tools tracking the heart motion.

The proposed control architecture is shown in Fig. 22.2. In this architecture, the

control algorithm utilizes the biological signals in a model-based predictive control

fashion. Using biological signals in the control algorithm improves the performance

of the system since these signals are products of physiological processes which

causally precede the heart motion. Therefore a heart motion model can be formed

by combining motion data and biological signal data.

22.1.5 Intelligent Control Algorithms for Model-Based ARMC

In the Model-Based ARMC Algorithm architecture, shown in Fig. 22.2, the control

algorithm uses information from multiple sources: mechanical motion sensors

which measure the heart motion, and sensors measuring biological signals.

The control algorithm identifies the salient features of the biological signals and

uses this information to predict the feedforward reference signal.

The control algorithm also handles the changes in the heart motion, including

adapting to slow variations in heart rhythm during the course of the surgery, as well

as handling occasional arrhythmias which may have natural causes or may be due to

the manipulation of the heart during surgery.

In this control scheme, the two dominant modes of the motion of POI are

separated by using a pair of complementary filters. The control path for tracking

of the heartbeat component of the motion has significantly more demanding

requirements in terms of the bandwidth of the motion that needs to be tracked.

That is why a more sophisticated feedforward algorithm is employed for this part.

Respiratory motion has significantly lower frequency, and it is canceled by a purely

feedback based controller. In the proposed architecture (Fig. 22.2), the robot motion

control signal is computed by combining these two parts. The feedforward part is

calculated with the signal provided by the heart motion model, and the feedback

signal is calculated with the direct measurements of heartbeat and

respiratory motions. The feedforward controller was designed using the model

predictive control [19] and optimal control [11, 3] methodology of modern con-

trol theory, as described in Sect. 22.1.6.

The confidence level reported by the heart motion model is used as a safety

switching signal to turn off the feedforward component of the controller if an

arrhythmia is detected, and switch to a further fail-safe mode if necessary. This
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confidence level will also be used to adaptively weigh the amount of feedforward

and feedback components used in the final control signal. These safety features will

be an important component of the final system. Therefore, the best design strategies

for developing feedforward motion control was aimed.

In Fig. 22.3, a finite-state model for the cardiac cycle is shown. The model

involves primary states of the heart’s physiological activity. Transitions between

the states are depicted using the states of the mitral and aortic valves of heart and P,

R and T waves of the ECG. During the ECG wave form detection process, QRS

complex is detected and used in substitute to R wave. Any out of sequence or

abnormal states in the cycle can be identified as irregularity. Using this model,

rhythm abnormalities and arrhythmias can be spotted and system can be switched to

a safer mode of operation.

Although, some of the system concepts in the literature are similar to this scheme

at the most basic level, there are significant differences including their lack of

intelligent model-based predictive control using biological signals, and multi-

sensor fusion with complementary and redundant sensors, which form the core of

our proposed architecture. The system by Nakamura et al. [33] used purely position

feedback obtained from a two-camera computer vision system. Neither biological

signals were used in the system, nor was a feedforward control component present.

The system by Ginhoux et al. [21] utilized a feedforward control algorithm based on

model predictive control and adaptive observers; however, it did not utilize any

biological signals. Ortmaier et al. [36] utilized ECG using a “model free” method,

i.e., without using a heart model in the process.
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Fig. 22.3 State model of the beating heart. Transition between the states are depicted using ECG

waves and the motion of the heart valves, which can be inferred from blood pressure measure-

ments. States forming the cardiac cycle are: (a) Isovolumic contraction; (b) Ejection; (c) Iso-

volumic relaxation; (d) Ventricular filling; (e) Atrial Systole; (f) Irregularity in the Cardiac Cycle
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With the architecture proposed, the degree of awareness is increased by utilizing

a heart motion model in reference signal estimation. Inclusion of biological signals

in a model-based predictive control algorithm increases the estimation quality, and

such a scheme provides better safety with more precise detection of anomalies and

switching to a safer mode of tracking.

22.1.6 Control Algorithms

The control algorithm is the core of the robotic tools for tracking heart motion

during coronary artery bypass graft (CABG) surgery. The robotic tools should have

high precision to satisfy the tracking requirements [more than 97% motion cancel-

ation (details in Sect. 22.1.5)]. During free beating, individual points on the heart

move as much as 10mm. Although the dominant mode of heart motion is in the

order of 1–2Hz, measured motion of individual points on the heart during normal

beating exhibit significant energy at frequencies up to 26Hz.

The heart motion is quasiperiodic and previous beats can be used as a feedfor-

ward signal during the control of the robotic tool for ARMC. Rotella [40] compared

a model-based predictive controller, using the estimation of the heart motion, with

feedback based controllers on a 1-DOF robotic test-bed system. The model-based

predictive controller outperformed the feedback based controllers both in terms of

the RMS error and the control action applied. In [5], Bebek extended the compari-

son of model-based predictive controller and feedback based controllers to 3-D case

with a 3-DOF robotic test-bed system. The results show that model-based predic-

tive controller is more robust and effective than the traditional controllers in

tracking the heart motion.

A key component of the ARMC algorithm, when a predictive controller is used,

is estimation of the reference motion of the heart which is provided to the feedfor-

ward path. If the feedforward controller has high enough precision to perform the

necessary tracking, the tracking problem can be reduced to predicting the estimated

reference signal effectively.

Ginhoux et al. [21] used an adaptive observer, which identifies the Fourier

components of the past motion at the base heart rate frequency and its

several harmonics to estimate the future motion. This approach assumes that the

heartbeat rate stays constant. Ortmaier et al. [36] estimated the heart motion by

matching the current heart position and ECG signals of sufficient length with

recorded past signals, assuming that with similar inputs, heart would create outputs

similar to the ones detected in the past.

In Sects. 22.1.6.1 and 22.1.6.3, reference signal estimation schemes used for

the ARMC algorithm are described. Section 22.1.6.2 explains the Electrocardio-

gram (ECG) and ECG wave form detection methodology used in this study.

Finally, the control problem and its solution are given in Sects. 22.1.6.4 and

22.1.6.5 respectively.
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22.1.6.1 Reference Signal Estimation

A simple prediction scheme that assumes constant heartbeat rate can be used for

reference signal estimation. Heartbeat is a quasiperiodic motion with small

variations in every beating cycle. If the past heartbeat motion cycle is known, it

can be used as an estimate reference signal for the next cycle. Any measured heart

position value can be approximated forward one cycle as long as the heartbeat

period for that cycle is known. In this case, a constant heartbeat period (0.5 s) was

used to store one period length of the heartbeat signal. The motion of the heart from

the previous cycle was used as a prediction of the next cycle. The stored beating

cycle was used as the approximate future reference beating signal in the ARMC

algorithm.

Using the last heartbeat cycle exactly as the future reference would result in

large errors due to the quasiperiodic characteristics of the heart motion and other

irregularities of the signal. Therefore, instead of using the past beating cycle

directly, the reference signal was processed online. To achieve this, any position

offset between the starting point of the past cycle and the starting point of the next

cycle (i.e., current position in time) were lined up by subtracting the difference. But

the added offset was gradually decreased over a constant length of time (hereafter

this length will be referred to as horizon, T) using a high order error correction

function. This calculation was carried out T steps ahead. So, only some percentage

of the current error was added to the future signals, and no error was added to the

signals T steps ahead. In Fig. 22.4, the actual and the estimated motions can be seen

as the control executes. This maintained the continuity of the signal estimate and

converges it onto the actual signal within the horizon ahead.
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22.1.6.2 Electrocardiogram as the Biological Signal

The human body acts as a giant conductor of electrical currents. Connecting

electrical leads to any two points on the body may be used to register an electro-

cardiogram (ECG). Thus, ECG contains records for the electrical activity of the

heart. The ECG of heart forms a series of waves and complexes that have been

labeled in alphabetical order, the P wave, the QRS complex, the T wave and the

U wave [2]. Depolarization of the atria produces the P wave; depolarization of

the ventricles produces the QRS complex; and repolarization of the ventricles

causes the T wave. The significance of the U wave is uncertain [31]. Each of

these electrical stimulations results in a mechanical muscle twitch. This is called the

electrical excitation-mechanical contraction coupling of the heart [9, 10]. Thus, the

identification of such waves and complexes can help determine the timing of

the heart muscle contractions.

Using ECG in the control algorithm can improve the performance of the position

estimation because these wave forms are results of physiological processes that

causally precede the heart motion and also because ECG is significantly correlated

with heartbeat motion [36].

The difficulty in detection of the ECG wave forms arises from the diversity of

complex wave forms and the noise and artifacts accompanying the ECG signals.

In this work, the significant ECG wave forms and points, such as P, QRS and T,

were detected in hard real time2 by an algorithm adapted from Bahoura et al. [4].

This one was selected among other available algorithms because it employs signal

localization both in time and frequency using wavelet analysis, characterization of

the local regularity of the signal and separation of the ECG waves from serious

noise, artifacts, and baseline drifts in real time.

Bahoura et al. [4] evaluated the original algorithm in real time with the MIT-BIH

Arrythmia Database [37]. This database contains 48 half-hour excerpts of two-

channel ambulatory ECG recordings. The recordings were digitized at 360 samples

per second per channel with 11-bit resolution over a 10mV range. Two or more

cardiologists independently annotated each record; disagreements were resolved to

obtain the computer-readable reference annotations for each beat included with

the database. Using the database, Bahoura et al. [4] reported a 0.29% false detection

rate (135 false positive beats and 184 false negative beats out of 109,809 beats),

showing the algorithms capability in detecting QRS complexes. Constant detection

parameters rather than adaptive ones were used, and this produced a 1.49% false

detection rate using the same database (408 false positive beats and 709

false negative beats out of 75,010 healthy beats).

2 In hard real time no corrections are allowed to be performed to the past data after the operation

deadline expires.
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With this method, QRS-T-P waves were detected in real time for the collected

56 s ECG data3 with 100% QRS complex and T wave detection rates, and 97.3%

P wave detection rate. Detected signals were used to estimate the Reference Signal

as described in Sect. 22.1.6.3 (Fig. 22.5).

22.1.6.3 Reference Signal Estimation Using Biological Signals

Although the position offset between the previous and current beating cycles can be

eliminated gradually using the technique given in Sect. 22.1.6.1, the error due to

changes in heartbeat period remains. Because heartbeat is a quasiperiodic motion

with small period variations in every beating cycle, these period changes could result

in large offsets in the estimated signal, and can cause jumps during the tracking.

As mentioned earlier in the Sect. 22.1.6.2, ECG signal is very suitable for period-

to-period synchronization. In this reference signal estimation scheme, rather than

using a constant heartbeat period, a variable period that was calculated using ECG

was used. QRS, P, and T waves were used as check points for detecting heartbeat

period. In Fig. 22.5, the block diagram for reference signal estimation using ECG is

illustrated.

3 The ECG signal employed in this research was collected with the analog data acquisition part of

the sonomicrometry system used. The ECG data were recorded simultaneously with the collection

of the heart motion data at the same sampling rate of 257Hz.
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Here, past heart position data were stored on the fly into a FIFO buffer which was

1,300 elements long (i.e. 650ms of data; also note that average heartbeat period is

about 500ms long). The most recently stored part of the heart position buffer, in the

length of updated heartbeat period using ECG, was used in the estimation.

The current heartbeat period was calculated by averaging the periods of the three

ECG wave forms. The period was updated continuously as new wave forms were

detected. If detection of any ECG wave form was missed, the period of the missed

signalwas doubled to compensate for themissing signal. Some upper and lower period

boundaries were imposed in order to eliminate any misses by the detection algorithm.

In Fig. 22.6 the estimated signals just before and after the detection of a new

wave form are shown. In Fig. 22.6b, observe that after the T wave was detected, the

past heartbeat period time mark was shifted back in time as a result of the increase

in the heartbeat period. In the example shown with Fig. 22.6a, b, RMS estimation

error for one heartbeat period ahead decreased from 0. 887mm to 0. 456mm after

the shift. With the use of ECG in ARMC algorithm, heartbeat period in the

estimation of reference signal can be adjusted online.
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ingly, Estimated Heart Signal was changed to adjust with the new period. RMS estimation error

was decreased from 0. 887mm to 0. 456mm with the shift (# IEEE 2007), reprinted with

permission
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22.1.6.4 Control Problem

Having the estimated trajectory of the next cycle in hand, the following control

problem arises: Tracking of heart motion where there is some knowledge of the

future motion. Then, this optimal tracking problem can be stated as follows.

Suppose the dynamics of the robotic surgical manipulator is given by an

n-dimensional linear system having state equations

x½k þ 1� ¼ Fx½k� þ Gu½k� (22.1)

y½k� ¼ Hx½k� : (22.2)

Here, if the dimensions ofF, G, and H are n �n, n �m and l �n respectively; then
x½k� 2 ℝn denotes the system state at time k where x[k0] is given for some time k0
such that k0� k; u½k� 2 ℝm denotes system control at time k; and the y½k� 2 ℝl

denotes the system output at time k where l entries of y are linearly independent, or

equivalently, the matrix H has rank l. Suppose we are also given an l-vector y
est
½k�

for all k in the range k
0
� k � k

0
+T for some times k0 and T. The optimal tracking

problem is then to find the optimal control u for the system (1)–(2), such that the

output y tracks the signal yest, minimizing the index (3)

J½k� ¼
Xk0þT

k¼k
0

ððx½k� � x
est
½k�ÞTQðx½k� � x

est
½k�Þ þ uT ½k�Ru½k�Þ (22.3)

x
est
¼ Ly

est
(22.4)

where Q is a non-negative definite symmetric matrix and R is a positive definite

symmetric matrix, and, L and Q are

L ¼ HTðHHTÞ�1
(22.5)

Q ¼ ðI� LHÞTQ1ðI� LHÞ þHTQ2H: (22.6)

where Q1 and Q2 are non-negative definite symmetric matrices.

22.1.6.5 Receding Horizon Model Predictive Control

Solution to the control problem given in Sect. 22.1.6.4 was derived in [5] using the

method given in [11]. An optimal tracking system can be derived using regulator

theory. Such controller consist of a standard optimal feedback regulator involving

the backwards solution of a Riccati equation, and an external signal (feedforward)

that results from the backwards solution of a linear differential equation. Unmea-

surable states can be replaced by state estimates, under observability of F and H.

The solution to the control problem is

538 Ö. Bebek and M.C. Çavuşoğlu



u½k� ¼ �ðGTS½k þ 1�Gþ RÞ
�1

GT ðS½k þ 1�Fx½k� þM½k þ 1�Þ (22.7)

where S and M are given by the iterative equations

S½k� ¼ FTðS½k þ 1� � S½k þ 1�GðGTS½k þ 1�Gþ RÞ�1
GTS½k þ 1�ÞFþQ (22.8)

M½k� ¼ ðFT þKT ½k�GTÞM½k þ 1� �QLyest½k� (22.9)

and K is

K½k� ¼ �ðGTS½k þ 1�Gþ RÞ
�1

GTS½k þ 1�F (22.10)

The resulting control algorithm is composed of feedback and feedforward parts

which are identified, respectively, as follows:

u
fb
½k� ¼ �ðGTS½k þ 1�Gþ RÞ

�1

GT S½k þ 1�Fx½k� (22.11)

u
ff
½k� ¼ �ðGTS½k þ 1�Gþ RÞ

�1

GT M½k þ 1� (22.12)

such that

u½k� ¼ u
fb
½k� þ u

ff
½k� (22.13)

Parameters S and M are calculated iteratively backwards with final conditions S

[T]¼Q and M[T]¼ 0. The iterations are carried out for horizon, T, times. Every

iteration corresponds to one control cycle set of gains. In effect, calculating T
iterations is like calculating time varying gains up to T steps ahead even though

only the gain for the current time is used. This type of control is also known as

Receding Horizon Control [11], and in this framework, we call the control defined in

(7) as the Receding Horizon Model Predictive Control (RHMPC). With every new

control cycle, a new point on the desired signal is used and an old point is dropped in

the gain calculation. The calculation is then repeated at every control cycle. The

prediction horizon recedes as time progresses such that the furthermost point ahead

of the horizon is considered to be moving one step for every control cycle.

22.1.6.6 Simulation and Experimental Results

Simulations and experiments were carried out for the estimation algorithms with

RHMPCs as presented in the previous section.

In order to find a baseline performance of the estimation algorithms, a RHMPC

with known future reference signal was also tested. Knowing the future reference

signal for the RHMPC algorithm provides close to perfect tracking. However, using

the future reference signal in heart tracking is not feasible as this makes the

algorithm acasual. In this case, it was used to show the base line performance.
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This RHMPC can handle time-varying systems and weighting matrices. For the

applications used herein, constant weighting matrices, Q1,Q2, and R, and a constant

horizon value, T, were used along with constant state-space models. The only true

time-varying gain matrix within the algorithm wasM, which was calculated from the

heartbeat data. As a result, feedforward control term (12) was time-varying, and M

was calculated iteratively on the fly every control cycle.

Feedback term (11) was not dependent on any time-varying values. Consequently,

calculated gains were constant for a given horizon. Once the horizon value was set,

there was no need to calculate the feedback gains in every control cycle.

Although, using the past heart cycle as an estimate of future reference signals

would cause large errors in extended estimates, it was not a deterministic issue in

this approach, since the horizon used in the RHMPC algorithm (25ms) was

relatively short compared to the heartbeat period (� 500ms).

The robot was made to follow the combined motion of heartbeat and breathing as

described in Sect. 22.1.4. Separating the respiratory motion enabled better heart

motion estimation. In terms of control performance, controlling the respiratory

motion separately did not affect the heart tracking accuracy when the results of

the combined motion tracking were compared with the pure heartbeat motion

tracking results. This validates our earlier observation that heartbeat motion track-

ing will be the bottleneck in motion tracking and the breathing motion can be easily

tracked using a pure feedback controller.

22.1.6.7 Test Bed System

In order to develop and test the algorithms, a hardware test bed system, PHANToM

Premium 1.5A, was used and modeled. For detailed derivation of the mathematical

modeling of the PHANToM robot, see [12]. The PHANToM robot possesses

characteristics similar to an actual surgery robot. Its lightweight links, low inertia

design and low friction actuation system allows sufficient motion and speed

abilities for tracking the heartbeat signal. In the experimental setup, the control

algorithms were executed on a PC equipped with a 2.33GHz Dual-Core Intel Xeon

5140 processor running MATLAB xPC Target v3.3 real-time kernel with a

sampling time of 0.5ms.

22.1.6.8 Experimental Results

In both simulations and experiments, the same methods and reference data were

used. Some slight differences in parameters were observed due to the mathematical

modeling of the robot. To validate the algorithms effectiveness, first 10 s of the

56-s long data was used to tune the control parameters. Then, the experiments were

carried out using the same prerecorded 56-s long heart motion data. The robot was

made to follow the combined motion of heartbeat and breathing. The system was

run using prerecorded data points in place of online measurements.
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Matrix weighting parameters of the optimal index were tuned to minimize RMS

tracking error. Parameters were selected in order to accentuate the states and hence

regulate more quickly, with higher control efforts. Tuning was performed to avoid

the high frequency resonances so that no vibration would be reflected to the

structure.

For each case, experiments on PHANToM robot were repeated ten times. The

reported RMS errors are calculated from the difference between the prerecorded

target points and the actual end effector positions. It was noted that the deviations

between the trials are very small. Among these results, the maximum values for the

End-effector RMS and Maximum Position Errors in 3D and RMS Control Effort are
summarized in Table 22.1 to project the worst cases.

It is believed that the maximum error values are affected from the noise in the

data collected by sonomicrometric sensor. Although high-frequency parts of the

raw data were filtered out, relatively low “high frequency” components stayed

intact. It is unlikely that the POI on the heart is capable of moving 5mm in a few

milliseconds. The measured data has velocity peaks that are over 13 times faster

than the maximum LAD velocity measurements reported by Shechter et al. [43].

Heavy filtering should have been performed to delete the high frequency motions,

but they were kept, as currently we do not have an independent set of sensor

measurements (such as from a vision sensor) that would validate this conjecture.

This also gives a conservative measurement of the performance of the system.

22.1.6.9 Discussion of the Results

If we compare the results of the algorithms with each other, as expected, the

RHMPC with Reference Signal Estimation Using Biological Signals algorithm

outperformed the RHMPC with Reference Signal Estimation algorithm. Results

proved that by using ECG signal in the motion estimation, heart position tracking

was not only improved but also became more robust. The system was more

Table 22.1 End-effector simulation and experimental results

RMS (Max) Position error

[mm]

RMS control effort

[Nmm]

End-effector tracking results Simulation PHANToM Simulation PHANToM

Receding horizon MPC with exact

reference information

0.295 (1.732) 0.277 (2.066) 14.8 46.9

Receding horizon MPC with reference

signal estimation

0.726 (3.826) 0.906 (5.958) 17.6 66.5

Receding horizon MPC with reference

signal estimation using ECG

0.533 (3.066) 0.682 (4.921) 16.3 55.9

Summary of the end-effector RMS position error, max position error (in parenthesis) and RMS

control effort values for the control algorithms used with 56-s data. Heartbeat and breathing

motions were filtered offline. Some of theexperimental results are underlined to point out the effect

of biological signal onthe estimation.
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responsive to sudden changes in the heart motion with the addition of ECG signal,

accordingly the variance of the error distribution decreased by half. One-way

ANOVA was used to test the statistical significance of the results and they were

found to be significantly different (F(1, 38)¼ 6809, p< 0. 001).

22.1.7 Adaptive Filtering-Based Motion Predictor

In this section, a heart motion prediction method based on adaptive filter techniques

is studied. A recursive least squares based adaptive filter algorithm used to param-

eterize a linear system to predict the heart motion [17].

A new prediction technique using adaptive filters is designed and used in the

controller described in Sect. 22.1.6. Since the new linear predictor is parameterized

by a least squares algorithm, the predictor is inherently robust to noise. The

predictor only uses observations close to and including the present making it less

susceptible to differences between heart periods than the algorithm of 22.1.6.1.

Where as Ginhoux et al. [21] formulated prediction for periodic POI motion, no

assumptions are made towards periodicity of the system a priori, rather the predic-

tor is unconstrained so that it can best mimic the motion of the POI.

Fundamentally, the predictor is a mapping from the samples in its memory to the

best estimate of the next observation. The estimate for the next value is such to

minimize the error between the prediction and the actual position of the POI as it

will appear in the future. An Mth order predictor has memory of the past M� 1

observations as well as having access to the current observation. It uses these M
observations to generate the next expected observation. To generate the observation

after that one, what was just estimated is treated as if it were actually observed and

is added to the set of observations. The next observation predicted from this set is

the next value in the prediction horizon. Proceeding inductively by this method, any

number of future estimates can be made, stopping when all the predictions for the

horizon have been made.

In order to generate predictions in this way, the one step prediction function must

be known. Abstractly, the motion of the POI is represented as a continuous time

dynamic system. An analogous discrete system must be created for estimation.

However, the state space of the heart is not known – not even its dimension.

To simplify prediction, the heart model must use a finite, and rather low order,

state vector. The discrete transition function maps from the approximate model’s

state space onto the same space. The transition function for the discrete,

approximate model is, in general, nonlinear. As is, this would be very difficult to

parameterize; so the transition function will be assumed to be linear. This assump-

tion is justified by the nature of the signal that is being predicted.

The adaptive predictor consists of two principle parts: a linear filter and an

adaption algorithm. The input-output relation of the adaptive filter is determined by

the linear filter. Prediction error is used to update the filter weights and therefore

prediction error is minimized adaptively.
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If the adaptive algorithm is able to forget the past, just as it was able to converge

to a stationary signal, it can track a signal with changing statistics [23]. In the

special case that the statistics change slowly relative to the algorithm’s ability to

adapt, then the filter can track the ideal time-varying solution. Further, if the

statistics change slowly relative to the length of the prediction horizon as well as

the length of the state vector, then the adaptive filter can be considered to be locally

linear time-invariant. The two afore mentioned conditions are the case with model-

ing the heart motion during most normal situations.

Recursive least square is the adaptive algorithm used to update the filter weights.

The adaption algorithm uses an exponential window to weight past observations so

that more recent observations carry more weight. Due to the exponential window-

ing, the adaptive predictor is able to track the heart signal even if the statistics of the

heart signal change slowly with time.

22.1.7.1 Simulation and Experimental Results

The controller described in Sect. 22.1.6 was modified to include the new prediction

algorithm, and the proposed algorithm was tested on the 3-DOF robotic test bed

using the same experimental procedure given in Sect. 22.1.6.8.

As can be seen from Table 22.2, in the simulation the estimator out performed

the exact heart signal. This is likely due a combination of two factors. First, the

simulation model is a linearized, reduced order model of the actual hardware.

Second, the estimator has a robustness characteristic that makes its output less

noisy than the actual heart data. The combination of these two factors yields good

results in the linear case. However, when the experiment is performed on the

hardware, the effects of the nonlinearities are seen when the performance of the

estimator-driven controller decreases. It should be noted that though the simulation

provides valuable insight to the effectiveness of the controller, it is the experimental

trials that are the best indicator of performance.

Table 22.2 End-effector simulation and experimental results

End-effector tracking results

RMS position error

[mm]

RMS control effort

[Nmm]

Simulation PHANToM Simulation PHANToM

Receding horizon MPC with exact

reference information

0.283 0.287 14.9 48.4

Receding horizon MPC with one step

adaptive filter estimation

0.258 0.499 15.4 54.5

Summary of the end-effector RMS position error and RMS control effort values forthe control

algorithms used with 56-s data.
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22.1.8 Generalization of the Adaptive Filtering-Based Motion
PredictionMethod

In this section, we will discuss a generalized adaptive filter to further improve

the prediction by using parameterized linear predictors for points throughout the

prediction horizon independently [18].

The generalized method does not assume that the horizon can be generated

through recursive implementation of a one-step predictor; instead, estimators for

samples throughout the horizon are independently parameterized. In this way, there

is no presumed linear dynamics governing the POI motion, in contrast to the

recursive application of a one-step predictor which is a linear time-invariant

model. A predictor that has horizon estimates related by a linear system is a special

case of a model which presumes no such dependencies and therefore the former

predictor is more general.

In the recursive least squares estimation scheme (details were given in

Sect. 22.1.7), two assumptions were made. First, predictor is linear and therefore

can be represented by matrix multiplication. Second, that estimates further in the

prediction horizon can be generated by recursively applying the single step predic-

tor. In order to have an online, adaptive method for determining predictor, the

recursive least squares (RLS) algorithm was employed. The updating of predictor

was done through an adaptive filter which used the collection of observations from

the previous sample as input and the current observation as the desired output [23].

The estimator is able to adapt to slowly changing heart behavior since it is updated

at every time step.

The linear one step predictor method approximates the heart dynamics as being a

linear discrete time system and leads to sub-ideal predictions, as the POI motion has

nonlinear dynamics. However the assumption of a linear system relation between

consecutive time samples is abandoned in the generalized prediction method.

Instead, a linear estimator for each point in the horizon is independently estimated.

With this generalization, nonlinear dynamics throughout the prediction horizon can

be better predicted.

22.1.8.1 Simulation and Experimental Results

The proposed estimation algorithm was tested on the same PHANToM Premium

1.5A haptic device, which is a 3-DOF robotic test-bed system. The controller from

Sect. 22.1.6 was modified to include the new prediction algorithm. The same

experimental procedure given in Sect. 22.1.6.8 was used to test the algorithm.

The end-effector RMS position errors in millimeters along with maximum end-

effector position errors are reported in Table 22.3. The three axes mean of the RMS

control efforts are also tabulated. Tracking results with the generalized adaptive

filter estimation is shown in Fig. 22.7. In the figure magnitude of the end effector

position error superimposed with the reference signal for the x-axis is shown.
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As explained in Sect. 22.1.6.8, the maximum error values are affected from

the noise in the data collected by Sonomicrometry sensor as it is unlikely that the

POI on the heart is capable of moving 5mm in a few milliseconds. The data has

been kept as-is without applying any filtering to eliminate these jumps in the

sensor measurement data as currently we do not have an independent set of sensor

measurements (such as from a vision sensor) that would confirm this conjecture.

As can be seen from Table 22.3, in the simulation the estimator and the exact

heart signal performed almost equally. The maximum error and control effort were

slightly smaller with the estimated horizon. In the experiments, the controller with

estimator outperformed the controller with exact heart signal reference. The maxi-

mum error and control effort were also slightly smaller, similar to the simulation

results. However, the control effort of the new predictor was slightly larger in the

hardware trials, indicating that though the tracking performance increased, it did so

at a tradeoff.

Ginhoux et al. [21] used motion canceling through prediction of future heart

motion using high-speed visual servoing with a model predictive controller.

Their results indicated a tracking error variance on the order of 6–7 pixels (approx-

imately 1.5–1.75mm calculated from the 40 pixel/cm resolution reported in [21]) in

each direction of a 3-DOF tracking task. Although it yielded better results than

earlier studies using vision systems, the error was still very large to perform heart

surgery.

Bebek et al. used the past heartbeat cycle motion data, synchronized with the

ECG data, in their estimation algorithms. They achieved 0.682mm RMS end-

effector position error on a 3-DOF robotic test-bed system [6].

Franke et al. used a recursive least squares based adaptive filter algorithm for

parameterizing a linear system to predict the heart motion. The predictor was used

with the model predictive controller presented by Bebek et al. [6]. They reported

0.449mm RMS end-effector position tracking results in [17].

The generalized predictor proposed in this paper represent the best results

reported in the literature. These results show that the model predictive controller

with the proposed generalized estimator and the exact reference data performed

equally well, which indicates that the main cause of error is no longer the prediction

but the performance limitations of the robot and controller. It is important to note

that the results also need to be validated in vivo, which was the case in [21].

Table 22.3 End-effector simulation and experimental results

End-effector tracking results

RMS (Max) position error [mm] RMS control effort [Nmm]

Simulation PHANToM Simulation PHANToM

Receding horizon MPC with

exact reference information

0.295 (1.732) 0.312 (1.993) 14.8 45.2

Receding horizon MPC with

generalized adaptive filter

estimation

0.295 (1.680) 0.305 (1.813) 14.6 45.6

Summary of the end-effector RMS position error, max position error and RMScontrol effort values

for the control algorithms used with 56-s heart motiondata.
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22.2 Sensing Systems

In this section of the chapter, we will present the design of a whisker-like

three-dimensional7 position sensor [7]. This flexible, high precision, high band-

width contact sensor designed to measure biological motion of soft tissue has

low stiffness and prevents damage on the tissue during its contact. Two different

designs, one for measuring large displacements, the other for small displace-

ments will be described.

22.2.1 Whisker Sensor Design

The scope of this work is to create a miniature whisker sensor to measure the

position of point of interest on the tissue or skin during medical interventions.

Physically a whisker sensor is a long thin, and flexible extension used to detect the

surrounding objects as well as their position, orientation and profiles. Design

limitations include size constraints to make the tool usable in minimally invasive

operations. A typical heartbeat motion is in the order of 1–2Hz with 12mm

maximum peak displacement [6]. The resolution of the sensor needs to be in the

range of 50 mm in order to track the beating heart using the control algorithm

described in Sect. 22.1.6.

Two whisker sensor designs are proposed to be used in two different scenarios.

Design 1 employs a linear position sensor connected to two flexible cantilever

beams that are attached orthogonally with a ridged joint. The one dimensional

linear motion along the normal dimension of the tip is measured with the linear

position sensor and the two dimensional lateral motion of the tip is measured with

strain gauge sensors placed on the beams by separating the motion into its two

orthogonal components (Fig. 22.8). These kind of beam designs are used in flexure

joint mechanisms [29]. The design shown in Fig. 22.8 can be attached to the robotic

manipulator base to provide continuous contact. Even though the surgical tools are

not in close proximity to the heart the sensor is capable of measuring the biological

motion. The operation range of the sensor is adjusted to fit the heart motion, 12mm

peak to peak max displacement [13].

Design 2 employs a cross shaped flexible structure at the back of the linear

sensor, which allows the lateral motion on the tip to be measured by the strain in the

legs of the cross structure (Fig. 22.9). A similar cross-shaped structure design was

used by Berkelman [8] to measure force/torque values of the sensor tip. One major

difference is the higher stiffness of their design, which was intended for force

sensing. In the second design, a smaller linear position sensor with a spring loaded

coil is used, since a smaller operation range of 5mm in each direction is aimed.

Cross shaped whisker sensor design is manufactured in relatively smaller

dimensions and it is planned to be used with the system in a slightly different

way as a result of its smaller size. The sensor will be attached to the surgical tool to
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measure the displacement between heart and surgical tools. The spring coiled

position sensor will provide continuous contact with the tissue and give measure-

ments with respect to the whisker base. The position of the point of interest will be

estimated by the combination of the robot kinematics and the sensor measurements.

This will bring more dexterity to the system, since the sensor base moves with the

surgical tool.

Both of the proposed whisker sensor designs use a one axis linear position

sensing element (i.e., a Linear Variable Displacement Transducer) and a two axes

flexure strain gauge position sensor. The reason for using linear position sensors to

Position Sensor

Strain Gauges

Fig. 22.9 Whisker Sensor Design 2. Left: One linear position sensor and a cross ( �) shaped

flexible structure with strain gauges are used to measure the three-dimensional position of the

sensor tip. Right: Sensor is attached to the robot arm to measure the displacement between the

heart and the surgical tools (# IEEE 2008), reprinted with permission

Position Sensor

Strain Gauges

Fig. 22.8 Whisker Sensor Design 1. Left: One linear position sensor and two orthogonally placed
flexure beams with strain gauges are used to measure the three-dimensional position of the sensor

tip. Right: Sensor is attached to the manipulator base to provide continuous contact even when the

surgical tools are not in close proximity, and to measure the heart position (# IEEE 2008),

reprinted with permission
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measure the motion in the normal direction of the sensor is to provide low stiffness.

The positions in the lateral axes are to be measured with strain gauges attached to

flexure beams. As mentioned earlier, similar geometrical designs are used in

flexural joint mechanism designs [29]. Flexural joints are preferred because of the

absence of friction and backlash. A drawback of the flexural elements is their

limited deflection, which needs to be considered during the design.

Note that, due to the constraints of minimally invasive surgery, both of these

designs will to be fitted inside a narrow cylindrical volume. The sensor design

shown in Fig. 22.8 is relatively bigger in size with respect the one shown in

Fig. 22.9 since the linear transducer needs to support the flexure beams holding

the strain sensors. This necessity for support requires a structurally stronger there-

fore bigger linear sensor. However, smaller linear sensors can be used in the design

shown in Fig. 22.9.

The estimated ideal resolution of the sensors can be calculated using mechanics of

the flexure beams and the resolution of the DAC system. The calculated

resolution of theDesign 1 is (x, y, z)¼ (10. 1, 4. 7, 5. 7)mm. The resolution difference
in the x and y axes are due to the relative placement of the strain gauges to sensor tip

and the length of flexures. Resolution of Design 2 is (x, y, z)¼ (0. 9, 0. 9, 4. 5) mm,
note that resolution of x and y axes are same due to symmetry of the design. This

resolution estimate is valid for the ideal case and does not include the effects of noise

and unmodeled nonlinear effects.

Fig. 22.10 Top – Whisker Sensor Design 1 prototype is shown. Overall length of the sensor when

the linear stage is fully retracted and extended are 213 and 239mm, respectively. Its largest diameter

is 12.5mm. Bottom Left – Whisker Sensor Design 2 is shown. Overall length of the sensor when the

linear stage is uncoiled is 60.0mm. Its largest diameter is 15.3mm. Bottom Right – Flexure part of

the Design 2 shown next to a cent. (# IEEE 2008), reprinted with permission
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22.2.2 Whisker Sensor Prototypes

The prototypes of the designs are shown in Fig. 22.10. Design 1 can be attached to a

robotic manipulator base to provide continuous contact. Even though the surgical

tools are not in close proximity to the heart, this sensor is capable of measuring

the biological motion. The operation range of the sensor is adjusted to fit the heart

motion, which is 12mm peak to peak max displacement. Design 2 has a smaller

operation range of 5mm in each direction. The sensor is manufactured in relatively

smaller dimensions. This sensor will be attached to the surgical tool to measure the

displacement between heart and surgical tools. The spring coiled position sensor

will provide continuous contact with the tissue and give measurements with respect

to the whisker base. This will bring more dexterity to the system. The manufactured

prototypes showed that the use of proposed whisker sensors are promising and able

to effectively measure dynamic motion at a bandwidth of 10 Hz.

22.3 Design of Novel Actuators

We developed a millirobotic gripper with integrated actuation for minimal invasive

surgery [26, 24, 27]. The diameter and length of the tool is restricted in order

to give maneuverability to the minimally invasive robots and to crate less damage to

the tissue during the incision. The design is aimed to have a high gripping force and

small dimensions than existing designs. In this section working details of the

millirobotic gripper will be given.

22.3.1 End Effectors in Minimally Invasive Surgery

Commercially available telemanipulation systems, that are currently in use for

minimally invasive surgery (MIS), are designed in such a way that the actuators

are placed outside the human body to enable high gripping forces at the end

effectors while maintaining small instrument sizes. Due to the present actuator

technologies available for the end effector and power transmission for orienting the

end effector, it is difficult to design a multi DOF wrist for orienting the end effector

of a small diameter (e.g. 5mm) robotic instrument for MIS [44].

If the robot has a multi DOF wrist then the number of DOF for the end effector

can be increased, which allows the surgeon to perform the surgery with more

dexterity. A conflicting objective is to reduce the diameter of the multi DOF robotic

surgical instruments to allow their use in variety of applications, including mini-

mally invasive pediatric, neonatal and fetal surgery.

If we can integrate a local actuating system with the end effector itself, this

would simplify the wrist design, facilitating construction of wrists with higher DOF

at smaller diameters, as we can eliminate the transmission of the mechanical power
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through the wrist to the end effector. Developing a device for local actuation is

therefore an important enabling technology for designing new tools for MIS.

22.3.2 Design of the Hybrid Actuator

Developed novel hybrid actuator is driven by a miniature brushless DC motor and

shape memory alloy (SMA) actuator. The two stages of the hybrid actuator are

connected in series, and it works as a two-phase actuator. Hybrid design is used to

overcome the present limitations of current MIS tools. The hybrid actuator is used

to actuate a 5-mm diameter endoscopic needle driver (adapted from a manual

endoscopic needle driver manufactured by Ethicon Endo-Surgery, Inc.) that will

be used as an end-effector in a robotic telesurgical system for minimally-invasive

cardiothoracic surgery. The built actuator, shown in Fig. 22.11, is 5.14mm in

diameter (including the casing) and 40mm in length and is used to actuate 20mm

long needle driver assembly, while generating a force of 24N, resulting in a gripping

force of 8N. The total stroke length of the actuator is 1mm, which results in a 45 ∘

opening of the needle driver jaw with a gap of 8mm in between the jaws.

Fig. 22.11 The second generation design prototype. Top – Photograph of the prototype.Middle –
CAD model of the design. Bottom – CAD model of the assembly of SMA actuator and the needle

driver (# IEEE 2007), reprinted with permission
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22.3.3 Operation of the Hybrid Actuator

Opening action of the gripper jaws: First the DC motor is actuated. The total time

taken by the DC motor to close the gripper is 0.4 s. After the gripper closes, the

SMA actuator is actuated by switching an electro mechanical relay. The SMA

actuator is actuated while the gripper needs to hold the needle. The amount of

gripping force applied on a needle located at approximately 7.5mm (3/4 of the jaw

length) from the gripper joint is 8N.

Closing action of the gripper jaws: The DC motor is not actuated immediately

after switching OFF the SMA actuator. It is rather actuated after a time delay of 1 s.

The time delay is necessary to make sure that the SMA actuator has relaxed and is

not applying a high axial force on the linear actuator. At the end, the DC motor is

actuated to open the gripper jaws.

The total time required for one complete cycle excluding the duration while

holding the needle is 1.8 s. This cycle time includes the time required for cooling

down of the SMA. A video of the tests of the system is available for view at [25].

22.4 Conclusions and Future Work

In this final section of the chapter, we will outline the development progress of the

overall system and the future technologies that will be required. We will explain the

proposed system design to perform off-pump coronary artery bypass graft surgery.

This chapter provides a review of our research towards developing robotic tools

for off-pump CABG surgery. In Sect. 22.1.6.3, the use of biological signals in the

model-based intelligent Active Relative Motion Canceling (ARMC) algorithm to

achieve better motion canceling was presented. In order to reduce the tracking error

resulting from heart rate variations, ECG wave forms were detected and used to

adjust heartbeat period during the tracking.

The estimation algorithms were implemented and tested on a realistic 3 degrees-

of-freedom robotic test-bed system, with root-mean-square tracking errors

(305 mm) more than 5.5 times better than the best results reported in the literature.

Experimental results showed that using ECG signal in ARMC algorithm

improved the reference signal estimation. It is important to note that, for patients

with severe rhythm abnormalities, the detection of the ECG waveforms present a

challenge for the proposed method. Biological signals other than ECG that can be

used to assist the tracking of heart motion include aortic, atrial and ventricular

blood pressures. Similar to the ECG signal, these blood pressures are significant

indicators of the heart motion as they can be used to predict when the heart valves

will be opening and closing, which in turn helps us determine the distinct phases of

the heart cycle. The blood pressure signals also give additional independent infor-

mation, which can be used in conjunction with ECG signal to improve noise

robustness and to reliably detect unexpected rhythm abnormalities and arrhythmias,

which will be a challenging part for the realization of the ARMC algorithm.

552 Ö. Bebek and M.C. Çavuşoğlu



In this study we used position data from a sonomicrometer. An important part of

this robotic system is the development of sensing systems that will be appropriate to

use in a tight control loop for active tracking of the heart. These sensing compo-

nents will track the heart motion, monitor biological signals, and provide force

feedback. Multi sensor fusion with complementary and redundant sensors will be

used for superior performance and safety. The whisker sensor introduced here is a

high sensitivity contact sensor. The advantage of whisker sensor is that it will

directly give the relative motion of the heart with respect to the robotic manipulator.

Merging the sensor data from multiple position sources would increase the accu-

racy of motion detection and improve tracking results. Complementary sensors that

are planned to be used to collect heart motion data include sonomicrometric

sensors, whisker sensors, a multi-camera vision system and inertial sensors. Also

in addition to whisker sensors, adding more mechanical sensors that measure heart

motion would improve the measurement precision.

In Sect. 22.3, we presented a novel millirobotic gripper with integrated actua-

tion. Designing and prototyping of milli- and micro-scale dexterous robotic instru-

ments are necessary to perform minimally invasive coronary artery surgery (also

called limited access coronary artery surgery). Development of these capable tools

would enhance the quality of the operations by shortening the operation times and

reduce the restrictions faced during the robotic-assisted interventions.

Our future work includes the development of intelligent control algorithms for

model based ARMC using additional biological signals in estimation of heart motion.

Biological signals are significant indicators of the heart motion and they give additional

independent information of the heart behavior. Therefore, they can be used to improve

noise robustness. We will also design and build prototypes of milli- and micro-scale

dexterous robotic instruments and sensors to be used in the slave manipulator.

Fig. 22.12 Illustration of robotic assisted off-pump coronary artery bypass graft surgery. Left:
Antero-lateral approach. Patient positioned in supine position. Right: Postero-lateral surgical

approach. Patient placed in a full left posterolateral thoracotomy position

22 Towards the Development of a Robotic System for Beating Heart Surgery 553



Proposed robotic platform for off-pump CABGwill have table top mount 6-DOF

robotic arms at the patient side for interventions (see Fig. 22.12). The slave manip-

ulators will have two main stages: A 3-DOF, high bandwidth, lightweight, small

footprint macro stage that will accomplish the active relative motion cancellation

during off-pump CABG surgery; and a micro stage with 3 DOF wrist with

integrated micro-sensing and actuation. This robotic system will integrate the

already developed millirobotic gripper and sensing systems. With the integrated

actuation, the system will allow the surgeon to perform the surgery with more

dexterity.
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http://www.cdc.gov/nchs/fastats/heart.htm
http://www.americanheart.org
http://rave.ohiolink.edu/etdc/view?acc&lbrace;&bsol;%&rbrace;5Fnum=case1201289393
http://rave.ohiolink.edu/etdc/view?acc&lbrace;&bsol;%&rbrace;5Fnum=case1201289393


Image Computing and Computer-Assisted Intervention (MICCAI), vol. 2, pp. 551–558. Palm

Springs, USA (2005)

15. Duindam, V., Sastry, S.: Geometric motion estimation and control for robotic-assisted beat-

ing-heart surgery. In: Proc. IEEE/RSJ Int. Conf. Intell. Robot. Sys. (IROS), pp. 871–876. San

Diego, CA, USA (2007)

16. Falk, V.: Manual control and tracking-a human factor analysis relevant for beating heart

surgery. Ann. Thorac. Surg. 74, 624–628 (2002)

17. Franke, T., Bebek, O., Cavusoglu, M.C.: Improved prediction of heart motion using an

adaptive filter for robot assisted beating heart surgery. In: Proc. IEEE/RSJ Int. Conf. Intell.

Robot. Sys. (IROS), pp. 509–515. San Diego, CA, USA (2007)

18. Franke, T., Bebek, O., Cavusoglu, M.C.: Prediction of heartbeat motion with a generalized

adaptive filter. In: Proc. Int. Conf. Robot. Autom. (ICRA), pp. 2916–2921. Pasadena, CA,

USA (2008)

19. Garcia, C.E., Prett, D.M., Morari, M.: Model predictive control: Theory and practice-a survey.

Automatica 25(3), 335–348 (1989)

20. Gilhuly, T.J., Salcudean, S.E., Lichtenstein, S.V.: Evaluating optical stabilization of the

beating heart. IEEE Eng. Med. Biol. Mag. 22(4), 133–140 (2003)

21. Ginhoux, R., Gangloff, J.A., DeMathelin, M.F., Soler, L., Leroy, J., Sanchez, M.M.A.,

Marescaux, J.: Active filtering of physiological motion in robotized surgery using predictive

control. IEEE Trans. Robot. 21(1), 67–79 (2005)

22. Groeger, M., Ortmaier, T., Sepp, W., Hirzinger, G.: Tracking local motion on the beating

heart. In: Proc. of the SPIE Medical Imaging Conference, vol. 4681 of SPIE, pp. 233–241. San

Diego, CA, USA (2002)

23. Haykin, S.: Adaptive Filter Theory, 4th edn. Prentice Hall, New Jersey (2001)

24. Kode, V.R.C.: Design and characterization of a novel hybrid actuator using shape memory

alloy and D.C. motor for minimally invasive surgery applications. M.S. thesis, Case Western

Reserve University, Cleveland, OH, USA (2006)

25. Kode, V.R.C., Cavusoglu, M.C.: Millirobotic tools for minimal invasive surgery: Video of

hybrid gripper tests. Video (2006). URL http://robotics.case.edu/research.html#medicalrobotics

26. Kode, V.R.C., Cavusoglu, M.C.: Design and characterization of a novel hybrid actuator using

shape memory alloy and dc micro-motor for minimally invasive surgery applications. IEEE/

ASME Trans. Mech. 12(4), 455–464 (2007)

27. Kode, V.R.C., Cavusoglu, M.C., Tabib-Azar, M.: Design and characterization of a novel

hybrid actuator using shape memory alloy and DC motor for minimally invasive surgery

applications. In: In Proc. IEEE Int. Conf. Mech. Autom. (ICMA), pp. 416–420. Niagara Falls,

Ontario, Canada (2005)

28. Koransky, M.L., Tavana, M.L., Yamaguchi, A., Robbins, R.: Quantification of mechanical

stabilization for the performance of offpump coronary artery surgery. In: Proc. of the Meeting

of the International Society for Minimally Invasive Cardiac Surgery (ISMICS). Munich,

Germany (2001). (Abstract)

29. Koster, M.P.: Flexural joints in mechanisms. In: Proceedings of the ASME Dynamic Systems

and Control Division, vol. 2, pp. 855–859 (2000)

30. Madhani, A.J., Niemeyer, G., Salisbury, J.K.: The black falcon: a teleoperated surgical

instrument for minimally invasive surgery. In: Proc. IEEE/RSJ Int. Conf. Intell. Robot. Sys.

(IROS), vol. 2, pp. 936–944. Victoria, BC, Canada (1998)

31. Malmivuo, J., Plonsey, R.: Bioelectromagnetism - Principles and Applications of Bioelectric

and Biomagnetic Fields. Oxford University Press, New York (1995)

32. Mark B. Ratcliffe, M.: Personal Communication Chief of Surgery, San Francisco VAMedical

Center, Professor in Residence

33. Nakamura, Y., Kishi, K., Kawakami, H.: Heartbeat synchronization for robotic cardiac

surgery. In: Proc. Int. Conf. Robot. Autom. (ICRA), vol. 2, pp. 2014–2019. Seoul, Korea

(2001)

22 Towards the Development of a Robotic System for Beating Heart Surgery 555

http://robotics.case.edu/research.html&bsol;#medicalrobotics


34. Newman, M.F., Kirchner, J.L., Phillips-Bute, B., Gaver, V., Grocott, H., Jones, R.H., et al.:

Longitudinal assessment of neurocognitive function after coronary-artery bypass surgery.

N. Engl. J. Med. 344(6), 395–402 (2001)

35. Ortmaier, T.: Motion compensation in minimally invasive robotic surgery. Doctoral thesis,

Technical University of Munich, Germany (2003)

36. Ortmaier, T., Groeger, M., Boehm, D.H., Falk, V., Hirzinger, G.: Motion estimation in beating

heart surgery. IEEE Trans. Biomed. Eng. 52(10), 1729–1740 (2005)

37. PhysioNet: MIT-BIH Arrhythmia Database (1980). URL http://www.physionet.org/

physiobank/database/mitdb/

38. Puskas, J.D., Wright, C.E., Ronson, R.S., Brown, W.M., Gott, J.P., Guyton, R.A.: Off-pump

multi-vessel coronary bypass via sternotomy is safe and effective. Ann. Thorac. Surg. 66(3),

1068–1072 (1998)

39. Riviere, C., Thakral, A., Iordachita, I.I., Mitroi, G., Stoianovici, D.: Predicting respiratory

motion for active canceling during percutaneous needle insertion. In: Proc. Int. Conf. IEEE

EMBS (EMBC), pp. 3477–3480. Istanbul, Turkey (2001)

40. Rotella, J.: Predictive tracking of quasi periodic signals for active relative motion cancellation

in robotic assisted coronary artery bypass graft surgery. M.S. thesis, Case Western Reserve

University, Cleveland, OH, USA (2004)

41. Schweikard, A., Glosser, G., Bodduluri, M., Murphy, M., Adler, J.: Robotic motion compen-

sation for respiratory movement during radiosurgery. Comput. Aided Surg. 5(4), 263–77

(2000)

42. Sharma, K., Newman, W.S., Weinhous, M., Glosser, G., Macklis, R.: Experimental evaluation

of a robotic image-directed radiation therapy system. In: Proc. Int. Conf. Robot. Autom.

(ICRA), vol. 3, pp. 2913–2918. San Francisco, CA, USA (2000)

43. Shechter, G., Resar, J.R., McVeigh, E.R.: Displacement and velocity of the coronary arteries:

Cardiac and respiratory motion. IEEE Trans. Med. Imag. 25(3), 369–375 (2006)

44. Taylor, R.H., Stoianovici, D.: Medical robotics in computer integrated surgery. IEEE Trans.

Robot. Automat. 19(5), 765–781 (2003)

45. Thakral, A., Wallace, J., Tomlin, D., Seth, N., Thakor, N.V.: Surgical motion adaptive robotic

technology (S.M.A.R.T.): Taking the motion out of physiological motion. In: Proc. of 4th

International Conference on Medical Image Computing and Computer-Assisted Intervention

(MICCAI), pp. 317–325. Utrecht, The Netherlands (2001)

46. Trejos, A.L., Salcudean, S.E., Sassani, F., Lichtenstein, S.: On the feasibility of a moving

support for surgery on the beating heart. In: Proc. of Medical Image Computing and Computer-

Assisted Interventions (MICCAI), pp. 1088–1097. Cambridge, UK (1999)
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Chapter 23

Robotic Needle Steering: Design, Modeling,

Planning, and Image Guidance
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Sarthak Misra, and Allison M. Okamura

Abstract This chapter describes how advances in needle design, modeling,

planning, and image guidance make it possible to steer flexible needles from

outside the body to reach specified anatomical targets not accessible using tradi-

tional needle insertion methods. Steering can be achieved using a variety of

mechanisms, including tip-based steering, lateral manipulation, and applying forces

to the tissue as the needle is inserted. Models of these steering mechanisms can

predict needle trajectory based on steering commands, motivating new preoperative

path planning algorithms. These planning algorithms can be integrated with

emerging needle imaging technology to achieve intraoperative closed-loop guid-

ance and control of steerable needles.

23.1 Introduction

From biopsies to brachytherapy, needle-based interventions already comprise a

substantial fraction of minimally invasive medical procedures. The small diameter

of a needle enables it to access subsurface targets while inflicting minimal tissue

damage and, once in place, the needle’s lumen provides a conduit through which to

deliver a wide variety of therapies, such as drugs, radioactive seeds, and thermal

ablation. In addition to therapeutic delivery, needles are also commonly used for

diagnostic procedures, such as biopsy. As biosensors, manipulators, ablation tools,

and other “end-effector” technologies continue to get smaller, applications for

needle-based interventions will also expand. This chapter reviews the state-of-

the-art in steerable needle technologies, including device design, modeling, path

planning, and image-guided control.
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Targeting accuracy is crucial for needle-based procedures. For example, poor

placement during biopses leads to false negatives. Inaccurate seed placement

during brachytherapy destroys healthy instead of cancerous tissue, sometimes

with catastrophic outcomes [12]. Robotic needle placement under image guidance

promises to improve substantially targeting accuracy – and therefore clinical out-

comes – of such procedures. Toward this end, exciting progress has been made

engineering needle-placement robots for prostate biopsy and brachytherapy under a

variety of imaging modalities, including ultrasound [26], magnetic resonance

imaging [38, 64], and multi-imaging scenarios [47]. These robots represent a sub-

stantial advance for procedures that require multiple insertions, for example in

thermal tumor ablation, because dosimetry and target planning can be updated from

one insertion to the next based on intraoperative images. These general image-

guided needle aiming systems work in an iterative fashion in which intraoperative

imaging is used between insertions to update a plan of subsequent insertions (for

example to optimize dosimetry), leaving the physician in the loop to adjust the plan

and/or control the invasive (insertion) degree of freedom under image feedback.

These image-guided robotic systems are clinically viable and promise to sub-

stantially enhance targeting accuracy in needle-based interventions. However, to

date these systems require minimal tissue and needle deformation, and substantial

effort is committed to preventing such deformation [47] because unmodeled deflec-

tions of the needle or tissue during insertion, if not compensated, will lead to gross

targeting inaccuracy. Recently, needle steering researchers have begun taking the

next critical step of harnessing and amplifying such deformations as mechanisms

for steering a needle to a subsurface target; in this chapter we specifically focus on

these recent efforts to steer needles under image feedback once they are inside the

tissue using a wide variety of mechanisms, all of which involve deflecting the

needle, tissue, or both as depicted in Fig. 23.1.

Fig. 23.1 This chapter focuses on subsurface needle steering, wherein a computer-integrated

system can actively modify the trajectory through some combination of steering mechanisms. A

needle can be steered to a target using several different methods: generating forces at the needle tip

using an asymmetric tip [60, 70, 71], lateral manipulation [28], and pushing on the tissue to move

the target into the needle’s path [40]. A steerable cannula can be used to provide dexterity prior to

(and possibly during) insertion (cf. [62] and references therein)
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This chapter describes needle steering approaches in which needles are manipu-

lated from outside the tissue in order to change the path of the needle tip inside

tissue. Alternatively, active elements could be invoked to bend the needle once

inside tissue, but to our knowledge this approach has not been extensively studied

from a computer-integrated surgery perspective. The advantage of passive needle

steering approaches is that all the electromechanical mechanisms remain outside

the patient, enabling the use of thinner needles, larger actuators, and a clearer path

to clinical application.

Figure 23.2 shows the various computational and physical systems needed to

achieve robot-assisted needle steering, and provides a graphical outline for this chapter.

Section 23.2 provides a taxonomy of needle-steering mechanisms and robots, and

Sect. 23.3 reviews the models (both phenomenological and mechanics-based) that

describe these steering mechanisms. Sections 23.4 and 23.5 describe a rich variety of

robotic planning, imaging, and control literature that has emerged as a consequence of

these new technologies. Finally, concluding remarks are provided in Sect. 23.6.

23.2 Steering Approaches and Devices

This section reviews several methods for steering needles inside tissue (Fig. 23.1),

and describes example robotic devices that have been used to achieve needle

steering (Fig. 23.3). Ultimately, a combination of the needle steering approaches

described here – needle flexibility, bevel asymmetry and shape, pre-bent elements,

tissue manipulation, and needle base actuation – will likely lead to systems with

superior steering capability over any one method alone.

23.2.1 Tip-Steerable Needles

Conventional needles used in percutaneous therapy and biopsy can be classified as

symmetric (e.g. conical or triangular prismatic) or asymmetric (e.g. beveled), as

shown in Fig. 23.4. It has been shown that inserting needles with asymmetric tips

results in larger lateral (bending) forces than needles with symmetric tips [50].

These lateral bending forces result in deviation of the needle from a straight line

path, even if the tissue does not deform. Physicians often spin asymmetric-tipped

Fig. 23.2 A successful robotically controlled needle-steering system must be comprised of a

combination of computational algorithms and physical systems
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Fig. 23.3 Steering methods, example robotic devices, and example results from needle steering

systems in the literature, including Webster et al. [70], Reed et al. [60], Okazawa et al. [52],

Glozman et al. [28], and Mallapragada et al. [40]. All figures reprinted with permission
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needles by hand in order to reduce needle bending during insertion, and engineers

have developed devices to enhance this effect by “drilling” the needle to reduce

friction and cutting forces [74]. The use of symmetric-tip needles or drilling of

asymmetric-tip needles does not guarantee that a target can be reached. In both

cases, needles can deviate slightly from a straight-line path due to tissue deforma-

tion or inhomogeneity, with no way to correct for this error after insertion. Also,

these methods assume that there exists a straight-line path between the insertion

point of the needle and the target.

In contrast, some needle steering techniques intentionally use the asymmetry of

the needle tip to cause needle bending inside tissue. This can be used to enhance

targeting accuracy by redirecting the path of the needle when it deviates from a

desired trajectory. In addition, needle steering can allow a needle to go around

obstacles or sensitive tissues to acquire targets that are inaccessible by straight-line

paths. Physicians who perform targeted needle insertion currently use a number of

ad-hoc methods to approximate steering, such as rotating the bevel tip of a needle,

causing it to deflect slightly as inserted, or externally manipulating the tissue to

guide the needle in a desired direction. However, without computer assistance,

these manual needle steering techniques require the physician to have excellent

3D spatial reasoning, extensive experience, and precise coordination with high-

resolution real-time image feedback.

The simplest type of asymmetric tip is a bevel tip. Bevel-tip needles are common-

place because they are straightforward to manufacture and they can be used to

(slightly) direct the flow of therapeutic drugs. Bevel-tip needle steering arises from

a combination of needle insertion, which causes the needle naturally to follow a

curved path due to asymmetric tip forces (Fig. 23.1), and spinning the needle about

its axis, which changes the direction of subsequent bending [69]. The needle spin

speed can be “duty cycled” to vary the curvature of the needle path [41], although the

maximum curvature is always limited by the combined mechanical properties of the

needle and tissue. In addition, “airfoil” tips can be added to increase the area of a

bevel tip and increase the curvature of the needle path [25]. It is important to note that

needles steered in this fashion can only steer when cutting a new path. When the

tissue does not deform, the entire needle will follow the tip path [70]. When a needle

is removed (by simply pulling on the needle base), it follows the same path as

insertion but in the opposite direction. The bevel-tip needle steering method is most

effective when the needle is highly flexible (structurally having low stiffness) com-

pared to the medium in which it is being steered. Thus, the superelastic (and

Fig. 23.4 Needle tips: (a) a symmetric conical tip, (b) an asymmetric bevel tip, (c) an asymmetric

pre-bent/curved tip. Tip-based steering relies on an asymmetric design such as (b) or (c)
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biocompatible) material Nitinol has been used in some bevel-tip needle steering

studies. Models for bevel-tip needle steering are discussed in Sect. 23.3.

In order to insert needles for bevel-tip steering, specialized devices are required.

Automated flexible needle insertion is challenging because needles tend to buckle if

not supported outside the tissue. Humans are not able to insert a needle with a

precise velocity, and they may inadvertently apply lateral forces or torque about the

needle axis. Webster et al. [70] developed two different robotic devices for steering

needles using tip asymmetry. Each device is able to control insertion velocity and

the rotation (spin about the needle axis) velocity. The first device is based on a

friction drive concept, which has advantages of compactness and simplicity. How-

ever, major drawbacks to this design include slippage in the insertion degree of

freedom (DOF), a slight spin of the needle during insertion due to imperfect

alignment of the friction drive, and difficulty in measuring insertion force and

spin torque. The second device involves driving the needle from its base (the distal

end) while using a telescoping support sheath to prevent the needle from buckling.

A needle rotation module is attached to the translational stage to spin the needle and

enable steering. Although this device is larger than the first, it provides more control

over needle insertion parameters, and also enables straightforward integration of

force/torque sensing, making it ideal for laboratory experiments.

A needle with a curve or pre-bend near the tip achieves a smaller radius of

curvature than a bevel tip alone [63, 59, 72], but can be controlled much like a

bevel-tip needle [59]. The smaller radius comes from the larger asymmetry at the

tip of a pre-bent needle, which creates a larger force perpendicular to the insertion

direction during an insertion. Several studies have demonstrated that the radius of

curvature of pre-bent [63] and curved [72] needles varies with the length and angle

of the asymmetry. For long pre-curved needles, the radius of curvature approaches

the radius of curvature of the needle at the tip [72]. Although using pre-bent needles

allows greater dexterity, a pre-bent needle might detrimentally affect a medical

procedure; for example, a pre-bent needle tip can potentially cut tissue when the

needle base is rotated while not simultaneously being inserted, placing constraints

on planning and control algorithms.

The curvature of a needle as it is inserted into tissue can also be modulated by

changing the curvature of the needle tip. One method uses small wires inside the

needle to pull the tip in the desired direction. Another method varies the tip

curvature by placing a curved needle inside a stiff straight outer cannula [51].

Extending the needle so the curved section protrudes from the cannula provides an

asymmetric surface that causes the needle-cannula system to bend during insertion.

The amount of needle protrusion can be controlled directly and dictates the radius

of curvature. For example, if the needle is entirely inside the cannula, the needle

will travel in a roughly straight line. Once the cannula tip is in position, the needle

can be withdrawn completely, allowing the lumen of the cannula to be used for a

medical procedure. This method requires control of three DOFs: the insertion

distance of both needle and cannula, and the rotation of the inner needle.

A generalization of the concentric cannula-needle system is an “active cannula”

or “concentric tube” robot [71, 62, 61, 23], in which any number of concentric
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flexible tubes can interact with each other to change the three-dimensional (3D)

shape of the device. Rotating and inserting/retracting each of the individual tubes

allows control of the device tip within a large set of configurations. These concen-

tric-tube devices do not depend directly on needle-tissue interaction, but can be

used as steerable needles.

23.2.2 Lateral Manipulation

An alternative method of steering the needle involves moving the base of the needle

perpendicular to the insertion axis [18, 27]. The perpendicular motions cause the

entire needle shaft to move inside the tissue where the needle acts, much like a beam

resting on a compliant fulcrum. Once the needle is inserted sufficiently far inside the

tissue, motion of the needle base orthogonal to needle shaft direction causes the tip to

move in roughly the opposite direction. However, there is substantial path depen-

dence, making it challenging to develop closed-form models (Sect. 23.3.4).

Maneuvering a needle using lateral manipulation may require Cartesian motions

and rotations. The only DOF not required is the rotation of the needle around the

insertion axis, which is one of the two required inputs to control a tip-steered needle,

so lateral manipulation may allow added maneuverability to a tip-steered needle.

Lateral manipulation can achieve large changes in the needle path near the surface,

but the effect decreases as the needle is inserted further into the tissue. The needle

must transmit all the force from the base to the tip and, as the needle is inserted

further, more tissue can resist the force and the moment arm increases. To generate

the same change in path throughout the insertion, the force at the base must increase,

but the tissue can only withstand so much force before tearing. Tip-steered needles,

however, are approximately depth independent, since the dominant steering force is

generated at the tip of the needle. Lateral manipulation and tip-steered needles can be

used together for additional control over the needle throughout the entire insertion.

23.2.3 Tissue Manipulation

In addition to manipulating the needle in order to acquire targets in soft tissue, it is

also possible to manipulate the tissue in order to move targets into the path of the

needle or push obstacles and sensitive tissues out of the path of the needle.

Physicians already perform such tissue manipulation by hand, and recent work

has provided insight regarding robotic control to achieve the same effects. Robotic

tissue manipulation systems could improve both the accuracy of target acquisition

and the accessibility of targets, and be combined with the other needle steering

approaches described above.

Mallapragada et al. [39] developed a method for real-time tumor manipulation,

in which a robotic controller takes as input real-time medical images of a tumor and
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outputs an appropriate external force to move the tumor to a desired position.

During needle insertion (in an approximately straight line path), blunt robotic

end-effectors push on the tissue to move the tumor onto the needle path

(Fig. 23.3). In simulations, Torabi et al. [66] considered a more complex tissue

manipulation problem, in which robots are used to both move obstacles out of the

way of the path of the needle and the target onto the path of the tissue. A two-

dimensional mass-spring simulation demonstrated the effectiveness of the planner/

controller combination in reducing targeting errors and shifting obstacles.

23.3 Modeling

The design of needle steering planners and most types of controllers requires a

model of needle-tissue interaction that predicts needle or needle-tip motions given

inputs at the needle base. This section describes several phenomenological models

that capture needle-tissue behavior sufficient to inform planning and control design,

as well as ongoing efforts to create more accurate mechanics-based models.

23.3.1 Nonholonomic Steering

A bevel-tip needle inserted into homogenous tissue will follow a stereotyped path.

Webster et al. [69] demonstrated that the kinematics of a bevel tip needle can be

modeled as a non-holonomic system with a constant steering constraint. According

to this model, the needle tip advances forward in a curved path, but cannot translate

when embedded in tissue. The kinematic model is similar to the motion of a

unicycle or bicycle with the handlebars locked in one position. The wheels of a

bicycle cannot instantaneously move sideways, yet the bicycle can attain any

desired pose in the plane through a more complex sequence of motions. Whereas

bicycle steering occurs in plane, needle steering occurs in 3D space.

Webster et al. performed experiments and statistical analysis verifying that the-

nonholonomic model fits a limited battery of insertions and found that the two-

parameter bicycle model described the needle behavior better than a single-parameter

unicycle model, although the unicycle model’s simplicity and reasonable accuracy

has made it a good choice for control systems design [37, 35, 36, 34]. Many of the

models, planning algorithms, and control systems described throughout the remain-

der of this chapter build upon these nonholonomic models of needle motion.

The kinematic model can be mathematically expressed as follows. Attach a

reference frame to the needle tip with the local z-axis denoting the tangent to the

needle shaft and x-axis denoting the axis orthogonal to the direction of infinitesimal

motion induced by the bevel (i.e. the needle bends in the instantaneous y-z plane).
The nonholonomic kinematic model for the evolution of the frame at the needle tip

was developed based on a unicycle model in [53, 69] as

564 N.J. Cowan et al.



xðtÞ ¼ ðg�1ðtÞ _gðtÞÞ_ ¼ kvðtÞ 0 oðtÞ 0 0 vðtÞ� �T
; (23.1)

where g(t) is the element of the Euclidean motion group, SE(3) and x is the element of

see (23.3), which is the Lie algebra associated with SE(3). Here, g(t) is the 6-DOF pose
of the frame attached to the needle tip in 3D space and xðtÞ 2 R6 in denotes the 6D

translational and rotational velocity of the frame. The control inputs, o(t) and v(t), are
the rotation and insertion velocities, respectively, and k is the curvature of the needle

curve. The frames and parameters for the needle are shown in Fig. 23.5.

23.3.2 Stochastic Modeling

Although the kinematic model for needle steering describes the motion of the

needle, there is inherently variation between insertions. If everything were certain,

and if this model were exact, the motion, g(t), could be obtained by simply

integrating the ordinary differential equation in (23.1). However, a needle that is

repeatedly inserted into a medium, such as a gelatin used to simulate tissue [69],

will demonstrate an ensemble of slightly different trajectories.

A simple stochastic model [53, 54] is obtained by adding noise to the two input

parameters in the ideal model:

oðtÞ ¼ o0ðtÞ þ l1w1ðtÞ and vðtÞ ¼ v0ðtÞ þ l2w2ðtÞ;

where o0(t) and v0(t) are what the inputs would be in the ideal case, w1(t) and w2(t)
are uncorrelated unit Gaussian white noises, and l1 and l2 are constants. Thus, the
nonholonomic needle model with noise is

ðg�1ðtÞ _gðtÞÞ_dt ¼ kv0ðtÞ 0 o0ðtÞ 0 0 v0ðtÞ½ �Tdt

þ 0 0 l1 0 0 0

kl2 0 0 0 0 l2

� �T
dW1

dW2

� �
;

where dWi ¼ Wi(t + dt) � Wi(t) ¼ wi(t)dt are the non-differentiable increments of

a Wiener processWi(t). This noise model is a stochastic differential equation (SDE)

on SE(3). As shorthand, we write this as

ðg�1ðtÞ _gðtÞÞ_dt ¼ hðtÞdtþ HdWðtÞ:

Fig. 23.5 The definition of

parameters and frames in the

nonholonomic needle

model [70, 54] (Reprinted

with permission from [56],

# 2010 Sage Publications)
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23.3.3 Torsional Modeling

In order to change the direction of curvature of a tip-steered needle, the base of

the needle must be rotated. As the needle rotates inside the tissue, friction opposes

the needle’s rotation and can cause the angle at the tip to lag behind the angle at the

base (Fig. 23.6). Some artificial tissues exert enough friction to cause over a 30∘

difference between the base and tip angles for an insertion distance of 10 cm [60].

These large angle misalignments are thought to account for some of the reduced

performance in the image-guided controllers discussed in Sect. 23.5.3. Although

the torques applied during a prostrate brachytherapy are not significant enough to

cause any torsion windup in the typical steel needles used for percutaneous proce-

dures [57], the torques are likely to cause a significant discrepancy in the flexible

needles required for needle steering [60]. Unfortunately, there is a tradeoff that

arises due to the flexibility of the needle; increased flexibility enhances steering, but

also increases the amount of torsion windup when rotating the needle.

State-of-the-art imaging is unable to accurately measure the tip angle of

the small needles used in percutaneous procedures, but the angle lag at the tip

of the needle can be estimated using a force sensor at the base of a bevel-tip

needle [1, 58]. One method to overcome torsion estimates the angle lag from the

measured torque and rotates the needle several times in alternating directions to

orient the entire needle shaft to the desired orientation [58]. However, this method

only works when the needle is not being inserted during rotation.

When the needle is being simultaneously rotated and inserted through the tissue,

the effects of stiction are not present since the needle is continuously sliding past

the tissue. In this case, the needle-tissue interaction can be modeled as viscous

damping and a modal analysis can determine the dynamics of the needle tip, and a

parsimoneous finite-dimensional model can be obtained using modal analysis [60].

The estimated tip position and measured base angle can then be used in a controller

to increase the base-tip convergence time and decrease the positioning error.

Fig. 23.6 Schematic of a bevel-tip needle interacting with a soft elastic medium: Models have

incorporated tip forces generated by rupture, tissue properties (toughness: GC, nonlinear elasticity:

C10), needle properties (bevel angle: a and flexural rigidity: EI), and the torque generated from the

needle-tissue interaction when the needle is rotated
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23.3.4 “Tissue Jacobian” Approaches

Changing the insertion direction of a needle by manipulating the base of the needle

outside the tissue requires an understanding of how the flexible needle will interact

with soft tissue. Two models relate the motions at the base of the needle to motions

at the tip of the needle. In one method, the inverse kinematics of the needle are used

to determine the path [27]. The kinematics are derived from modeling the soft tissue

as springs with stiffness coefficients that vary along the length of the needle. The

needle is modeled as a linear beam.

Another model involves numerically calculating the Jacobian for the tissue

deformation and needle deflection [18]. Given the velocity of the base, this model

determines the tip velocities. A needle path is computed based on potential fields: a

repulsive field drives the needle away from obstacles and an attractor field drives

the needle toward the desired target.

23.3.5 Toward Fundamental Mechanics-Based Models

Several research groups have developed physics-based needle and soft tissue

interaction models [7, 15, 17, 30, 31, 48]. A general survey of surgical tool and

tissue interaction models, which describes both physics- and non-physics-based

interaction models, is provided in [42]. As described in Sect. 23.3.1, Webster

et al. [69] presented a phenomenological nonholonomic model for steering flexible

needles with bevel tips. The parameters for their model were fit using experimental

data, but this model is not informed by the fundamental mechanical interaction of a

needle with an elastic medium. For improved planning and control, as well as the

optimization of needle design for particular medical applications, an ideal model

would relate needle tip forces to the amount of needle deflection based on the

fundamental principles of continuum and fracture mechanics.

Mechanics-based needle-tissue interaction models aim to relate the needle’s

radius of curvature to the material and geometric properties of the tissue and needle.

The radius of curvature of a bevel-tipped needle is a function of several parameters

(Fig. 23.6): the needle’s Young’s modulus (E), second moment of inertia (I), and
bevel-tip angle (a); the tissue’s nonlinear (hyperelastic) material property (C10),

rupture toughness (Gc), and coefficient of friction (m); and the input insertion force

from the robot controller (Pinput).

Misra et al. [43] investigated the sensitivity of the tip forces to the tissue rupture

toughness, linear and nonlinear tissue elasticity, and needle bevel-tip angle. In order

to find the forces acting at the needle tip, they measured the rupture toughness and

nonlinear material elasticity parameters of several soft tissue simulant gels and

chicken tissue. These physical parameters were incorporated into a finite element

model that included both contact and cohesive zone models to simulate tissue

cleavage. The model showed that the tip forces were sensitive to the rupture

toughness.
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In addition, Misra et al. [44, 45, 46] developed an energy-based formulation

incorporating tissue-specific parameters such as rupture toughness, nonlinear mate-

rial elasticity, interaction stiffness, and needle geometric and material properties.

This mechanics-based model was guided by microscopic and macroscopic experi-

ments. The functional form for the deflection of the needle in an elastic medium was

initially assumed and the Rayleigh-Ritz approach was used to evaluate the coeffi-

cients of the deflection equation. The Rayleigh-Ritz method is a variational method

in which the minimum of a potential defined by the sum of the total energy and

work done by the system are calculated. The system potential, L, of a needle

interacting with an elastic medium, is given by

L ¼ NE þ SEð Þ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
energy

þ �WQ �WP �WR

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

work

þ Pinputli
� �
|fflfflfflfflffl{zfflfflfflfflffl}
input work

; (23.2)

where NE and SE are the energies associated with needle bending and needle-tissue

interaction, respectively, and WQ and WP are the work due to transverse and axial

bevel tip loads, respectively, andWR is the work done to rupture the tissue. Explicit

expressions for each of the terms in (23.2) are provided in [45]. Simulation results

follow similar trends (deflection and radius of curvature) to those observed in

experimental studies of a robot-driven needle interacting with different kinds of

gels. These results contribute to a mechanics-based model of robotic needle steer-

ing, extending previous work on kinematic models.

23.4 Needle Path and Motion Planning

Directing steerable needles to specific targets while avoiding anatomical obstacles

requires planning paths through the patient’s anatomy. For steerable needles, this

planning is often beyond the capabilities of human intuition due to the complex

kinematics discussed in Sect. 23.3 and the effects of tissue deformation, tissue

inhomogeneities, and other causes of motion uncertainty. In order to harness the full

potential of steerable needles, efficient computational methods can help physicians

plan paths and actions.

When steerable needles are used with image guidance, the physician can specify

the target to be reached, feasible needle insertion locations, and the locations of

anatomical obstacles, including those that cannot be passed through such as bones as

well as sensitive anatomical structures that ought to be avoided such as blood vessels

or nerves. Using patient-specific information about such anatomical structures, a

motion planning algorithm determines a sequence of actions (such as insertions and

bevel direction changes for bevel-tip needles) so that the needle tip reaches the

specified target while avoiding the clinician-specified obstacles. Planning can be

used purely preoperatively to generate a plan that is then followed by the robot or

physician during the procedure. Planning can be also used intraoperatively by updat-

ing the plan in real time based on intraoperative images and other sensor feedback.
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23.4.1 3D Path Planning with Obstacles

Motion planning algorithms have been developed to compute optimal trajectories

for bevel-tip steerable needles in 3D environments with obstacles. Using the model

of Webster et al. [69], Duindam et al. [21] computed piece-wise helical motions of

the needle tip. The method optimizes a cost function that numerically quantifies the

planning objective, including penalties for deviation from the target location, large

control actions, and obstacle penetration. The algorithm uses a suitable discretiza-

tion of the control space to quickly compute a needle path with (locally) minimal

cost. In a second algorithm, Duindam et al. rely on an explicit expression of the

inverse kinematics of the needle to generate a range of valid needle paths from start

to target, from which the best solution can be selected [22]. Although this algorithm

generally does not compute a (locally) optimal solution, it does not require iteration

to converge to a solution and is hence much faster than the first algorithm.

Depending on the required balance between speed and optimality, either algorithm

can be advantageous. Xu et al. present a sampling-based motion planning technique

based on the Rapidly-exploring Random Trees (RRTs) method [73]. The planner

quickly builds a tree to search the configuration space using random sampling of the

control space. Recently, Hauser et al. explored the use of a model predictive control

strategy that chooses a needle twist rate such that the predicted helical trajectory

minimizes the distance to the target, which can be used both for preoperative

planning and intraoperative control [29].

23.4.2 Planning for Deformable Tissues

Inserting needles into soft tissues causes the surrounding tissues to displace and

deform. Ignoring these deformations can result in substantial placement error. For

example, while performing prostate brachytherapy cancer treatment, an experi-

enced physician implanting radioactive seeds in 20 patients achieved an average

placement error of 0.63 cm, a substantial error of over 15% of average prostate

diameter [65] (Fig. 23.7).

Computer simulations that model soft tissue deformations can assist in preoper-

ative planning by enabling clinicians a priori to optimize paths for needle insertion

procedures [5]. Building on their prior work on simulation of rigid needles into

deformable tissue [10, 9, 7], Alterovitz et al. developed a simulation of bevel-tip

steerable needles in 2D [6] and Chentanez et al. developed a 3D simulation [13].

These simulations model the coupling between a steerable needle and deformable

tissue using the finite element method (FEM) – a mathematical method based on

continuum mechanics for modeling the deformations and motions of solids and

fluids. The simulations model patient-specific anatomy using a mesh composed of

triangular (2D) or tetrahedral (3D) elements. As the needle moves, the simulations

model needle friction and cutting forces, as described in the models in Sect. 23.3.

The simulations use novel re-meshing to ensure conformity of the mesh to the
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curvilinear needle path. Achieving a computationally efficient simulation is chal-

lenging; the FEM computation in [13] is parallelized over multiple cores of an

8-core 3.0 GHz PC and achieve a 25 Hz frame rate for a prostate mesh composed of

13,375 tetrahedra.

To help physicians anticipate and correct for the effects of tissue deformations,

Alterovitz et al. developed a planner for bevel tip steerable needles that uses the

simulation to compensate for predicted tissue deformations and to minimize place-

ment error [6]. To compute the optimal initial insertion location and orientation, the

planner formulates the planning problem as an optimization problem. The planner

minimizes the distance the needle is inserted subject to the constraints that the

needle tip reaches the target, the needle path does not intersect any obstacles, and

the control inputs are within feasible ranges. The planner uses the simulation to

predict the path of the needle when evaluating the objective function and con-

straints, and it employs a penalty method to convert the nonlinear, constrained

optimization problem into a sequence of unconstrained problems that can be solved

quickly. The method computes a solution in just a couple of minutes on a standard

processor.

As discussed in Sect. 23.2, some needle steering approaches leverage tissue

deformation in order to generate curved paths through tissue. DiMaio and Salcu-

dean introduced simulation and planning for flexible symmetric-tip needles in 2D

deformable tissue by controlling motion of the needle base [18]. Their Jacobian-

based planner relied on a quasi-static FEM simulation to estimate the needle and

tissue deformations. This simulation was designed for offline planning and does

not achieve frame rates needed for interactive simulation or global optimization.

Glozman and Shoham accelerate this approach by approximating the tissue using

springs to compute local, but not global, deformations, enabling a fast planning

algorithm based on inverse kinematics [27].

Fig. 23.7 A needle steering planner that considers 2D tissue deformation [6] (# 2005 IEEE),

reprinted with permission. The magnetic resonance images show a tumor target (cross) in the

prostate with obstacles that preclude a straight-line trajectory. The images show (a) the initial

configuration and (b) a planned path for a bevel-tip steerable needle deployed from a transrectal

probe. This locally optimal plan compensates for tissue deformations, avoids obstacles, and

minimizes insertion distance
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23.4.3 Planning Under Motion Uncertainty

Although detailed models are available for predicting the motion of steerable

needles, a steerable needle may deflect from its expected path due to tissue

inhomogeneities, transitions between tissue layers, local tissue deformations,

patient variability, and uncertainty in needle/tissue parameters. Medical imaging

can be used to measure the needle’s current position and orientation, but this

measurement by itself provides no information about the effect of future deflections

on procedure outcome (Fig. 23.8).

Alterovitz et al. have developed planners that explicitly consider uncertainty in

needle motion in order to maximize the probability of avoiding collisions and

successfully reaching the target [3, 4, 11]. The Stochastic Motion Roadmap

(SMR) framework efficiently samples the state space, builds a “roadmap” through

the tissues that encodes the system’s motion uncertainty, formulates the planning

problem as a Markov Decision Process (MDP), and determines a solution using

dynamic programming to maximize the probability of successfully reaching the

target. This framework was applied to compute steerable needle paths around

obstacles to targets in tissues imaged using 2D slices. Explicitly accounting for

uncertainty can lead to significantly different motion plans compared to traditional

shortest paths, such as longer paths with greater clearance from obstacles in order to

increase the probability of success.

Fig. 23.8 The motion planner computes a sequence of insertions (curved lines) and direction

changes (dots) to steer the needle from a start region at the left to the target (circle) while avoiding
obstacles (grey outlines) [4] (# 2008 Sage Publication), reprinted with permission. The planner

computes (a) the shortest path, which passes close to obstacles, and (b) a better path generated by

explicitly considering uncertainty in the planning stage, which increases the probability of

successfully avoiding obstacles while reaching the target
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Reed et al. integrated this planner into an image-guided robotic needle steering

system that includes a robotic device that can control the needle in artificial tissue

and a low-level image-guided feedback controller to maintain the needle on a 2D

plane [60]. The needle successfully reached targets in artificial tissues and the

system experimentally demonstrated that the planner is robust to initial positioning

errors of 2 cm.

The SMR framework described above transforms the continuous workspace into

a discrete roadmap that encodes actions, motions, and uncertainty. An alternative

approach considers the ensemble of needle trajectories obtained by repeated inser-

tion with the same control inputs. The trajectories will be slightly different from

each other due to uncertainty that may exist in the control mechanism and the

interaction between the needle and the tissue. Park et al. [53, 54] developed such a

path planning method for needle steering that actively utilizes this stochastic

behavior of the flexible needles. This algorithm is an adapted version of the path-

of-probability (POP) algorithm in [24]. A similar trajectory planning method can

also be found in [40].

In the POP algorithm, the whole trajectory is obtained by serially pasting

together several intermediate paths. Based on the stochastic behavior of the flexible

needle, the probability density function of the needle tip pose can be estimated and

evaluated. The intermediate steps are determined so as to maximize the probability

that the needle tip hits the target pose.

Figure 23.9 shows the concept of the POP algorithm. The planning goal is to find

a needle path that starts at g0 ∈ SE(3) and ends at ggoal ∈ SE(3) using M interme-

diate steps. The homogeneous transformation matrix, gi ∈ SE(3) (i ¼ 1, 2, . . . ,

M), represents the position and rotation of the ith frame with respect to (i � 1)th

frame. Suppose that the (i � 1) intermediate steps (g1, g2, � � � , gi � 1 ∈ SE(3))
have already been determined. The intermediate step, gi, is determined to maximize

the probability that the remaining needle insertion reaches the goal. The shaded

ellipses depict the probability density function that represents the probability of the

needle tip pose after the remaining (M � i) steps. In other words, after the remain-

ing (M � i) steps, the final pose will be placed in the dark area with higher

probability than the bright area. Comparing the two simplified cases in Fig. 23.9,

if the previous intermediate steps (g1, g2, � � � , gi � 1) are the same for both cases, gi

Fig. 23.9 The path-of-

probability algorithm at the

ith step [56] (# 2010 Sage

Publications), reprinted with

permission. (a) An

intermediate step, gi, resulting
in low probability of reaching

the goal. (b) An intermediate

step, gi, resulting in high

probability of reaching the

goal
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shown in Fig. 23.9b is a better choice, because it guarantees with higher probability

that the final pose reaches the goal pose.

Computing the probability density function plays a crucial role in the POP

algorithm. The probability density function can be obtained using the stochastic

model for the flexible needle stochastic differential equations (SDE) as reviewed in

Sect. 23.3.2. The Fokker-Planck equation corresponding to the SDE defines a

function representing the probability density of the needle tip pose. Rapid evalua-

tion of the probability function is required for fast path planning. Specifically, the

probability density is estimated by a Gaussian function [54, 56], and the mean and

covariance are estimated using error propagation techniques developed for the

motion groups [67, 68].

23.5 Image Guidance

23.5.1 Needle Localization in Medical Images

The problem of needle localization in images might seem straightforward, yet

practical implementations have seldom appeared. Usually, a cascade of basic

image filters (such as thresholding, edge detection, image smoothing and noise

removal filters) are combined with more sophisticated feature detections routines,

such as a variant of Hough transform. Significant literature exists on the theory, use,

and extension of Hough transform; a succinct summary and background reading are

given in [19]. Many localization methods entail two steps: first, points or fragments

of the needle are extracted from the images and then a 3D geometric model (straight

line, polynomial, etc.) is fit to the fragments, typically in a least-squares optimiza-

tion scheme. The two steps can be combined in a probabilistic framework, where

points of high probability of belonging to the needle are fitted on a 3D geometrical

model. This approach is especially suitable when the quality of images (resolution,

dynamic range, etc.) is poor, such as in ultrasound images. In this section, we survey

the most popular needle localization methods used with various imaging modal-

ities, namely fluoroscopy, computed tomography (CT), magnetic resonance imag-

ing (MRI), and ultrasound (US).

Fluoroscopy. Metal needles, being of high density, tend to be visible in X-ray

images such as those obtained from CT and fluoroscopy. In fluoroscopy, a single

projection image is insufficient for reconstruction of the needle in 3D. Two images

are sufficient to reconstruct a straight needle, while three or more images and some

amount of prior knowledge about the curve are necessary for 3D reconstruction of a

curved needle. For needles that lie in a plane, polynomial models are preferable

because polynomials are invariant to perspective projection. For example, Jain

et al. used a combination of 0th-, 1st-, and 2nd-degree polynomials to fit image

points on a 3D model with sub-millimeter and sub-degree accuracy [32]. When a

needle is driven out of plane, spatial reconstruction becomes more demanding and
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requires more images and/or a more elaborate 3D model for the needle. A seem-

ingly innocuous and often underrated problem in fluoroscopy is that the device must

be precisely calibrated, including the relative pose of the fluoroscopy images [32].

CT. Although CT can produce a 3D volume, needle insertion is often performed

in a single 2D plane, with the CT gantry tilted in order to show the needle in the 2D

image. Newer CT scanners provide short acquisition time with reasonably low

dose, convenient for intermittent observation of the needle. Many CT scanners also

provide continuous beam mode, yielding a single CT image of low resolution at

high frame rate ( � 10 fps). There is a trade-off between image quality (resolution

and dynamic range), frame rate, and X-ray dose. Modern CT scanners can also

produce multiple slices (i.e. thin 3D volume) and high-end scanners even provide

multiple slices in continuous beam mode.

A universal problem of any X-ray imaging modality (fluoroscopy and CT

included) is that for safety reasons image acquisition cannot be triggered by the

surgical navigation software and images are acquired under the command of a

human operator. This process is time consuming, cumbersome and error prone. The

available alternative is using continuous X-ray, exposing the patient and physician

to excessive radiation.

MRI. For needle localization, the one major advantage of MRI over X-ray

imaging is the absence of harmful radiation. In practice, there is typically a

compromise on both spatial resolution and acquisition time: MR images used in

surgical guidance tend to be of much lower resolution than diagnostic images, and

the acquisition is usually not real-time. A further disadvantage of MRI is that metal

needles create a large signal void in the image. Further, the signal void does not

coincide with the true position of the needle, and the displacement between the two

depends on the configuration of the needle, the B0 field and the gradient field [16].

It is not uncommon for a 1 mm diameter needle to leave a 5 mm signal void in the

image; hiding both the needle and the surrounding anatomy.

Ultrasound. Ultrasound (US) is an attractive needle guidance modality, due to

its low cost, widespread availability, and safety. US imaging is an operator-depen-

dent manual process. It also causes some degree of tissue deformation and disloca-

tion as the transducer makes contact with the tissue scanned. US images tend to be

noisy, due to reflections, reverberations, shadows, air pockets, and biological

speckle, which makes needle localization challenging. Some needle localization

methods use 2D images [19, 14, 52], while others compound a 3D volume from a

tracked sweep of 2D images [20, 2]. For completeness, we note that, due to current

limitations on voxel resolution and transfer speed, 3D US probes have not been

practical for image-based needle guidance. Novotni et al. tracked laparoscopy

instruments (which are larger than needles), but this requires a research agreement

with the vendor of the ultrasound machine [49].

To localize straight needles in 2D ultrasound, Ding et al. introduced a sophisti-

cated derivative of the Hough transform [19]. Cheung et al. proposed an enhance-

ment algorithm that maximizes the received reflections by steering the ultrasound

beam to be precisely perpendicular to the needle [14]. Surface-coated needles are

available commercially, to enhance ultrasonic visibility of the needle, which in turn
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increases friction during insertion and thus may not be appropriate for needle

steering. Okazawa et al. localized bent needles in a 2D image plane by warping

an initial guess straight line into a 2D parametric curve fitting on probable needle

points [52]. This method works well for conventional needles, but it breaks under

excessive curvature often observed with elastic needles and catheters. Ding

et al. constructed a 3D volume from a sweep of tracked 2D images, cropped the

volume sensibly and created several orthogonal projection images. They segmented

the needle in the projections with the Hough transform and then reconstructed the

needle from its 2D projections as a straight line. Aboofazeli et al. recently localized

curved non-planar needles in 3D space [2]. They pre-filtered a compounded 3D US

volume and produced series of 2D images by ray casting. In the projected images,

the needle was segmented with the Hough transform and fitted onto a polynomial

model. From the series of 2D polynomial curves, they reconstructed a surface that

contains the needle. This 3D surface was smoothed and the needle was detected on

the surface using the Hough transform followed by a polynomial curve fitting. The

end result was a continuous 3D curve consisting of polynomial patches.

Localization of the needle tip has been a major challenge, especially in 2D US,

where it is difficult to determine whether the needle tip is inside or outside the plane

of imaging. The non-uniform thickness of the US beam adds further to the locali-

zation error. When using bevel-tip needles, the physician often rotates the needle to

create a visible, fluctuating artifact at the needle tip. Harmat et al. created mechani-

cal vibrations on the needle tip and measured the resulting Doppler effects [28].

Their prototype robustly detected the needle tip, but it did not seem to provide

sufficient accuracy for localizing the needle tip for controlled insertion.

23.5.2 State Estimation of Unmeasured Degrees of Freedom

As described above, except in MR images, researchers have had reasonable success

in localizing needles, but estimating the full 6-DOF pose of the needle tip directly

from medical images, including rotation about the needle axis, remains elusive.

However, this rotation information is necessary for control and planning purposes.

To overcome this, Kallem et al. designed dynamical observers (analogous to a

Kalman filter) based on kinematic models of needle steering that can be used to

estimate full 6-DOF needle tip pose from a sequence of 3D position measurements

[33]. They showed that the rotation of the needle tip may be inferred from the

measurements of the needle tip position over time and developed model-based

asymptotic observers that exploit the task-induced reduction to estimate the full

needle pose.

Needle steering is highly nonlinear, which makes the estimation and control

problem coupled, unlike in linear systems. Building on the nonholonomic model of

Webster et al. (see Sect. 23.3.1), Kallem and Cowan [37, 36] exploit the fact that, to

drive the needle to a desired 2D plane (y-z plane without any loss of generality),

only three of the six degrees of freedom need to be considered. Using this reduction,
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they first developed an observer to estimate the x position, the pitch of the needle

tip, and the roll of the needle from just x position measurements. In [33] a linear

model to represent the dynamics of the other three states (y, z positions and yaw of

the needle) is created by state immersion into a finite higher dimensional manifold;

based on this, Luenberger observers for this smaller system are designed. This two-

stage coupled observer estimates the complete needle orientation and also filtered

the noisy position measurements. For other tasks, similar controller-observer pairs

need to be developed to estimate needle orientation.

23.5.3 Image-Guided Control of Needle Steering

As described in Sect. 23.3, considerable progress has been made developing “plant

models” for manipulating a needle from outside the patient. These models enable

development of model-based feedback controllers to steer the needle inside the

tissue. Glozman and Shoham [27] developed an image-guidance strategy for

flexible needles without a bevel tip. First they plan a needle path that avoids

obstacles in the workspace. Then at every time step they invert a virtual spring

model to obtain the translation and orientation of the needle base (the inputs) in

order to drive the needle back to the planned path in one step.

Kallem and Cowan [37, 36] took a systems-theoretic perspective to develop

feedback-based controller-observer pairs for tip-steerable needles. A tip-steerable

needle has been modeled as a 6-DOF nonholonomic system (1) with two inputs and

nonholonomy degree four. Furthermore, when the needle is pulled out of the tissue,

no cutting forces are generated and thus the needle follows the same path as during

insertion into the tissue. These constraints imply that asymptotic controllers do not

exist for certain tasks, such as driving the needle tip to reach a desired pose in 6

DOF or following a circular path whose radius is the natural radius of curvature of

the needle inside the tissue. To overcome these challenges, the approach taken

in [37, 36] is to develop low-level, asymptotic controllers that only control a subset

of the degrees of freedom. These controllers are designed to cooperate with the

higher-level 2D planners from Alterovitz et al. [8, 11]. These planners, which rely

on the needle staying within a specified 2D plane, construct a sequence of circular

arcs of the natural radius of the needle that can be achieved via alternating inser-

tions and 180∘ rotations of the needle shaft. In effect, the low-level 2D plane-

following controller designed by Kallem et al., described below, ensures that the

needle remains close to a desired 2D plane, on top of which Alterovitz et al.’s

planner can operate.

Kallem and Cowan [36, 37] developed a feedback-based estimator-controller

pair to drive the needle to a desired plane, and subsequently generalized this to other

subspace trackers [35]. The feedback signal used is the needle-tip position. For this

task, they showed that considering a three-state system is sufficient, which simpli-

fied the estimation and control design needed to achieve the task. This controller

has been successfully tested in simulations and in artificial tissue. Figure 23.10
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shows successful experimental results of a needle being driven to a desired plane

when inserted into artificial tissue.

Reed et al. [59] integrated the full 6-DOF asymptotic observer and the planar

controller with the 2D planner of Alterovitz et al. [11] and the torsional compensa-

tor of Reed [58]. Figure 23.3 Second Row, Right Column shows the path taken by

the unified system to reach a target inside the tissue. The goal is to reach the circular

target while avoiding the polygon obstacles in the workspace. The planar control-

lers act every 1 mm of needle insertion into the tissue to drive the needle to the

desired 2D plane and the planner acts at 1 cm insertion intervals. With integrated

planning and control, the needle successfully reaches the target (as shown in the

pre-curved tip example in Fig. 23.3 [59]).

23.6 Conclusions

This chapter provides an overview of the technological and algorithmic state-of-

the-art in needle steering. As can be seen from this chapter, numerous components

are required to enable needle steering. Ultimately, the clinical success of needle

steering depends on uniting these pieces and reducing them to practice in a driving

application to create a fully integrated clinical needle steering system. As shown

in Fig. 23.2, such a system includes a set of computational and physical

Fig. 23.10 Nine experimental trials were used to validate an image-guided controller [38]

(# 2009 IEEE), reprinted with permission. The mean distance of the needle-tip from the desired

plane of all trials is plotted against the insertion distance of the needle into the tissue (solid bold
line; gray region indicates mean � standard deviation). All trials control approach the desired 2D

plane and stay within the noise levels of the position measurements of approximately 1 mm
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components – including the robotic device and steering mechanism, modeling,

planning, imaging, and control – each of which is addressed in Sects. 23.2–23.5.

A potential first driving application for needle steering is transperineal prostate

brachytherapy, a treatment that involves implantation of radioactive seeds by

needles into the prostate in order to kill cancer with radiation. Literature shows

that reducing surgical trauma of the prostate reduces the severity of edema, thereby

improving implant dosimetry and reducing toxicity. Current manual needle place-

ment can involve multiple reinsertions and adjustments of the needle before it

reaches a target, causing excessive trauma to the prostate. We hypothesize robotic

needle steering will eliminate needle reinsertions and adjustments, and thus lead to

reduction of surgical trauma. Efforts are underway by some of the authors of this

chapter to create a clinically viable needle steering system for prostate brachyther-

apy. Along the way, we expect there to be continued advances in devices, models,

planning, sensing, and control that will lead to advances in needle steering, as well

as robotics in general.
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Chapter 24

Macro and Micro Soft-Tissue Biomechanics

and Tissue Damage: Application

in Surgical Robotics

Jacob Rosen, Jeff Brown, Smita De, and Blake Hannaford

Abstract Accurate knowledge of biomechanical characteristics of tissues is essen-

tial for developing realistic computer-based surgical simulators incorporating haptic

feedback, as well as for the design of surgical robots and tools. Most past and current

biomechanical research is focused on soft and hard anatomical structures that are

subject to physiological loading while testing the organs in situ. Internal organs are

different in that respect since they are not subject to extensive loads as part of their

regular physiological function. However, during surgery, a different set of loading

conditions are imposed on these organs as a result of the interaction with the surgical

tools. The focus of the current study was to obtain the structural biomechanical

properties (engineering stress-strain and stress relaxation) of seven abdominal organs,

including bladder, gallbladder, large and small intestines, liver, spleen, and stomach,

using a porcine animal model. The organs were tested in vivo, in situ, and ex corpus

(the latter two conditions being postmortem) under cyclical and step strain compres-

sions using a motorized endoscopic grasper and a universal-testing machine. The

tissues were tested with the same loading conditions commonly applied by surgeons

during minimally invasive surgical procedures. Phenomenological models were

developed for the various organs, testing conditions, and experimental devices. A

property database—unique to the literature—has been created that contains the

average elastic and relaxation model parameters measured for these tissues in vivo

and postmortem. The results quantitatively indicate the significant differences

between tissue properties measured in vivo and postmortem. A quantitative under-

standing of how the unconditioned tissue properties and model parameters are

influenced by time postmortem and loading condition has been obtained. The results

provide the material property foundations for developing science-based haptic surgi-

cal simulators, as well as surgical tools for manual and robotic systems.
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� Surgical simulation � Haptics � Surgical tools

24.1 Introduction

New technologies have fundamentally changed the practice of surgery. Having

recently introduced minimally invasive (laparoscopic) techniques, surgery is now

poised to take another big step by incorporating surgical robotic systems into

practice. These robotic devices [1] are only in their first generation of development

but promise to significantly improve surgical dexterity in small and remote body

cavities. Along with surgical robots, surgical simulators are being introduced into

the curriculum for surgical training. To perform or simulate manipulation of soft

tissues, both surgical robots and surgical simulators must be engineered with

knowledge of the biomechanical properties of the tissues most relevant to the

clinical application. To date, there have been little biomechanical data available,

and current simulators and robots have largely been engineered to accomplish

acceptable “handling” characteristics, as determined by expert surgeon consultants.

While the initial pioneering surgical robots from Intuitive Surgical and Computer

Motion, Inc. (now merged) have achieved FDA approval and some commercial

success without detailed biomechanical data, as this field matures, the need for

precise instrument design based on quantitative evaluation of tissue biomechanical

properties will increase. Accurate models of clinically relevant tissues will allow

designers to predict manipulation forces and torques required. The first step to

understanding the consequences of tissue stress is a better understanding of the

biomechanics of the tissues.

Surgical training has been affected by many factors such as statutory limitation

of work hours, patient safety concerns, and a growing regulatory push for

credentialing of surgical trainees. Formal curriculum development with specific

milestones and significant improvement in computer-based surgical simulation as a

training tool have also augmented the surgical armamentarium. However, initial

simulation efforts did not focus on the accuracy with which they render deformation

forces and displacements of the tissues and few provided any haptic feedback.

As the next generation of simulators are developed, biomechanical data are

essential for making this feedback accurate. The consequences of inaccurate tissue

deformation modeling on clinical performance after simulation training has not

been formally studied, but it is reasonable to imagine that students accustomed to

inaccurate forces or displacements from simulation training might be at greater risk

of tissue injury when applying their clinical skills in the actual operating room.

With few exceptions, most of the existing literature on the biomechanics of

internal organ tissue comes from measurements taken from non-living tissue. Often

the tissue has been frozen and thawed for convenient laboratory use. Physiologic

changes in living tissue certainly influence the mechanical properties of soft tissues
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in-vivo. Another issue is the effect of fluid within the tissue. For example, after

several similar loading cycles, the non-linear stiffness and hysteresis of soft tissues

typically stabilizes – a phenomenon known as conditioning [2]. Most researchers

“precondition” their tissue samples to obtain consistent results by cycling them

10–20 times before collecting data. This process runs counter to the normal

conditions found in surgery since surgeons do not precondition tissues before

manipulating them. “First squeeze” behavior of tissues has not been widely

reported.

In 1967, Fung published classic work on rabbit mesentery in uni-axial tension

[3]. Yamada in 1973 reported results of tests on esophagus, stomach, small and

large intestines, liver, and gallbladder [4]. Much of this work was done with animal

organs in-vitro, but some data was presented from human cadavers. Most of the data

were expressed as tissue tension with an emphasis on measurement of failure levels.

A large literature describes testing abdominal organs in relation to blunt impact

injury, especially in the context of automobile accidents. Yoganandan et al. (2001)

and Rouhana (1993) reviewed many of these studies [5, 6]. More detailed

measurements of specific organs include shear measurements of liver [7–9], and

distension of intestine (relation between pressure and volume) [10, 11].

In the context of laparoscopic surgery, Carter et al. [12] measured the uniaxial

force required to puncture pig and sheep livers with a scalpel as well as the

displacement of the tissue when puncture occurred. Other studies by these research-

ers [13, 14] used a bench-top device in ex-corpus testing of pig and sheep liver and

spleen. They also performed in-vivo measurements reviewed below. Tamura et al.

[15] studied porcine liver, spleen, and kidney in-vitro by compression loading of

rectangular-shaped samples. Elastic and stress relaxation properties were exam-

ined, but the nature of the studies – single-point displacement of small fragments of

tissue – limit application to clinical conditions.

In an effort to improve the physiological accuracy of ex-corpus testing, some

studies have used perfusion of the excised organ. Davies et al. [14] tested artificially

perfused spleen, while Melvin et al. (1973) [16] placed intact kidney and liver into a

uni-axial compression testing machine while still perfused by the body.

The emphasis was on measurement of tissue failure (as low as 293kPa for liver).

Other interesting in-vivo results have been obtained in research on prosthetics

[17–19]. Zheng et al. (1999) used a combination of load cell and ultrasound to

measure compressive properties non-invasively [17, 18]. However, this method

requires a rigid backing, such as bone.

Brouwer et al. [20] developed several instruments for tensile and compressive

testing of porcine tissues in-vitro and in-vivo. One of these devices contained

two grippers whose separation was controlled by a lead-screw and stepper motor.

Ottensmeyer and Salisbury [21] developed the TeMpEST 1-D device which applies

high frequency, low amplitude compressive displacements to the surface of an organ.

In-vivo testing with this device showed a relationship between elastic modulus and

frequency. Carter et al. [13] used a similar hand-held indentation device and recorded

the only published in-vivo data obtained from living human subjects. Maximum

applied strain was 60kPa. Interestingly, diseased liver was at least twice as stiff
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as normal, which supports the clinical surgical impression. Kalanovic et al. [22]

developed a rotary shear device (ROSA-2), which used a 6mm right cylindrical

contact surface that rotates relative to a fixed outer ring. Slippage was prevented by

a needle array or cyanoacrylate adhesive. Calculatedmaterial parameters agreed in the

range of 0–10Hz with those found with the TeMpEST 1-D.

In a departure from prior studies with specialized stress-strain measurement

devices, Bicchi et al. [23] applied sensors to standard surgical tools, in this case

adding force and position sensors to measure jaw force and angle in endoscopic

surgical pliers. Morimoto et al. [24] instrumented a laparoscopic Babcock grasper

with a six-axis force/torque sensor to record forces and torques applied during

animal procedures. Their device successfully isolated tool-tissue interaction forces

from forces arising from the abdominal wall and port. Brouwer et al. [20] used a

six-axis force/torque sensor mounted to a modified grasper to measure the forces

and torques applied to the tool while driving a needle through porcine abdominal

tissues. Greenish et al. [25] instrumented scissors to collect in-situ data during

cutting of skin, abdominal wall, muscle, and tendon tissues from sheep and rats.

Building on this experience, our group has developed a series of devices for

measurement of tool-tissue interactions during surgery. We have developed a

laparoscopic tissue grasper with six-axis force/torque and grasp force-sensing

capability embedded in an articulated mechanism for measurement of motion in

five axes (the “Blue DRAGON” system) [26–28]. The devices described above

were passive, or human-powered, and were used for measurement of activity during

simulated surgical procedures. For example, two of the Blue DRAGON devices

were used on the left and right hand tools in experiments recording a database from

30 surgeons performing portions of a laparoscopic cholecystectomy (gallbladder

removal) and gastric fundoplication (antireflux surgery) in pigs [83]. We have also

developed and evaluated several motorized and teleoperated graspers, including the

Force-Reflecting Endoscopic Grasper (FREG) [36]. Active, or motorized, tools

facilitate the application of controlled displacements or forces to tissue under

computer control. The FREG was used [29] to test several porcine liver, spleen,

stomach, small and large intestine, and lung specimens in-vivo and measure their

force-displacement response to stresses up to 100kPa and compressive strains up to

60%. The measured force-deformation responses could be fit with an exponential

function, resulting in two coefficients that could differentiate the tissues.

Based on data collected with the Blue DRAGON system, the Motorized

Endoscopic Grasper (MEG) was designed to reproduce the maximum grasping

forces and velocities observed during clinical surgical tissue manipulation and

acquire more extensive and reliable compressive data from abdominal organs

[30, 31]. Full characterization of a non-linear, fluid-perfused, non-isotropic and

non-homogeneous material such as the major internal organs is a complex endeavor.

To name just one difficulty, proper modeling of bulk materials requires knowledge

from tri-axial testing that can only come from tissue biomechanical studies that are

not similar to surgical conditions. Although in general it will not be possible to fully

characterize these materials with the uni-axial compressive tests our instrument can

perform, we must begin to measure at least basic in-vivo properties.
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The emphasis in this paper is on the devices and methodology for collection

of tissue performance data rather than tissue modeling. For clarity, a few curves

were fit to the data and have been included. A more complete description of tissue

models derived from these data are provided in a companion paper [32].

There is substantial literature on mathematical models for the response of soft

tissue to mechanical testing. Fung [2] noted that many tissues seem to follow an

exponential relationship between stress and strain. Soft tissues also exhibit hystere-

sis between loading and unloading. The loading and unloading curves are generally

different, and we will concentrate on the loading curve only (pseudo-elasticity). For

example, Brouwer et al. [20] fit their data to Fung’s exponential curve. A similar

procedure was used by Rosen et al. [29] and Tamura et al. [15].

There are many approaches for modeling the time-dependent response of soft

tissues, including Quasi-Linear Viscoelasticity (QLV) [2, 33, 34], bi-phasic models

[35–41], and even tri-phasic theory [42] involving solid, fluid, and ionic

concentration state variables. While there is much potential to apply sophisticated

time-dependent models to our data, at this point we will limit ourselves to simply

fitting our data with first order exponential time functions.

As indicated in this literature review, biomechanical properties were studied at

the macro scale level in selected well controlled experimental conditions, however

little is known about the types of stresses that can be safely applied using surgical

instruments while limiting tissue damage and potentially injury. In earlier work

with the porcine animal model, we measured relationships between acute indicators

of tissue injury and average surgical grasping stress [47]. In these experiments,

tissue damage was observed even at low average grasping forces, suggesting that

the observed tissue damage might correspond to the spatial stress distribution

between the grasper jaws instead of average stress.

It is evident from the literature that four things are lacking for modeling tissues

in the context of surgery: (1) an understanding of how surgeons interact with tissues

(i.e., to establish the relevant scale of stress and strain), (2) compression testing,

(3) in-vivo data, and (4) human data (5) an understanding of tissue damage a the

cellular level as well as the relationship between the stress developed at the tissue

and acute tissue injury. Most studies have tested tissues in-vitro in tension using

excised animal specimens (often after freezing and thawing).

24.2 Methods

24.2.1 Macro Scale Biomechanics

24.2.1.1 Definitions

In this study, in-vivo will refer to testing done inside an intact live specimen, with

the organ in its normal position. In-situ will refer to testing the same organs after the
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animal has died, but with the organs still in the body proper. In-vitro refers to testing

done outside the body, using tissue samples that have been excised from the bulk

organ. Finally, ex-corpus will refer to intact, non-living organs removed from the

body, and possibly stored before testing some time postmortem.

24.2.1.2 Tools

Two types of tools were used to acquire the biomechanical properties of internal

organs in-vivo, in-situ and ex-corpus: (1) a custom-made motorized endoscopic

grasper (MEG), used in all conditions; and (2) a servohydraulic universal testing

material testing system by MTS Corporation (Eden Prairie, Minnesota), used for

testing tissue only ex-corpus only.

24.2.1.3 Motorized Endoscopic Grasper

The motorized endoscopic grasper is the second generation of Force-Reflecting

Endoscopic Grasper (FREG) [29] that was originally designed as a 1 degree-of-

freedom (DOF), bi-lateral teleoperated system, but was also capable of

applying in-vivo computer controlled sequences of compressive force via a flat-

coil actuated endoscopic grasper (slave element). As such, it was used to test

several porcine abdominal tissues in-vivo to measure their stress-strain response

but could only apply approximately 8N compressive force that was estimated by

measuring the current to the flat-coil actuator. Following these research efforts the

Motorized Endoscopic Grasper (MEG) was designed to further examine the com-

pressive properties of porcine abdominal organs [30, 31]. The engineering specifi-

cations of the MEG were based on data collected from previous experiments using

the Blue DRAGON surgical tool tracking system [43]. These data were examined in

order to determine the forces, deformations, and timing of compressive loads

applied on tissues.

The MEG uses a brushed DC motor (RE25, 10W, Maxon Precision Motors – Fall

River, MA) with a 19:1 planetary gearhead (GP26, Maxon Precision Motors – Fall

River, MA) to drive a Babcock grasper (#33510 BL, Karl Storz – Germany) –

Fig. 24.1. The motor is attached to a capstan that drives a cable and partial pulley.

The pulley is attached to a cam joint that converts the rotational motion of the motor

and pulley to a linear translation of the grasper shaft, which opens and closes the jaws.

A 500-count digital encoder (HEDL55, Hewlette-Packard – Palo Alto, CA), attached

to the motor, measures angular position. The mechanism’s overall effective gearing

ratio is approximately 190:1, including the planetary gearhead ratio (19:1) and

the partial pulley-capstan gearing ratio (10:1), increasing the 29mNm of continuous

torque generated by the motor to 5.51Nm applied by the partial pulley. A wide variety

of standard Karl Storz laparoscopic instruments can be attached to the base

plate mount, but a Babcock grasper (Fig. 24.1c) was selected as the primary loading

device due to its special geometry. Range of motion for the Babcock jaws is 54.3 deg,
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or 184 deg at the capstan. Resolution of jaw angle is approximately 1.13�10�2 deg

per encoder count (5.5�10�3mm at the jaws’ grasping surfaces). At full opening, the

two grasping surfaces are 26.3mm apart.

A double-beam planar force sensor (FR1010, 40lb, Futek – Irvine, CA) is

mounted in the partial pulley, measuring force applied to the end effector. The

signals are amplified with a Futek signal conditioning unit (model JM-2).

The resolution of force signals following a 16-bit A/D conversion is 0.6mN.

A noise level of up to 50mN, including the quantization noise, was observed,

which represents 0.0 25% of the sensor’s full scale. The maximum continuous

motor torque of 29mNm is equivalent to 26.5 N of grasping force by the Babcock

grasper’s jaws, after transmission through the mechanism, which is greater than the

Fig. 24.1 The Motorized Endoscopic Grasper (MEG): (a) rendered CAD drawing of MEG

(protective top cover not shown), (b) close-up photograph of the MEG’s drive mechanism,

(c) close-up photograph of the MEG’s Babcock grasper end effector
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average force applied by surgeons during typical surgical tasks [43]. Based on the

Babcock grasper’s jaw dimensions, the application of 26.5 N is equivalent to a

compressive stress of 470 kPa. The MEG is hand-held and weighs 0.7 kg. It is

inserted into the body through standard 10mm endoscopic “ports” used for passing

videoendoscopic instruments into the body without losing the gas pressure in the

abdomen.

Computer control of the MEG is provided via a PC using a proportional-

derivative (PD) position controller implemented in Simulink (Mathworks – Natick,

MA) and dSPACE (Novi, MI) user interface software (ControlDesk) and hardware

(DS1102). Current is supplied to the motor via a voltage-controlled current supply

(escap ELD-3503, Portescap – Hauppauge, NY) controlled by the output from the

dSPACE board (D/A 16-bit). The control loop runs at 1kHz. The MEG was

calibrated to address the nonlinear relationship between the position of and the

force applied by the distal tool tips with respect to the sensors located on the

proximal end of the tool (defined analytically in [29]), as well as to compensate

for mechanism compliance and backlash.

24.2.1.4 MTS Setup

The testing system by MTS Corporation is a standard servo-hydraulic

universal-testing machine often used in material testing in the field of

biomechanics. The custom-built frame was used with a model 252 valve. Maximum

closed-loop velocity of the ram using this valve is 500mm/s.

The experimental setup used with the MTSmachine for tissue testing is shown in

Fig. 24.2. The top and bottom indenters were identical 7mm diameter right circular

cylinders providing a contact area of 38.5mm2, compared to the MEG’s contact

area of 56.4mm2. The top indenter screwed into the MTS ram (the moving portion

of the machine). The bottom indenter was fixed to the tension/compression force

sensor (44.5N tension/compression unit, Sensotec model #31/1426–04). The force

sensing resolution was 21.7mN. A noise level of up to 9mN including the quanti-

zation noise, was observed, which represents 0.019% of the sensor’s full scale. The

force sensor rested in a stainless steel base plate that was affixed to the MTS frame.

The top of the base plate and the top of the bottom indenter were aligned. The organ

rested on the base plate and the bottom indenter. The opening was just large enough

to accommodate the force sensor but not allow the tissue to droop significantly.

Additionally, the base plate had two grooves, one vertical slot for routing the force

sensor’s wire and the other a horizontal one around the entire base for cinching

down a very thin plastic sheet with a rubber band. This plastic sheet protected the

force sensor from fluids present during testing. Despite the presence of this sheet

and the fact that the effective top of the force sensor and the rest of the plate were

level, it was assumed that the force sensor would measure the majority of the

applied pressure, since the film was very thin and flexible and there was a relatively

large gap surrounding the force sensor indenter (Fig. 24.2).
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The MTS ram was operated in a position-control mode using TestStar II

software and hardware. Axial position was sensed using a linear displacement

transducer (LVDT) mounted on the hydraulic ram in the frame’s crosshead

(model 244.11). Analog signal conditioning was performed in hardware before

passing to the PCI-based, 12-bit analog/digital conversion board (PCI-6071-E,

National Instruments). The axial position resolution was 0.0074mm in a preset

�15.24mm range. Data were sampled at 1KHz or faster.

One may note that the sensors on the MTS and MEG aimed to measure the end

effector position (and therefore the tissue thickness) and the forces applied on the

tissue are located at different places along their respective kinematic chains,

starting at the actuator and ending at the end effector. However, given the kinemat-

ics and the dynamics of each chain, the sensors’ readings were mapped from their

locations to the devices’ end effectors. Locating the MEG’s position and force

Fig. 24.2 MTS experimental

testing machine setup: (a)

schematic overview of the

system, (b) the setup with a

liver ex-corpus
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sensors proximal to the end effector without altering the end effector itself was

motivated by the desire to use standard surgical instruments in a typical surgical

environment. Placing a sensor on the end effector that could survive the in-vivo

environment while not significantly altering the tool’s geometry and/or ability to be

used in-vivo would be extremely difficult. Moreover, since the endoscopic tool

remained unchanged it is possible to remove it completely from the MEG, sterilize

it, and use it in a survival procedure.

24.2.1.5 Experimental Protocol and Loading Conditions

Three-month-old female pigs (porcine Yorkshire cross) with an average weight of

37 (�5) kg were used as the animal models for the experimental protocol. The same

animal model is used for training laparoscopic surgeons due to its similar internal

abdominal organ anatomy to humans. Seven internal organs (liver, spleen, bladder,

gallbladder, small and large intestines, and stomach) taken from 14 different pigs

were tested in various testing conditions (in-vivo, in-situ, and ex-corpus). The MEG

was used for testing all seven organs of six animals, whereas the MTS machine was

used on four organs (liver, spleen, small intestine, and stomach) from three animals.

The MEG was used in all conditions, while the MTS was obviously used for only

ex-corpus testing. (The remaining animals were tested with some mix of condition

and organ.) The in-vivo and in-situ experiments were recorded visually using the

endoscopic camera, synced with force-deformation data, and recorded on digital

video for off-line analysis and archival.

In-vivo tests were performed on a sedated and anesthetized animal as per

standard veterinary protocols and typical for a laparoscopic training procedure at

the University of Washington Center for Videoendoscopic Surgery, an AALAC-

accredited facility. The abdomen was insufflated with CO2 to a pressure of

11–12mmHg, as typical in porcine MIS procedures. Three laparoscopic ports

(10mm in diameter) were placed into the abdomen, which allowed access to all

the organs to be tested as well as visualization of the tool tip by the endoscopic

camera. In-situ tests were conducted under the same experimental conditions on the

euthanized animal immediately postmortem. Ex-corpus testing was performed at

the UW Applied Biomechanics Laboratory. For the organ harvesting, blood vessels

to the organs were cut, and blood was free to drain and clot. Hollow organs were

stapled and then cut to ensure any contents remained intact. The organs were kept

moist with 0.9% saline solution and stored in an ice chest with ice packs.

The ex-corpus testing took place in a climate-controlled room; the temperature

was held at 22.7�C with a humidity of 22% during all the tests. During the

ex-corpus tests, the tissues were constantly kept moist with sprays of saline

solution; the organs were never frozen.

Cyclic and step strains were used as the two loading conditions for testing the

various soft tissues. In addition to these two loading conditions, the tissues were

tested to failure, defined by a tissue fracture, by both devices ex-corpus. The loading
characteristics used as part of the experimental protocol were defined based on a
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detailed analysis of the grasping action in laparoscopic surgery, as measured by the

Blue DRAGON system [43]. Moreover, since laparoscopy, by definition, is

performed in-vivo, collecting load-response data under similar conditions is para-

mount to reflecting the nature of these biological materials as presented to the

surgeon clinically. Emulating surgical conditions as part of the experimental

protocol guaranteed that models that were developed based on the collected data

reflected the appropriate nature of these biomaterials for future applications, such as

haptic virtual reality surgical simulators. This concept manifested itself profoundly

in the experimental protocol design and execution.

One of the major deviations from a more common soft tissue biomechanical

testing protocol was in regard to tissue preconditioning. Due to the viscous nature of

soft tissues, their deformation response changes with each successive loading cycle

[2]. A stable behavior can develop after several loading cycles, at which point the

tissue has been “conditioned,” and its hysteresis loop is minimized. Conditioning a

tissue before testing (referred to as “preconditioning”) often takes 10–20 cycles,

depending on the tissue and the loading condition [2]. Since tissues are not

preconditioned before being manipulated in surgery, first-cycle behavior is of

great interest, as is steady-state behavior and the number of cycles to reach

conditioning. No preconditioning was performed during this study. A new site

(location on the organ) was used for each test regime to ensure the natural

(unconditioned) state of the tissue was measured.

Initial tissue thickness was determined by the distance between the tool tips

(or indenters) at the point of first contact. Each subsequent cycle used this same

value, whether or not the tissue was actually in contact at this distance. This was

done to observe any depressions left in the tissue after the previous compression.

The first type of load applied was a cyclic position (strain) waveform, in order to

examine the tissues’ elastic stress-strain response. The constant velocity (triangle-

shaped) strain signal was the cyclic loading profile of choice for the following

reasons: (1) it allows controlled strain rate, (2) it facilitates tool-tip contact

detection based on deviation from nominal velocity, (3) it has been used in previous

studies. The second type of load applied was a single position (strain) step, in order

to examine the stress-relaxation properties of the tissues. A viscous material

exhibits an exponential decrease in the measured stress within the material while

the strain is held constant. Analysis of measurements made with the Blue

DRAGON [43] indicated that maximum grasp time during various surgical tasks

was 66.27 s. The average maximum grasp time was 13.37�11.42 s, the mean grasp

time was 2.29�1.65 s, and 95% of each subject’s grasps were held for less than

8.86�7.06 s. Based on these results, a short hold time (10s or less) could be used for

loading the tissues. However, it is useful for modeling purposes to examine the

relaxation over a longer period of time, in order to better characterize the behavior.

For practical purposes, the step strain was held for 60 s at three different strain

levels (in different tests), targeted between 42 and 60% strain. During the step strain

tests, the MEG end effector was commanded to close as rapidly as mechanically

possible. It is important to note that the entire organ under study remained intact

throughout the experimental protocol. Although the compressive loads were
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applied uni-axially on the various organs, the surrounding tissues of the organs

themselves define the boundary conditions. These boundary conditions are funda-

mentally different from the boundary conditions of a sample of tissue removed

(excised) from an organ. With such a sample either free boundary conditions or

confined boundary conditions within a fixed geometry can be used. Setting such

controlled boundary conditions is a common practice in material testing; however,

keeping the organ intact better reflects the boundary conditions encountered during

real surgery. These testing conditions imply that the results reported in this study

refer to both structural and material properties of tissues, not just to the material

properties. In addition to the loading and boundary condition, the testing location on

the organs were limited to the organs’ peripheries for both the MEG and the MTS.

These testing locations were selected due to the fact that the Babcock jaws of the

MEG were less than 3 cm long; it was impossible to test the interior bulk of the

larger organs like liver and stomach with the MEG.

24.2.1.6 Data Analysis: Phenomenological Models

Two fundamental approaches exist for developing models of soft tissue mechanical

behavior: (1) constitutive, physical law-based models, such as strain energy func-

tion models; and (2) phenomenological models based on curve-fitting experimental

data. The former approach leads to easier extraction of physical meaning of the

parameters but may not have perfect fits with the acquired data. The latter approach

has little or no physical relevance but may achieve excellent fits to the acquired data

with potentially less computationally intensive functions. Due to the empirical

emphasis of this study, a phenomenological modeling approach was used. In

order to evaluate which of these methods should be selected, a series of candidate

curves were defined and evaluated for their ability to fit a significant portion of the

dataset accurately and consistently. The measures of fit that were examined were

the mean, median, and standard deviation of both R2 (regression coefficient) and

RMSE (root mean squared error).

Elastic Models

Eight functions were chosen to model the elastic characteristics of the tissue. In

these equations, the engineering (nominal) stress (s) is defined to be the ratio of

compression force (F) applied on the tissue to the contact area (A) – (24.1a).

The engineering strain (e) is defined as the difference between the initial thickness

of the tissue (l0) under no load and the actual thickness under the compression load

(l) normalized with respect to the initial thickness. Each model assumes zero

compressive stress (s) at zero strain (e), and a positive stress at positive strain.

Theoretically, compressive strain must be less than unity (1), since a value of 1.0

indicates the material has been totally compressed.
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s ¼ F

A
(24.1a)

e ¼ l0 � l

l0
(24.1b)

The first function (24.2) to be examined is a basic exponential function, referred

to as EXP. Various forms of this equation have been used by several researchers [2,

15, 18, 20, 29]. a and b are coefficients determined by curve-fitting the experimen-

tal data.

s ¼ bðea2 � 1Þ (24.2)

The second function (24.3) is an expansion of EXP, introducing a linear term and

increasing the order of strain to e2. This equation was developed for this study and is
referred to as EXP2. Again, g is a coefficient obtained by curve-fitting experimental

data.

s ¼ bðea22 � 1Þ þ g 2 (24.3)

The third function (24.4) incorporates the inverse of strain and is referred to as

INV. This equation introduces a vertical asymptote in the stress-strain relation.

This asymptote must lie between e¼ 0 and e¼ 1. There may be some physical

relevance to the value of this strain asymptote: it may reflect the amount of fluid

within the tissue that cannot be exuded, or the point at which the tissue becomes

incompressible.

s ¼ bð 1

1� a 2 � 1Þ (24.4)

The fourth function (24.5) is a uni-axial form of a Blatz-Ko model and is referred

to as BLATZ. This equation was previously used to model the kidney and liver

under compression loading [44].

s ¼ �g
aþ 1

ðð1� 2Þeðaðð1�2Þ2�1Þ � 1

ð1� 2Þ2 e
að

1

1�2�1Þ
(24.5)

The final functions (described by (24.6)) are polynomials with increasing order

from second (i¼2) to fifth (i¼5). They are referred to as POLY2 through POLY5.

s ¼
Xn
i¼1

ciei (24.6)
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The derivative of a stress-strain function with respect to strain defines the

material stiffness, or tangent modulus. A linearly elastic material’s stiffness

would be a constant, or Young’s modulus. The derivative of an exponential

stress-strain relationship is a function of its strain (e.g., the derivative of (24.3)

with respect to strain results in (24.7)). The overall stiffness indicators defined

for EXP2 are b�a and b�a+g, which serve as useful scalars for roughly approx-

imating overall stiffness of a material and allowing quick comparisons between

materials.

ds
d 2 ¼ 2aðbea22Þ 2 þg (24.7)

Stress Relaxation Model

Three functions were selected to model the stress-relaxation data. The first function

(24.8) is a logarithmic function with two time constants [2, 15] that is referred to as

RLOG:

sðtÞ ¼ �A In ðtÞ þ B (24.8)

where

A ¼ c

1þ c In(t2Þ � c In(t1Þ

B ¼ A
1

c
� gþ Inðt2Þ

� �

and g is the Euler constant (g¼0.5772). Curve-fitting experimental data results in t1
and t2 (time constants) and c.

The second stress-relaxation function (24.9) is a decaying exponential function

with a single time constant [2, 18, 45, 46] that is referred to as REXP1:

sðtÞ ¼ 1� aþ ae
�t
t (24.9)

with a being a curve-fit coefficient.

The third equation (24.10) is a decaying exponential raised to a power, with a

single time constant. This function is referred to as REXP2.

sðtÞ ¼ exp
�t

t

� �b
� �

(24.10)
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24.2.2 Micro Scale Biomechanics

Compression stresses at magnitudes between 0 and 250 kPa were applied in vivo to

porcine abdominal organs using a motorized endoscopic grasper. Test tissues were

harvested after 3h, and tissue injury was measured from histological sections based

on cell death, fibrin deposition, and neutrophil infiltration. Based on preliminary FE

models [47], it was determined that the central portion of the compression site

would have a uniform stress level. The central uniform region was chosen as the site

of histological damage measurement in order to reduce variance from spatial stress

variation.

24.3 Results

24.3.1 Macro Scale Biomechanics

24.3.1.1 Elastic Testing

Compression stress-strain experimental data plots of various internal organs are

depicted in Fig. 24.3 and the associated elastic phenomenological model (EXP,

EXP2, and INV) curve fits are plotted in Fig. 24.4. Example organ response data, as

well as the phenomenological models and their fit are plotted for the liver in

Fig. 24.5. The average of the individual EXP2 model parameters across all condi-

tions based on the MEG and MTS measurements in-vivo and ex-corpus are

summarized in Table 24.1.

As indicated in Fig. 24.3, there is a major change in the stress-strain curve between

the first and fifth loading cycles. Moreover, Fig. 24.3 depicts the spectrum of stress-

strain characteristics bounded by the two extreme experimental conditions: (1) first

cycle compression in-vivo – a typical loading condition during surgery (Fig. 24.3a),

and (2) near-preconditioned fifth compression cycle ex-corpus – a loading condition

more typical to biomechanical characterization analysis of soft tissue (Fig. 24.3b).

In general, it appeared that a tissue’s stiffness increased with subsequent loading

cycles for the first 7–10 loading cycles, at which point the stress-strain behavior

reached a steady-state phase, indicating the point at which the tissue likely became

conditioned. Note the marked difference in shape of the stress-strain curve between

first and fifth loading cycles in spleen (Figs. 24.3 and 24.4). This behavior was

noted visually during spleen testing by the fact that the MEG jaws tended to leave a

deep impression in the organ after the first loading cycle; the tissue did not recover

to its initial thickness after the first loading cycle. The spleen also appeared to have

a nearly constant stiffness on first compression but became more exponential on

subsequent cycles. The hollow organs, particularly small intestine, tended to have

two distinct parts to their stress-strain curves, separated by an abrupt change in

stiffness. The first part represents moving of the walls and compression of the
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Fig. 24.3 Stress-strain curves for all organs under study, as measured with the MEG at 5.4 mm/s

loading velocity (first and fifth cycles shown): (a) in-vivo, (b) ex-corpus. Organs’ legends: BL
bladder, GL gallbladder, LI large intestine, LV liver, SI small intestine, SP spleen, ST stomach. The

loading cycle number (1 or 5) is defined in the brackets
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Fig. 24.5 Measured data and

phenomenological models of

liver tissue under

compression loading. The

same in-vivo data measured

by the MEG was fit with

various models. The measures

of fit for these models are: (a)

EXP2, R2 ¼ 0.9989, RMSE

¼ 1.5048E3; (b) EXP, R2 ¼
0.9984, RMSE ¼ 1.5166E3;

(c) INV, R2 ¼ 0.9931, RMSE

¼ 3.0291E3
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Fig. 24.4 Stress-strain curves for all organs with average curve-fit parameters across all condi-

tions: (a) in-vivo data measured by the MEG, (b) ex-corpus data measured by the MEG, (c) ex-

corpus data measured by the MTS. Organ legend: BL bladder, GL gallbladder, LI large intestine,
LV liver, SI small intestine, SP spleen, ST stomach. See text for the definitions of the functions

EXP, EXP2, INV
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contents (solid, air, or liquid). The second part occurs when the two walls of the

organ contact each other. This portion, then, can be considered the actual deforma-

tion behavior of the tissue and should appear similar to the responses obtained by

the other (solid) organs. One could argue the entire curve represents the clinically

relevant behavior of the organ.
Large intestine response to loading was different then the small intestine, which

could be attributed to its thicker walls and generally larger shape (Fig. 24.3a).

However, because it contained stool, it tended to show drastically different

biomechanical behavior between the first and subsequent squeezes as the contents

were compressed and moved about. Small intestine tended not to have as much

volume of contents as did the large intestine.

Two other hollow organs that show different behavior from the other organs,

bladder and gallbladder, were fluid-filled. Therefore, their initial response was

simply from the stretching of the membranous walls – more like tensile testing

than compression. When the walls finally came together, because they were so thin,

the jaws were essentially touching and the sudden change in stiffness to nearly rigid

was observed (Fig. 24.3a). Ex-corpus results were generally similar to those seen

in-vivo (Fig. 24.3b). For example, small intestine still had the two-part shape, and

first-load cycle of spleen tended to be different from subsequent cycles. Ranges of

stress and strain appeared to be similar, as well. One key difference was the amount

of internal compression variability. Aside from the difference between first and

second loading cycles, the stress-strain behavior reached a consistent response more

quickly. This may indicate a more rapid onset of tissue conditioning, or it could be

less influence from in-vivo factors such as ventilator motion and tissue re-perfusion.

24.3.1.2 Stress-Relaxation Testing

Experimental data of normalized stress-relaxation under compression loading

are depicted in Fig. 24.6a for the liver. The stress was normalized with respect to

Table 24.1 Mean values of the EXP2 model parameters (a, b, g) for each organ, in-vivo and

ex-corpus, as tested by the MEG and MTS, across all animals, loading velocities, and cycle

number

Device: MEG MEG MTS

Condition: In-vivo Ex-corpus Ex-corpus

Parameters:

b (Pa) a g (Pa) b (Pa) a g (Pa) b (Pa) a g (Pa)Organ

Bladder 0.0041 27.98 15,439.2 N/A N/A N/A N/A N/A N/A

Gallbladder 2,304.5 15.75 9,622.2 N/A N/A N/A N/A N/A N/A

Large intestine 3,849.7 16.14 16,544.1 N/A N/A N/A N/A N/A N/A

Liver 7,377.1 20.63 3,289.4 7,972.1 20.29 781.0 8,449.8 26.26 1,679.4

Small intestine 3,857.3 16.60 11,273.8 6,166.5 12.81 7,967.5 1,745.9 13.60 2,580.9

Spleen 3,364.4 12.94 19,853.1 3,798.8 11.31 14,440.4 2,764.9 11.85 13,103.8

Stomach 4,934.9 21.51 11,105.9 8,107.0 16.91 6,483.8 2,247.6 21.22 6,803.3

24 Macro and Micro Soft‐Tissue Biomechanics and Tissue Damage 601



Fig. 24.6 Normalized stress-relaxation curves as a function of time for one liver tested with the

MEG: (a) three different testing conditions (IV in-vivo, IS in-situ, EC ex-corpus) and strain levels

(indicated in the legends as a two-digit numeral [% strain]; (b) measured data and phenomenologi-

cal models of two strain levels. Their measures of fit: 46% strain [REXP1 (R2¼ 0.8948, RMSE¼
0.0042), REXP2 (R2 ¼ 0.9261, RMSE ¼ 0.0030), RLOG (R2 ¼ 0.9084, RMSE ¼ 0.0034)], and

strain 50% [REXP1 (R2 ¼ 0.9387, RMSE ¼ 0.0026), REXP2 (R2 ¼ 0.9526, RMSE ¼ 0.0021),

RLOG (R2 ¼ 0.9140, RMSE ¼ 0.0028)]
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the maximal value of the stress that applied during the loading phase. The

associated phenomenological models (REXP1, REXP2, and RLOG) curve-fit

functions are plotted in Figs. 24.6b and 24.7. The average of the individual

REXP2 (the overall best fitting model) parameters across all conditions based on

MEG and MTS measurements in-vivo and ex-corpus are summarized in Table 24.2.

The stress-relaxation data acquired from liver in-vivo and ex-corpus for various
step strain levels are depicted in Fig. 24.6. The maximum value of the total decrease

Fig. 24.7 Average normalized stress-relaxation curves for internal organs, based on mean values

of REXP1, REXP2, and RLOG models: (a) in-vivo, (b) ex-corpus. Organ legend: BL bladder, GL
gallbladder, LI large intestine, LV liver, SI small intestine, SP spleen, ST stomach. See text for the

definitions of the functions REXP1, REXP2, RLOG
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in stress was about 4–6% over the 60s test in-vivo, while the in-situ and ex-corpus
maximum total decreases were 6–14%. The data indicate three general trends:

(1) greater percent decreases in stress in the in-situ and postmortem conditions

compared to the in-vivo condition, (2) greater decrease in normalized stress with

less applied strain, and (3) greater decrease in normalized stress with increasing

time postmortem (in-situ versus ex-corpus.

24.3.1.3 Failure: Liver

One benefit of testing tissues postmortem is the ability to test them to failure.

Failure for liver tissue was examined for MEG and MTS tests (Fig. 24.8). Tissue

failure is indicated in Fig. 24.8 by an abrupt decrease in stress. Liver failed at

35–60% strain with the MEG and 30–43% strain with the MTS at stresses of

160–280kPa and 220–420kPa, respectively. These results compare favorably with

previously collected data reporting ultimate strain for liver at 43.8�4.0% (range:

39.0–49.1%) and an ultimate stress of 162.5 � 27.5kPa (range: 127.1–192.7kPa),

when loaded at 5mm/s [15]. It is important to mention the difference in the

boundary conditions between the two studies: in the study by Tamura et al. [15],

rectangular samples were used rather than intact organs, as in this study. Some

differences are therefore to be expected, but the orders of magnitude are similar,

suggesting good agreement for both MEG and MTS results.

It was observed that failure mode was different for the MEG and MTS devices.

The MEG, with its rounded and smooth jaw edges, tended to crush the internal

structure of the liver, the parenchyma, a condition known as liver fracture.

No damage to the outer capsule was visible, other than a depression. The indenter

on the MTS machine, however, tended to tear the capsule before fracturing.

This was likely due to the indenter’s sharp edges and the sloping of the organ

surface (Fig. 24.2).

Table 24.2 Mean values of the REXP2 model parameters (t, b) for each organ, in-vivo and ex-

corpus, as tested by the MEG and MTS across all animals, loading velocities, and cycle number

Device: MEG MEG MTS

Condition: In vivo Ex-corpus Ex-corpus

Parameter:

t(s) b t(s) b t(s) bOrgan

Large intestine 4.72E+04 0.479 N/A N/A N/A N/A

Liver 4.95E+06 0.307 3.71E+04 0.381 1.40E+00 0.233

Small intestine 7.87E+05 0.412 1.13E+05 0.380 N/A N/A

Spleen 6.70E+07 0.167 1.10E+07 0.208 8.84E-01 0.188

Stomach 1.03E+04 0.425 1.73E+04 0.331 4.59E-01 0.189
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Fig. 24.8 Ex-corpus stress-strain characteristics of the liver under compression loading to failure:

(a) MEG, (b) MTS
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24.3.1.4 Phenomenological Model Fit

Ranking the phenomenological models based on measures of fit (mean, median, and

standard deviation of bothR2 andRMSE) separately and summing the ranks identified

the best fitting model for each organ, summarized in Table 24.3. The phenomenologi-

cal model parameters were identified for each set of acquired data (per organ, testing

condition, cycle number, etc.). One may note that that the hollow organs appeared to

be fit best by REXP2, while the solid organs were fit best by RLOG.

24.3.1.5 Statistical Analysis of phenomenological Model Parameters

One-way ANOVAs were performed for each factor-measure combination, with a

probability value of 95% (a¼0.05). In Figs. 24.9 and 24.10, each measure is plotted

against the levels for each factor (such as organ or compression cycle). The

diamonds represent the mean for a given level (e.g., liver is a level of the factor

organ), and the horizontal bars indicate the standard deviation. The black dots are

the individual data points. The right-hand side of the plots depict the results from

post hoc Tukey-Kramer HSD (Honestly Significant Difference) analysis, as per-

formed in the statistical software JMP (Cary, NC). This statistical test finds which

pairs of levels have significantly different means, which is represented graphically

by the circles: the center of each circle lies at the mean with the radius of the circle

encompassing the region of confidence. If two circles overlap, then their means may

not be significantly different and vice versa. The circles simply serve as a means for

rapidly visually identifying significantly different groups.

Table 24.3 The best fit of phenomenological models to the in-vivo experimental data acquired

from various internal organs by the MEG under the two compression loading conditions (elastic

stress-strain and stress relaxation) across all conditions

Organ Data type Model

Bladder Elastic EXP2

Gallbladder Elastic INV

Large intestine Elastic EXP2

Relaxation REXP2

Liver Elastic EXP2

Relaxation RLOG (REXP2)

Small intestine Elastic EXP2

Relaxation REXP2

Spleen Elastic EXP2

Relaxation RLOG

(REXP2)

Stomach Elastic EXP2

Relaxation REXP2

(REXP2)

Models in parentheses are based on data acquired by the MTS system (ex-corpus only)
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Using the general stiffness indicator scalar b�a+g derived from (24.7) as a single

indicator of the phenomenological model, a significant difference (p<0.0001) was

found between the organs, indicating a significant difference in “stiffness” between

the most of the organs. Only 4 of the possible 21 organ pairs were not found to be

significantly different: spleen and small intestine, spleen and large intestine, small

intestine and large intestine, and bladder and gallbladder (Fig. 24.9).

Fig. 24.9 The stiffness indicator scalar b � a þ g of the EXP2 phenomenological model plotted

for various organs for measured elastic data. The right-hand side of the plot depicts the results from

post hoc Tukey-Kramer HSD analysis. The radius of the circle represents the region of confidence

(95%)

Fig. 24.10 The stiffness indicator scalar b ? a + g of the EXP2 phenomenological model plotted as

a function of loading cycle for measured elastic data. The right-hand side of the plot depicts the

results from post hoc Tukey-Kramer HSD analysis. The radius of the circle represents the region of

confidence (95%)
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It is interesting to note that small and large intestine were not significantly

different from each other using the overall stiffness measure (b�a+g). Only

when looking solely at the g term does one find a significant difference. This

would indicate that the overall behavior of the intestines is similar, especially at

higher strains, but their behavior is significantly different at low strains.

There was a significant difference (p<0.0001) found between loading cycle with

respect to stiffness indicator scalar b�a+g (Fig. 24.10). The stiffness indicator

scalar for the first loading cycle was significantly greater than the seventh loading

cycle and cycles 9–20. Moreover, the stiffness indicator scalar of the second

loading cycle was greater than that from the 13th, 16th, 17th, and 19th loading

cycles. These results indicate that the stiffness indicator scalar in the first six

loading cycles is generally larger than latter loading cycles. A stable condition

appears to be reached after 7–9 loading cycles.

Statistical analysis of the models’ parameters indicated several significant

differences as the function of the testing conditions (in-vivo, in-situ, and ex-corpus).

24.3.2 Micro Scale Biomechanics

Histological analyses and tests showed that the sites of compression injury in the

porcine liver exhibited early signs of hepatic necrosis in hematoxylin and eosin

(H&E) stained sections. Figure 24.11 shows a plot of percent necrosis versus

average applied stress based on 48 liver tissue samples from nine animal experi-

ments. The results indicate a graded acute injury response to compression stress in

the range of stresses typical to MIS.

Figure 24.12a is a composite of several microphotographs showing an H&E

stained section of liver from the aforementioned animal after an applied compres-

sion stress of 200kPa. A finite element models (FEM) corresponding to the histo-

logical sections experiments was developed and depicted in Fig. 24.12b. The tissue

was assumed to be linear, isotropic, and homogeneous. The Young’s modulus equal

to 300kPa was chosen based on previous measurements in relevant stress ranges

[Sect. 3.1]. Poisson’s ratio was set at 0.4, reflecting the nearly incompressible nature

of soft tissues [48–50]. The two-dimensional FEM model was used to simulate the

center plane of the grasping site, which was a plane of symmetry of the three-

dimensional geometry and analogous to the histological sections. The mesh con-

sisted of six-noded triangular elements.

An overlay of the computed von Mises stress contour lines of the FE model and

the H&E section is presented in Fig.24.12c. Most evident when comparing the

histological section and FEM is the correlation between the high stress concentra-

tions at the corners of the compression site in the model and the sites of hemorrhage

in the tissue. The colored lines indicate the different stress levels in regular

increments. The areas in which histology indicates early necrosis were colored

manually in a solid color, with a different color used for each contour band. Any
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Fig. 24.11 Plot of necrosis in section images as a function of applied stress in the liver. Each data

point is the average of four measurements
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Fig. 24.12 (a) H&E section of liver. (b) FE model of liver during vertical grasping. Plot shows

von Mises stress with color bar indicating stress magnitude. (c) Overlay of FEM and HE section

with marked necrosis. (d) Plot of necrosis versus damage based on three FEM-HE section over-

lays. Each shape indicates data from different section
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large space void of hepatocytes, such as that formed by a large blood vessel, was

subtracted when calculating percent damage. This analysis was repeated using two

different histological sections from two additional animals (not shown). Figure

24.12d is a plot of percent necrosis by level of stress, as indicated by the contour

bands, for the three analyzed sections.

It was expected that the central region of each compression site with the uniform

stress to be uniformly damaged. However, upon closer inspection, there was clear

spatial variation in necrosis within the lobules. This was seen in almost all histo-

logical sections.

In light of these results, a small scale FEM was developed to explore if the

variations in damage within the compression region, which is theoretically under

uniform stress is due to the microstructure of liver. The micro scale FEM represent

2.94mm�2.2mm section of a (Fig. 24.13a). The pressure applied on this H&E stained

section was 90kPa (compression – grasping). A magnified region from the center of

the section is shown in Fig. 24.13b with six lobules from the center of the compression

site chosen for the FEM outlined in blue. The identified regions of necrosis are

outlined in green, illustrating the typical irregular patterns of damage within lobules.

The mesh of the microscopic model is seen in Fig. 24.13c and utilized six-node

triangular elements. Similar to the global model, the local model was two-dimen-

sional and assumed linearity and isotropy. Boundary conditions, or displacement

inputs, for the local model were based on the x- and y- displacements calculated in

the global model for a box corresponding to the position and outer dimensions of

the local model. The Young’s moduli of the stroma and hepatocytes were based on

previous measurements of stress-strain characteristics of in vivo bulk liver. The

hepatic tissue was assigned a linear approximation for Young’s modulus of 160kPa

[Sect. 3.1]. This is lower than the Young’s modulus used for the first model

(Fig. 24.12) because tissues have a lower linearly approximated stiffness at lower

stresses. The stroma was given a higher Young’s modulus of 1.6MPa to reflect

higher values for collagen, a component of the stroma [51]. The Poisson’s ratio for

hepatocytes was kept at 0.4, but the value for lobular walls was reduced to 0.2,

again to reflect lower Poisson’s ratio values found in the literature for collagen [51].

One clear observation from these plots was that this model of microscopic tissue

heterogeneity produced only small variations in stress and strain distributions within

each of the lobules. Figure 24.13d shows the von Mises stress contours when the

Young’s modulus of the stroma was assumed to be one order of magnitude stiffer than

the hepatic tissue. A direct comparison of the simulation results in the form of von

Mises stress (Fig. 24.13d) or other aforementioned types of stress to histological results

(Fig. 24.13b) did not show amatch between higher areas of stress and areas of necrosis.

This mismatch may be explained by the composite nature of the soft tissue and the

small scale in which the stiff structure shielded the stress from the softer structures.

TheYoung’smodulus used to characterize the stromawas simply an estimate since

there have been no separate measurements on the two specific material types. There-

fore, a parametric analysis (where the simulation is run several timeswhile altering the

value of one variable over a range) was employed to alter the Young’s modulus of the

stroma compared to the hepatocytes. This allowed to both confirm that the model was
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stable and to determine if observations regarding stress variations changed greatly

with different Young’s moduli. A plot of von Mises stress along a diagonal cross-

sectional line through the lobule model (indicated by the red line in Fig. 24.13d) at

various levels of Young’s moduli is given in Fig. 24.14, with “spikes” or “dips”

representing the connective tissue between lobules. The hepatocyte material property

had a constant Young’s modulus of 160kPa, while the connective tissue Young’s

modulus varied between 16kPa and 1.6MPa. Results from the parametric study

suggested that variation of Young’s modulus between the stroma and hepatocytes

affected the magnitude of stress contours, but only small variation existed within
lobules with spikes resulting at the stromal boundaries. This is further exemplified by

the line E¼ 1.6 e5 in that small “spikes” still result when the only difference in the two

materials is in the Poisson’s ratio.

Fig. 24.13 (a) H&E stained section of liver after 90 kPa applied compression stress. Box

approximates boundaries for group of lobules shown in (b). (b) Blue line delineates lobules used
to create microscopic FE model. Green indicates regions indicating early necrosis. (c) Mesh of FE

lobule model (a finer mesh was used for the final analysis). (d) von Mises stress plot with contour

band values given along the right (red ¼ higher stress; blue ¼ lower stress)
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Initial inspection of these results suggested that inclusion of heterogeneity in a

finite element model resulted in stress variations that might be able to explain the

irregular damage patterns observed in experimental sections. However, closer

scrutiny showed that the stress and strain variations within the lobules, as exem-

plified by von Mises stress plots in Fig. 24.14, were quite minimal regardless of the

assigned Young’s moduli. The maximum variation within a lobule generally

appeared to be 20–30 kPa. This range was essentially “flat” compared to the entire

stress profile. A comparable analysis for a different histological section from

another animal produced similar results, suggesting that either stress is not directly

correlated to damage at this microscopic level or that FE modeling as a method for

predicting damage at this level most-likely requires inclusion of more complex

properties, both biological and structural.

24.4 Conclusions and Discussion

Structural biomechanical properties (stress-strain and stress-relaxation) of seven

abdominal organs (bladder, gallbladder, large and small intestine, liver, spleen, and

stomach) have been obtained using a porcine animal model. The organs were tested

Fig. 24.14 Plot of von Mises stress through diagonal (red line Fig. 24.13d) for parametric analysis

altering stromal Young’s modulus over range indicated by legend
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in-vivo, in-situ, and ex-corpus under compressive loadings using a novel device, the

Motorized Endoscopic Grasper (MEG), and a standard universal material testing

system (MTS). The tissues were tested with the same loading conditions commonly

applied by surgeons during minimally invasive surgical procedures. phenomeno-

logical models were developed for the various organs, testing conditions, and

experimental devices. The results indicate significant quantitative differences

between tissue properties measured in-vivo and postmortem conditions that will

be of value for developing performance criteria for the next generation of surgical

robots and simulators.

One of the most difficult aspects of any testing of biological materials is the large

degree of variability (difference between animals, heterogeneity of the organs,

strain history-dependence, strain rate-dependence, etc.). This particular study com-

pounded this problem by testing bulk organs in-vivo and without preconditioning.

Testing tissues in-vitro, using specimens of known shape under very controlled

loading and boundary conditions, can usually lead to results with lower variability,

particularly if the tissues are preconditioned. Testing in-vivo also introduces poten-

tial sources of noise, such as movement artifacts from beating heart and respiration,

varying rates of tissue re-perfusion, etc. Unfortunately, this variability may mask

effects from other factors. Some of this might have been quantified by repeated

testing of the same site, but the fact that the tissues exhibit strain history-depen-

dence makes this impractical: the sites would have to be allowed to fully recover to

their natural state before subsequent testing, requiring the animal to be anesthetized

for extended amounts of time. While this variability makes finding statistical

significance in the data difficult, for the scope of surgical simulation, it is worth-

while to determine ranges of tissue properties.

With this information, simulators can realistically change the organs’ virtual

mechanical behavior so that the virtual liver operated on in one session would be

different from the next. Providing realistic force magnitudes identical to those felt by

surgeons when grasping organs during actual surgery is the first step towards more

realistic and scientifically-based surgical simulators incorporating haptic feedback. In

addition, surgical instruments and surgical robot manufacturers can use this informa-

tion for optimizing their products to provide sufficient grasping traction while mini-

mizing trauma. This could decrease costs and improve patient outcome.

The goodness of fit measures of the phenomenological models to the experimen-

tal data are based on residual error. In the case of the elastic tests, residual error is

typically highest at large strains, where small changes in strain cause rapid

increases in stress. Therefore, the best fitting curves are often the ones that fit best

in the large strain region (the steepest part of the curve) but may or may not fit as

well at lower strains. Study of the stress-strain database shows that nearly any set of

data can be fit well by a sufficiently high-order equation. However, this becomes

unwieldy and physically irrelevant. Due to the large number of parameters in

POLY4 and POLY5 and the fact that the functions are not monotonically increas-

ing, these models are not the model of choice for internal organ soft tissues, despite

their good measures of fit. Moreover, the functions POLY2 and POLY3 and

BLATZ lacked sufficient goodness of fit. The INV and EXP2 models provided
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better results than EXP, which is a curve commonly used by soft tissue studies. The

EXP model may be better suited for tensile experiments, where there is no vertical

asymptote before failure. Due to the nature of compression, strain varies from 0 to 1

and can never reach unity (1). For bulk materials that have not failed, there will

always be a strain asymptote between 0 and 1. INV provides this number explicitly

by its b term: the asymptote occurs at e¼1/b. This may shed some physical insight

into the nature of the tissues. Perhaps this value of b represents the thickness of the

fluid within the tissue that cannot be exuded, thus leading to an incompressible

state. While EXP2 does not provide this physical information and has three para-

meters instead of two, it overwhelmingly is the best fitting of all the exponential-

type functions and the best fitting of all functions under study.

Fitting models to stress-relaxation tests are highly dependent on the duration of

the test. Extrapolation beyond the testing may lead to inaccurate results. Only the

REXP1 model, of the three models examined, has a stress asymptote (of value 1-a),
which is usually what is observed in tissue. Soft tissues are generally considered

viscoelastic, which means there is some elastic component and a viscous compo-

nent. After infinite time in compression, little stress is developed in the viscous

component, and only the elastic component will remain, which is a finite, nonzero

value. Models such as REXP2 and RLOG lack the asymptotic behavior as

contained in REXP1. Therefore, extrapolating data based on these two models

may predict non-physical behavior in which the stress continually decreases as a

function of time, even beyond a value of zero – a physical impossibility. Despite

this, REXP2 was overwhelmingly the best fit model to the data.

Analyzing the models’ parameters of all the tissues under study that were tested

with the MEG across the various conditions (in-vivo, in-situ, and ex-corpus)

indicated the following characteristics. Given the elastic model EXP2 ((24.3) and

(24.7)), the parameter g decreased significantly (p < 0.0068) as a function of the

time postmortem. The parameter g represents the linear portion of the stress-strain

curve, which dominates the stresses generated at low strains. Therefore, the results

indicate that lower stresses were developed for small strains postmortem as opposed

to in-vivo. The stiffness indicators b�a and b�a+g were significantly increasing

(p < 0.0001) as a function of the time postmortem. The results of the stress-

relaxation tests indicated that the tissue recovery between successive periodic

step stains was greater for longer rest periods and for in-vivo. These phenomena

can be explained in part by the higher perfusion of pressurized fluids within the

tissues in-vivo, which may also contribute to the greater relaxation of the tissue

postmortem than in-vivo. Despite the variability in the data, this study is a first step

towards characterizing the highly complex behavior of abdominal soft tissues in

their in-vivo state. The MEG is a useful and effective device capable of measuring

compressive structural properties of abdominal tissues under in-vivo and surgically

realistic conditions.

A full experimental characterization of a non-linear, fluid-perfused, non-isotro-

pic material such as the major internal organs in-vivo is a complex endeavor. Proper

modeling of bulk materials requires knowledge from tri-axial testing that can only

come from tissue biomechanical studies that are not similar to surgical conditions.
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The aim of this experimental protocol is to characterize the tissues’ response to

typical loading conditions in minimally invasive surgery. In that respect, the results

reported in this study represent only one axis (dimension) of the tissue’s tri-axial

response. However, it should be emphasized that given the inherent dependencies

between the three dimensions, the two unloaded dimensions are reflected in the

dimension under study here. In addition, the dimension under study is the very same

dimension that the surgeon is exposed to as he or she palpates the tissue with

standard surgical tools. Moreover, one may note that one underlying assumption of

the elastic model was that the compression stresses are zero at zero strain. This

initial condition limits the reported elastic model to incorporate the soft tissues’

residual stresses due to hydration and natural internal boundary conditions which in

turn limits the model to accurately predict the tissues’ stress response to small

strains. This limitation is diminished for large strains, which are what surgeons

typically apply during tissue manipulation.

Better understanding of the tool-tissue interface in MIS can lead to development

of safer and more effective surgical instruments, and this may allow to overcome

some of the limitations of novel MIS devices. Comparison of FE models

corresponding to tissue sections subjected to compressive stress in vivo produced

damage-stress relationships (Fig. 24.12d) similar to that obtained from analysis of

multiple samples from multiple animals (Fig. 24.11), suggesting that FEM can

predict tissue damage at a macroscopic level (centimeter scale). There are several

implications of this result. First, FEM could be used for surgical instrument design

by modifying tools to apply favorable stress distributions to tissue to reduce the

potential for injury. Second, surgical simulators that utilize FEM modeling could

provide feedback to trainees regarding tissue damage based on computed stress

levels and extended data analogous to Fig. 24.12d. Finally, tissue damage could be

minimized during a procedure through advanced treatment planning or improved

control algorithms in surgical robots.

The liver has a highly complex, yet variable system of blood vessels and ducts as

well as a dual blood supply (hepatic and portal). In addition, there are functional

differences within the organ that may results in variation in oxygenation or meta-

bolic burden. Incorporation of such biological and structural intricacies into an FE

model could help provide a more complete understanding of tissue during surgical

grasping.

Stress computed by homogeneous FEM of surgical grasping of liver correlated

with damage seen in experimental tissues at a macroscopic level. This relationship

was observed both by taking multiple tissue samples from multiple animals as well

as by comparing single histological sections to their corresponding computed stress

profiles. Microscopically, we did not see a similar correlation, which suggests that

incorporating three dimensions or other anatomical and physiological effects in

microscopic simulation models may be required to better predict tissue damage at

that scale.
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Chapter 25

Objective Assessment of Surgical Skills

Jacob Rosen, Mika Sinanan, and Blake Hannaford

Abstract Minimally invasive surgery (MIS) involves a multi-dimensional series

of tasks requiring a synthesis between visual information and the kinematics and

dynamics of the surgical tools. Analysis of these sources of information is a key step

in mastering MIS but may also be used to define objective criteria for characterizing

surgical performance. The BlueDRAGON is a new system for acquiring the

kinematics and the dynamics of two endoscopic tools synchronized with the visual

view of the surgical scene. It includes passive mechanisms equipped with position

and force torque sensors for measuring the position and the orientation (P/O) of two

endoscopic tools along with the force and torque (F/T) applied on them by the

surgeon’s hands. The analogy between Minimally Invasive Surgery (MIS) and

human language inspires the decomposition of a surgical task into its primary

elements in which tool/tissue interactions are considered as “words” that have

versions pronunciations defined by the F/T signatures applied on the tissues and

P/O of the surgical tools. The frequency of different elements or “words” and their

sequential associations or “grammar” both hold critical information about

the process of the procedure. Modeling these sequential element expressions using

amulti finite states model (Markovmodel –MM) reveals the structure of the surgical

task and is utilized as one of the key steps in objectively assessing surgical perfor-

mance. The surgical task is modeled by a fully connected, 30 state Markov model

representing the two surgical tools where each state corresponds to a fundamental

tool/tissue interaction based on the tool kinematics and associated with unique F/T

signatures. In addition to the MM objective analysis, a scoring protocol was used by

an expert surgeon to subjectively assess the subjects’ technical performance.

The experimental protocol includes seven MIS tasks performed on an animal
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model (pig) by 30 surgeons at different levels of training including expert surgeons.

Analysis of these data shows that the major differences between trainees at different

skill levels were: (a) the types of tool/tissue interactions being used, (b) the transi-

tions between tool/tissue interactions being applied by each hand, (c) time spent

while performing each tool/tissue interaction, (d) the overall completion time, and

(e) the variable F/Tmagnitudes being applied by the subjects through the endoscopic

tools. An objective learning curve was defined based on measuring quantitative

statistical distance (similarity) between MM of experts and MM of residents at

different levels of training. The objective learning curve (e.g. statistical distance

between MM) was similar to that of the subjective performance analysis. The MM

proved to be a powerful and compact mathematical model for decomposing a

complex task such as laparoscopic suturing. Systems like surgical robots or virtual

reality simulators in which the kinematics and the dynamics of the surgical tool are

inherently measured may benefit from incorporation of the proposed methodology

for analysis of efficacy and objective evaluation of surgical skills during training.

Keywords Dynamics � Human Machine Interface � Haptics � Kinematics � Manip-

ulation �Markov Model �Minimally Invasive � Simulation � Surgery � Surgical Skill
Assessment � Soft Tissue � Surgical Tool � Robotics � Vector Quantization

25.1 Introduction

Evaluation of procedural skills in surgery can be performed utilizing three different

modalities: during actual open or minimally invasive clinical procedures; in physi-

cal or virtual reality simulators with or without haptic feedback; and during

interaction with surgical robotic systems (Fig. 25.1). In each of these interactions,

Fig. 25.1 Modalities for performing surgery
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the surgeon is separated from the treated tissue or medium by an instrument, an

interface that is at least mechanical, but may be a combination of mechanical and

virtual representation of the anatomy (simulator). The intermediate modality in all

of these options can be considered interchangeable.

During open or minimally invasive surgical (MIS) procedures, the surgeon

interacts with the patient’s tissue either directly with his/her hands or through the

mediations of tools. Surgical robotics enables the surgeon to operate in a

teleoperation mode with or without force feedback using a master/slave system

configuration. In this mode of operation, visualization is obtained from either an

external camera or an endoscopic camera. Incorporating force feedback, allows the

surgeon to feel through the master console the forces being applied on the tissue by

the surgical robot, the slave, as he/she interacts with it from the master console. For

training in a simulated virtual environment, the surgical tools, the robot – slave, and

the anatomical structures are replaced with virtual counterparts. The surgeon

interacts with specially-designed input devices, haptic devices when force feedback

is incorporated, that emulate surgical tools, or with the master console of the robotic

system itself, and perform surgical procedures in virtual reality.

One element that all these modalities have in common is the human–machine

interface in which visual, kinematic, dynamic, and haptic information are shared

between the surgeon and the various modalities. This interface, rich with multi-

dimensional data, is a valuable source of objective information that can be used to

objectively assess technical surgical and medical skill within the general framework

of surgical and medical ability. Algorithms that are developed for objective

assessment of skill are independent of the modality being used, and therefore, the

same algorithms can be incorporated into any of these technologies.

Advances in surgical instrumentation have expanded the use of minimally

invasive surgical (MIS) techniques over the last decade. Using a miniature video

camera and instruments inserted through small incisions, operations previously

performed through large incisions are now completed with MIS techniques leading

to a much shorter recovery time and decreased risk of surgical site infections.

However from surgeon’s perspective, this new technology requires a new set of

skills. The new human–machine interface, the associated loss of 3-D vision, and

degraded haptic sensation introduce new challenges. Moreover, the use of this

technology has also presented a new dilemma – namely the training of individuals

to perform surgical procedures that require a new set of skills. This is especially

problematic in the field of MIS where the teacher is one step removed from the

actual conduct of the operation.

Developing objective methodology for surgical competence and performance are

paramount to superior surgical training. Moreover, alternatives to the traditional

apprenticeship model of surgical training are necessary in today’s emphasis on cost

containment and professional competency and patient safety. There is a need to

demonstrate continuing competency among practicing surgeons as well as confirming

competency in trainees early on, before surgical trainees are thrust into the role of

primary assistant or surgeon in the operating room. Inherent difficulties in evaluating

clinical competence for physicians and physicians-in-training have spawned the wide
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use of various assessment techniques including Objective Structured Clinical Exam-

inations (OSCE), oral examinations, standardized patient examinations, and simula-

tion technology. While successful evaluation of cognitive skills using these methods

have been reported, objective evaluation of procedural skills remains difficult. As the

medical profession is facedwith demands for greater accountability and patient safety,

there is a critical need for the development of consistent and reliable methods for

objective evaluation of clinician performance during procedures.

Objective assessment of surgical competence during MIS procedures, defined as

caring out the surgical procedure in a minimally invasive surgical setup, is a multi-

dimensional problem. MIS performance is comprised of physiological constraints

(stress fatigue) equipment constraints (camera rotation and port location), team

constraints (nurses) and MIS ability. Ability when referred to surgery, is defined as

the natural state or condition of being capable; innate aptitude (prior to training)

which an individual brings for performing a surgical task [1]. MIS ability, by itself,

includes cognitive factors (knowledge and judgment) and technical factors

(psychomotor ability, visio-spatial ability and perceptual ability). By definition,

fundamental psychometric abilities are fixed at birth or early childhood and show

little or no learning effect [2]. However training enables the subject to perform as

close as possible to his or her inherent psychometric abilities.

The methodology for assessing surgical skill as a subset of surgical ability, is

gradually shifting from subjective scoring of an expert which may be a variably

biased opinion using vague criteria, towards a more objective, quantitative analysis.

This shift is enabled by using instrumented tools [3–7], measurements of the

surgeon’s arm kinematics [8], gaze patterns [9], physical simulators [10], a variety

of virtual reality simulators with and without haptics [1, 11–32], and robotic

systems. Regardless of the modality being used or the clinical procedure being

studied, task deconstruction or decomposition is an essential component of a

rigorous objective skills-assessment methodology. By exposing and analyzing the

internal hierarchy of tasks a broader understanding of procedures is achieved while

providing objective means for quantifying training and skills acquisition.

Task decomposition is associated with defining the prime elements of the

process. In surgery, a procedure is traditionally and methodologically divided into

steps, stages, or phases with well-defined intermediate goals. Additional hierarchi-

cal decomposition is based upon identifying tasks or subtasks [33] composed of

sequence of and actions or states [3–7]. In addition, other measurable parameters

such as workspace [34] completion time, tool position, and forces and torques

were studied individually [3–7]. Selecting low-level elements of the task decompo-

sition allows one to associate these elements with quantifiable and measurable

parameters. The definition of these states, along with measurable, quantitative

data, are the foundation for modeling and examining surgical tasks as a process.

In the current study, an analogy between (MIS) and the human language inspires

the decomposition of a surgical task into its primary elements. Modeling the

sequential element expressions using a multi states model (Markov model) reveals

the internal structure of the surgical task, and this is utilized as one of the key steps

in objectively assessing surgical performance. Markov Modeling (MM) and its
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subset – Hidden Markov Modeling (HMM) were extensively developed in the area

of speech recognition [35] and further used in a broad spectrum of other fields, e.g.

human operator modeling, robotics, and teleoperation [36–40], gesture recognition

and facial expressions [41, 42] DNA and protein modeling [43], and surgical tools

in MIS setup [5, 44]. These studies indicate that MMs and HMMs provide adequate

models to characterize humans operating in complex interactive tasks with

machines among other applications.

The aim of the study was to develop a system of acquiring data in a real MIS

setup using an animal model and a methodology for decomposing two-handed

surgical tasks using Markov models (MM) based on the kinematics and the dynam-

ics of the surgical tools. Measuring the statistical similarity between the models

representing subjects at different levels of their surgical training enables an objec-

tive assessment of surgical skills.

25.2 Tools and Methods

A novel system named the BlueDRAGON was designed, constructed and used for

acquiring the kinematics (position and orientation) and the dynamics (force and

torque) of two endoscopic tools during MIS procedures in real-time. The data were

acquired during a surgical task performed by 30 subjects at different levels of

surgical training followed by objective and subjective surgical skill analysis based

on task decomposition. The novel objective methodology was based upon a multi-

state Markov model whereas the subjective methodology utilized a standard scoring

system for analyzing the videotapes of the surgical scene recorded during the

experiment. The following subsections describe the system and the methodologies

that were used in the current study.

25.2.1 Tools: The BlueDRAGON System

TheBlueDRAGON is a system for acquiring the kinematics and the dynamics of two

endoscopic tools along with the visual view of the surgical scene while performing a

MIS procedure (Fig. 25.2). The system includes two four-bar passive mechanisms

attached to endoscopic tools [4]. The endoscopic tool in minimal invasive surgery is

inserted into the body through a port located for example in the abdominal wall. The

tool is rotated around a pivot point within the port that is inaccessible for sensors

aimed to measure the tool’s rotation. The four bar mechanism is one of several

mechanisms that allows mapping of the tool’s rotation around the port’s pivot point.

This mapping is enabled by aligning a specific point on the mechanism, where all its

rotation axes are intersecting, with the pivot point of the endoscopic tool

(Fig. 25.2b). The tool’s positions and orientations, with respect to the port, are

then tracked by sensors that are incorporated into the mechanism’s joints. Moreover,

25 Objective Assessment of Surgical Skills 623



the mechanism’s axes alignment with the pivot point in the port prevents the

application of additional moments applied on the skin and internal tissues that

may result from misalignment and the fact that an external mechanism is used and

Fig. 25.2 The BlueDRAGON system (a) The system integrated into a minimally invasive surgery

operating room (b) CAD drawing of the BlueDRAGON four bar mechanism and its coordinate

system properly aliened with the MIS port. (c) Graphical user interface (GUI) incorporating visual

view of the surgical seen acquired by the endoscopes video camera (bottom right) and real-time

information measured by the BlueDRAGONs. On the top right side of the GUI, a virtual

representation of the two endoscopic tools are shown along with vectors representing the instanta-

neous velocities. On the bottom left a three dimensional representation of the forces and torque

vectors are presented. Surrounding the endoscopic image are bars representing the grasping/

spreading forces applied on the handle and transmitted to the tool tip via the tool’s internal

mechanism, along with virtual binary LED indicating contact between the tool tips and the tissues
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attached to the tools. On the other hand, this setup makes the mechanism totally

transparent to the moments that are generated intentionally by using the tools.

Substantial effort was made, during the design process, to minimize the weight

and the inertia of the mechanism. This was accomplished by using carbon fibers

tubes for the links, and by optimizing the shapes of the links for minimizing the

mass distribution. The mass of the mechanism’s moving parts is 1.36 kg and its

maximal moment of inertia relative to the X-axis (Ixx) depicted in Fig. 25.2b is

0.157 kg m2. Moreover, the gravitational forces applied on the surgeon’s hand when

the mechanism is placed away from its neutral position are compensated by an

optimized spring connecting the base with the first two coupled links.

The two mechanisms are equipped with three classes of sensors: (a) position

sensors (potentiometers – Midori America Corp.) are incorporated into four of the

mechanisms’ joints for measuring the position, the orientation and the translation of

the two instrumented endoscopic tools attached to them. In addition, two linear

potentiometers (Penny & Giles Controls Ltd.) that are attached to the tools’ handles

are used for measuring the endoscopic handle and tool tip angles; (b) three-axis

force/torque (F/T) sensors with holes drilled at their center (ATI-Mini sensor) are

inserted and clamped to the proximal end of the endoscopic tools’ shafts.

In addition, double beam force sensors (Futak) were inserted into the tools’ handles

for measuring the grasping forces at the hand/tool interface; and (c) contact sensors,

based on RC circuit, provided binary indication of any tool-tip/tissue contact.

Data measured by the BlueDRAGON sensors are acquired using two 12-bit USB

A/D cards (National Instruments) sampling the 26 channels (four rotations, one

translation, one tissue contact, and seven channels of forces and torques from each

instrumented grasper) at 30 Hz. In addition to the data acquisition, the synchronized

view of the surgical scene is incorporated into a graphical user interface displaying

the data in real-time (Fig. 25.2c).

25.2.2 Experimental Protocol

The experimental protocol included 30 surgeons at different levels of expertise

from surgeons in training to surgical attendings skilled in laparoscopic surgery.

There were five subjects in each group representing the 5 years of surgical training,

(5 � R1, R2, R3, R4, R5 – where the numeral denotes year of training) and five

expert surgeons. Each subject was given instruction on how to perform an

intracorporeal knot through a standard multimedia presentation. The multimedia

presentation included a written description of the task along with a video clip of the

surgical scene and audio explanation of the task. Subjects were then given a

maximum of 15 min to complete this task in a swine model. This complex,

integrative task includes many of the elements of advanced MIS techniques.

In addition to the surgical task, each subject performed 15 predefined tool/tissue

and tool/needle-suture interactions (Table 25.1). The kinematics (the position/
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orientation – P/O of the tools in space with respect to the port) and the dynamics

(forces and torque F/T applied by the surgeons on the tools) of the left and right

endoscopic tools along with the visual view of the surgical scene were acquired by a

passive mechanism that is part of the BlueDRAGON. The aim of this experimental

segment was to study the F/T and velocity signatures associated with each interac-

tion that were further used as the model observations associated with each state of

the model. All animal procedures were performed in an AALAC-accredited surgi-

cal research facility under an approved protocol from the institutional animal care

committee of the University of Washington.

25.2.3 Objective Analysis: MIS Task Decomposition
and Markov Model

25.2.3.1 Surgery as a Language: The Analogy and The State Definitions

The objective methodology for assessing skill while performing a procedure is

inspired by the analogy between the human language and surgery. Further analysis

of this concept indicates that these two domains share similar taxonomy and

internal etymological structure that allows a mathematical description of the pro-

cess by using quantitative models. Such models can be further used to objectively

assess skill level by revealing the internal structure and dynamics of the process.

This analogy is enhanced by the fact that in both the human language and in

surgery, an idea can be expressed and a procedure can be preformed in several

different ways while retaining the same cognitive meaning or outcome. This fact

suggests that a stochastic approach might describe the surgical or medical exami-

nation processes incorporating the inherent variability better then a determinist

approach.

Table 25.2 summarizes the analogy between the two entities, human language

and surgery, along with the corresponding modeling elements in a hierarchal

fashion. The critical step in creating such an analogy is to identify the prime

elements. In the human language, the prime element is the ‘word’ which is

analogous to a ‘tool/tissue interaction’ in surgery. This prime element is modeled

by a ‘state’ in the model. As in a spoken language, words have different ‘pronun-
ciations’ and yet preserve their meaning. In surgery, various ‘force/torque

Table 25.2 The analogy between the human language and surgery as

manifested it self in a similar taxonomy and sub structures along with the

corresponding element of the finite state Markov model

Language Surgery Model

Book Operation/Procedure Multiple Models
Chapter Step of the Operation Model
Word Tool/Tissue Interaction State
Pronunciation Force Torque Velocity magnitude Observation
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magnitudes’ can be applied on the tissues and still be classified under the same tool/

tissue interaction category. These various force/torque magnitudes are simulated by

the ‘observations’ in the model. In a similar fashion to the human language in which

a sequence of words are comprised into a sentence, and sentences create a book

‘chapter’, a sequence to tool/tissue interactions form a step of an operation in which

an intermediate and specific outcome can be completed. Each step of the operation

is represented by a single model. ‘Multiple models’ can be further describing a

multi-step ‘surgical operation’ that is analogous to a ‘book’. One may note that the

sub-structures like a sentence and a section were omitted in the current analogy;

however, identifying the corresponding elements in surgical procedure may

increase the resolution of the model.

Analyzing the degrees of freedom (DOF) of a tool in MIS indicates that the due

to the introduction of the port through which the surgeon inserts tools into the body

cavity, two DOF of the tool are restricted. The six DOF of a typical open surgical

tool is reduced to only four DOF in a minimally invasive setup (Fig. 25.3). These

four DOF include rotation along the three orthogonal axes (x,y,z) and translation

along the long axis of the tool’s shaft (z). A fifth DOF is defined as the tool-tip jaws

angle, which is mechanically linked to the tool’s handle, when a grasper or a scissor

is used. Additional one or two degrees of freedom can be obtained by adding a wrist

joint to the MIS tool. The wrist joint has been incorporated into commercially

available surgical robots in order to enhance the dexterity of the tool within the

body cavity.

Surgeons, while performing MIS procedures, utilize various combinations of the

tools’ DOF while manipulating them during the interaction with the tissues or other

items in the surgical scene (needle, suture, staple etc.) in order to achieve the desire

outcome. Quantitative analysis of the tool’s position and ordination during surgical

procedures revealed 15 different combinations of the tool’s five DOF, while inter-

acting with the tissues and other objects. These 15 DOF combinations will be

further referred to, and modeled as states (Table 25.1). The 15 states can be grouped

into three types, based on the number of movements or DOF utilized simulta-

neously. The fundamental maneuvers are defined as Type I. The ‘idle’ state was

defined as moving the tool in space (body cavity) without touching any internal

organ, tissue, or any other item in the scene. The forces and torques developed in

this state represent the interaction with the port and the abdominal wall, in addition

to the gravitational and inertial forces. In the ‘grasping’ and ‘spreading’ states,

compression and tension were applied on the tissue through the tool tip by closing

and opening the grasper’s handle, respectively. In the ‘pushing’ state, the tissue was

compressed by moving the tool along the Z axis. ‘Sweeping’ consisted of placing

the tool in one position while rotating it around the X and/or Y axes or in any

combination of these two axes (port frame). The rest of the tool/tissue interactions

in Types II and III were combinations of the fundamental ones defined as Type I.

The only one exception was state 15 that was observed only in tasks involved

suturing when the surgeon grasps the needle and rotates it around the shaft’s long

axis to insert it into the tissue. Such a rotation was never observed whenever direct

tissue interaction was involved.
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25.2.3.2 Vector Quantization (VQ)

Each one of the 15 states was associated with a unique set of forces, torques angular

and linear velocities, as indicated in Table 25.2. Following the language analogy, in

the same way as a word is correlated to a state may be pronounced differently and still

retains the same meaning, the tool might be in a specific state while infinite combina-

tions of force, torque angular and linear velocities may be used. A significant data

reduction was achieved by using a clustering analysis in a search for discrete number

of high concentration cluster centers in the database for each one of the 15 states.

As part of this process, the continuous 12 dimensional vectors were transformed into

one dimensional vector of 150 symbols (ten symbols for each state).

Fig. 25.3 Definition of the five degrees of freedom – DOF (marked by arrows) of a typical MIS

endoscopic tool. Note that two DOF were separated into two distinct actions (Open/Close handle

and Pull/Push), and the other two were lumped into one action (Rotate) for representing the tool tip

tissue interactions (omitted in the illustration). The terminology associated with the various DOF

corresponds with the model state definitions (Table 25.1)
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The data reduction was performed in three phases. During the first phase a

subset of the database was created appending all the 12 dimensional vectors

associated with each state measured by the left and the right tools and pre-

formed by all the subjects (see Sect. 25.2.2 for details). The 12 dimensional

subset of the database ( _yx, _yy, _yz, _yg;Fx;Fy;Fz; Tx; Ty; Tz;Fg) was transformed into

a 9 dimensional vector ( _yxy; _yz; _yg;Fxy;Fz; Txy; Tz;Fg) by calculating the magni-

tude of the angular velocity, and the forces and torques in the XY plane. This

process canceled out differences between surgeons due to variations in position

relative to the animal and allowed use of the same clusters for the left and the

right tools.

As part of the second phase, a K-means vector quantization algorithm [48] was

used to identify ten cluster centers associated with each state. Given M patterns
�X1; �X2; �XM contained in the pattern space �S, the process of clustering can be

formally stated as seeking the regions �S1; �S2; �SK such that every data vector �Xi

(i ¼ 1; 2M) falls into one of these regions and no �Xi is associated in two regions, i.e.

�S1 [ �S2 [ �S3 . . . [ �SK ¼ �S ðaÞ
�Si \ �Sj ¼ 0 8 i 6¼ j ðb) (25.1)

The K-means algorithm, is based on minimization of the sum of squared distances

from all points in a cluster domain to the cluster center,

min
X

X2Sj kð Þ
�X � �Zj

� �2
(25.2)

where Sj kð Þ was the cluster domain for cluster centers �Zj at the kth iteration, and �X
was a point in the cluster domain.

The pattern spaces �S in the current study were composed from the F/T applied on

the surgical tool by the surgeon along with the tool’s angular and linear velocities

for different states. A typical data vector �Xi, was a 9 dimensional vector defined as

{ _yxy, _yz, _yg,Fxy,Fz,Txy,Tz,Fg}. The cluster regions �Si represented by the cluster cen-

ters �Zj, defined typical signatures or codeword (pronunciations in the human

language realm) associated with a specific state (e.g. PS, PL, GR etc.). The number

of clusters identified in each type of state was based upon the squared error

distortion criterion (25.3). As the number of clusters increased, the distortion

decreased exponentially. Following this behavior, the number of clusters was

constantly increased until the squared error distortion gradient as a function of k
decreased below a threshold of 1% that results in ten cluster centers for each state.

d �X; �Zð Þ ¼ �X � �Zj
�� ��2¼ Xk

i¼1

�X � �Zið Þ2 (25.3)

In the third phase, the ten cluster centers �Zj for each state (Table 25.2) forming a

codebook of 150 discrete symbols were then used to encode the entire database of
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the actual surgical tasks converting the continuous multi-dimensional data into a

one-dimensional vector of finite symbols. This step of the data analysis was

essential for using the discrete version of Markov Model.

25.2.3.3 Markov Model (MM)

The final step of the data analysis was to develop a model that represents the process

of performing MIS along with the methodology for objectively evaluating surgical

skill. The Markov Model was found to be a very compact statistical method to

summarize a relatively complex task such as a step or a task of a MIS procedure.

Moreover, the skill level was incorporated into the MM by developing different

MMs based on data acquired for different levels of expertise starting from a first

year residents up to a level of expert surgeons.

The modeling approach underling the methodology for decomposing and statis-

tically representing a surgical task is based on a fully connected, symmetric 30

states MM where the left and the right tools are represented by 15 states each

(Fig. 25.4). In view of this model, any MIS task may be described as a series of

states. In each state, the surgeon is applying a specific force/torque/velocity signa-

ture, out of ten signatures that are associated with that state, on the tissue or on any

other item in the surgical scene by using the tool. The surgeon may stay within same

state for specific time duration using different signatures associated with that state

and then perform a transition to another state. The surgeon may utilize any of the 15

states by using the left and the right tools independently. However, the states

representing the tool/tissue or tool/object interactions of the left and the right

tools are mathematically and functionally linked.

The MM is defined by the compact notation in (25.4). Each Markov sub-model

representing the left and the right tool is defined by lL and lR (25.4). The sub model

is defined by: (a) The number of states –N whereas individual states are denoted as

S ¼ s1; s1; . . . sNf g, and the state at time t as qt
(b) The number of distinct (discrete) observation symbol –Mwhereas individual

symbols are denoted as V ¼ v1; v1; . . . vMf g
(c) The state transition probability distribution matrix indicating the probability

of the transition from state qt ¼ si at time t to state qtþ1 ¼ sj at time tþ 1 -

A ¼ aij
� �

, where aij ¼ P½qtþ1 ¼ sjjqt ¼ si� 1bi; jbN.
Note that A ¼ aij

� �
is a non-symmetric matrix (aij 6¼ aji) since the probability of

performing a transition from state i to state j using each one of the tools is different

from the probability of performing a transition from state j to state i.
(d) The observation symbol probability distribution matrix indicating the proba-

bility of using the symbol vk while staying at state sj at time t� B ¼ bjðkÞ
� �

, where

for state j bjðkÞ ¼ P½vkat tjqt ¼ sj�1bjbN; 1bkbM.

(e) The initial state distribution vector indicating the probability of starting the

process with state si at time t ¼ 1� p where pi ¼ P½q1 ¼ si�1bibN.
The two sub models are linked to each other by the left-right interstate transition

probability matrix or the cooperation matrix indicating the probability for staying
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Fig. 25.4 Finite State Diagrams (FSD) – (a) Fully connected FSD for decomposing MIS. The

tool/tissue and tool/object interactions of the left and the right endoscopic tools are represented by

the 15 fully connected sub-models. Circles represent states whereas lines represent transitions

between states. Each line, that does not cross the center-line, represents probability value defined

in the state transition probability distribution matrixA ¼ aij
� �

. Each line that crosses the center-
line, represents probability for a specific combination of the left and the right tools and defined by

the interstate transition probability distribution matrix, or the cooperation matrixC ¼ clrf g. Note
that since the probability of performing a transition from state i to state j by each one of the tools is
different from probability of performing a transition from state j to state i, these two probabilities

should have been represented by two parallel lines connecting state i to state j and representing the
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in states sl with the left tool sr with the right tool at time t –C ¼ clrf g, where
clr ¼ P½qtL ¼ sl [ qtR ¼ sr� 1bl; rbN

Note that C ¼ clrf g is a non-symmetric matrix clr 6¼ crl since it representing the
combination of using two states simultaneously by the left and the right tools.

The probability of observing the state transition Q ¼ q1; q2; . . . qTf g and the

associated observation sequence O ¼ o1; o2; . . . oTf g, given the two Markov sub

models (25.4) and interstate transition probability matrix, is defined by (25.5)

lL ¼ ðAL;BL; pLÞ lR ¼ ðAR;BR; pRÞ (25.4)

PðQ;OjlL; lR;CÞ ¼ pqLpqR
YT
t¼0

aqtqtþ1LbqtLðotÞaqtqtþ1RbqtRðotÞcqtLqtR (25.5)

Since probabilities by definition have numerical value in the range of 0–1, for a

relatively short time duration, the probability calculated by (25.5) converges expo-

nentially to zero; and therefore exceeds the precision range of essentially any

machine. Hence, by using a logarithmic transformation, the resulting values of

(25.5) in the range of [0 1] are mapped by (25.6) into [�1 1].

LogðPðQ;OjlL; lR;CÞÞ ¼ LogðpqLÞ þ LogðpqRÞ þXT
t¼1

Logðaqtqtþ1LÞ þ LogðbqtLðotÞÞþ; Logðaqtqtþ1RÞ þ LogðbqtRðotÞÞ þ LogðcqtLqtRÞ

(25.6)

Due to the nature of the process associated with surgery in which the procedure,

by definition, always starts at the idle state (state 1), the initial state distribution

vector is defined as follows:

p1L ¼ p1R ¼ 1

piL ¼ piR ¼ 0 2bibN
(25.7)

Once the MMs were defined for specific subjects with specific skill levels,

it became possible to calculate the statistical distance factors between them.

These statistical distance factors are considered to be an objective criterion for

two potential transitions. However for simplifying the graphical representation ofA ¼ aij
� �

only

one line is plotted between state i to state j. (b) Each state out of the 15 states of the left and the

right toolbðL;RÞi is associated with the ten force/torque/velocity signature or discrete

observationbið1Þ . . . bið10Þ. Each line, that connects the state with a specific observation represents
probability value defined in observation symbol probability distribution matrixB ¼ bjðkÞ

� �
. The

sub-structure appeared in (b) that is associated with each state was omitted for simplifying the

diagram in (a)
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evaluating skill level if for example the statistical distance factor between a

trainee (indicated by index R) and an expert (indicated by index E) is being

calculated. This distance indicates how similar is the performance of two subjects

under study. Given two MMs lE (Expert) and lR (Novice) the nonsymmetrical

statistical distances between them are defined as D1ðlR; lEÞ and D2ðlE; lRÞ.
The natural expression of the symmetrical statistical distance version DER is

defined by (25.8).

DER ¼ D1ðOE;QE;OR;QR; lEÞ þ D2ðOE;QE;OR;QR; lRÞ
2

¼ logPðOR;QRjlEÞ
logPðOE;QEjlEÞ þ

logPðOR;QRjlRÞ
logPðOE;QEjlRÞ

� �	
2

(25.8)

Setting an expert level as the reference level of performance, the symmetrical

statistical distance of a model representing a given subject from a given expert

(DER) is normalized with respect to the average distance between the models

representing all the experts associated with the expert group ( �DEE) and expressed

in (25.9). The normalized distance DERk k represents how far (statistically) is the

performance of a subject, given his or her model, from the performance of the

average expert.

DERk k ¼ DER

�DEE
¼ DER

1
l

Pu¼l;v¼l

u¼1;v¼1

DEuEv

for u 6¼ v (25.9)

For the purpose of calculating the normalized learning curve, the 20 distances

between all the expert subjects was first calculated DEuEv
– (for five subjects in

the expert group –u ¼ v ¼ 1:::5 – l ¼ 20) using (25.8). The denominator of (25.9)

was then calculated. Once the reference level of expertise was determined, the

statistical distances between each one of the 25 subjects, grouped into five levels of

training (R1, R2, R3, R4, R5), and each one of the experts was calculated (five

distances for each individual, 25 distances for each group of skill level and 125

distances for the entire data base) using (25.8). The average statistical distance and

its variance defines the learning curve of a particular task.

25.2.3.4 Complimentary Objective Indexes

In addition to the Markov models and the statistical similarity analysis, two other

objective indexes of performance were measured and calculated, including the task

completion time and the overall length (L) of the path of the left and the right tool

tips. Where dL; dR are the distances between two consecutive tool tip positions
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PLðt� 1Þ;PRðt� 1Þ and PLðtÞ;PRðtÞ as a function of time of the left and the right

tools respectively.

L ¼
XT
t¼1

dLðPLðt� 1Þ;PLðtÞÞ þ dRðPRðt� 1Þ;PRðtÞÞ (25.10)

25.2.4 Subjective Analysis: Scoring

The subjective performance analysis was based on an off-line unbiased expert

surgeon review (blinded to the subject and training level of each individual) of

digital videos recorded during the experiment. The review utilized a scoring system

of four equally weighted criteria: (a) overall performance (b) economy of move-

ment (c) tissue handling (d) number of errors including drop needle, drop suture,

lose suture loop, breaking suture, needle injury to adjacent tissue, inability to

puncture bowel with needle. Criteria (a), (b), and (c) included five levels. The

final scores were normalized to the averaged experts scoring.

25.3 Results

25.3.1 Force and Torque Position and Orientation

Typical raw data of forces and torques (F/T) and tool tip position were plotted using

three dimensional graphs. The graphs show the kinematics and dynamics of the left

and right endoscopic tools as measured by the Blue DRAGON while performing

MIS intracorporeal knot by junior trainee (R1 – Fig. 25.5a, c) and expert surgeon

(E – Fig. 25.5b, d). The F/T vectors can be depicted as arrows with origins located at

the port, changing their lengths and orientations as a function of time and as a result

of the F/T applied by the surgeon’s hand on the tool. In a similar fashion, the traces of

the tool tips with respect to the ports were plotted in Fig. 25.5c, d as their positions

changed during the surgical procedure.

The forces along the Z axis (in/out of the port) were higher compared to the

forces in the XY plane. On the other hand, torques developed by rotating the tool

around the Z axis were extremely low compared to the torques generated while

rotating the tool along the X and Y axis while sweeping the tissue or performing

lateral retraction. Similar trends in terms of the F/T magnitude ratios between the X,

Y, and Z axes were found in the data measured in other MIS tasks.

These raw data demonstrate the complexity of the surgical task and the multi-

dimensional data associated with it. This complexity can be resolved in part by

decomposing the surgical task into its primary elements enabling profound under-

standing of the MIS task.

25 Objective Assessment of Surgical Skills 635



Fig. 25.5 Kinematics and dynamic data from left and the right endoscopic tools measured by the

Blue DRAGON while performing MIS suturing and knot tying by a trainee surgeon (a, c) and an

expert surgeon (b, d) – (a, b) Forces; (b, c) tool tip position. The ellipsoids contain 95% of the data

points



25.3.2 Cluster Centers and Markov Models

A cluster analysis using the K-means algorithm was performed to define typical

cluster centers in the database. These were further used as code-words in the MM

analysis. A total of 150 cluster centers were identified, ten clusters centers for each

type of tool/tissue/object interaction as defined in Table 25.1. Figure 25.6 depicts the

ten cluster centers associated with each one of the 15 states identified in the data. For

example, Fig. 25.6 (13) represents ten cluster centers associated with the state defined

by Grasping-Pushing-Sweeping (Table 25.1 – State No. 13). Grasping-Pushing-

Sweeping is a superposition of three actions. The surgeon grasps a tissue or an object

which is identified by the positive grasping force (Fg) acting on the tool’s jaws and the

negative angular velocity of the handle (og) indicating that the handle is being closed.

At the same time the grasped tissue or object is pushed into the port indicated by

positive value of the force (Fz) acting along the long shaft of the tool and negative

linear velocity (Vr) representing the fact the tool is moved into the port. Simulta-

neously, sweeping the tissue to the side manifested by the force and the torque in the

XY plane (Fxy; Txy) that are generated due to the deflection of the abdominal wall, the

lateral force applied on the tool by the tissue or object being swept along with the

lateral angular velocity (oxy) indicating the rotation of the tool around the pivot point

inside the port.

Both static, quasi-static and dynamic tool/tissue or tool/object interactions are

represented by the various cluster centers. Even in static conditions, the forces and

torques provide a unique and un-ambivalent signature that can be associatedwith each

one of the 15 states.

The 150 cluster centers (Table 25.1 and Fig. 25.6) form a code-book that is used

to encode the entire database of the actual surgical procedure converting the

continuous multi-dimensional data into a one-dimensional vector of finite symbols.

It should be noted that since each state is associated with a unique set of ten cluster

centers and vice versa, a specific cluster center was associated with only one state,

and as a by-product of the encoding process, the states were also identified.

25.3.3 Objective and Subjective Indexes of Performance

Given the encoded data, the MM for each subject was calculated defining the

probabilities for performing certain tool transitions ([A] matrix), the probability

of combining two states ([C] matrix), and the probability of using the various

signatures in each state ([B] matrix) – Fig. 25.7. The highest probability values in

the [A] matrix usually appeared along the diagonal. These results indicate that a

transition associated with staying at the same state is more likely to occur rather

than a transition to any one of the other 15 potential states. In minimally invasive

surgical suturing, the default transition between any state is to the grasping state (state

number 2) as indicated by the high probability values along the second column

of the [A] matrix. Probability of using one out of the 150 cluster centers defined

in Fig. 25.7 is graphically represented by the [B] matrix. Each line of the [B] matrix is
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Fig. 25.6 Cluster centers definition – Ten signatures of forces torques linear and angular veloci-

ties associated with the 15 types of states (tool/tissue or tool/object interaction) defined by

Table 25.1. In these graphs each one of the ten polar lines represent one cluster. The clusters were

normalized to a range of [�1 1] using the following min/max values:oxy ¼ 0.593[r/s], oZ ¼ 2.310

[r/s], Vr ¼ 0.059[m/s], og ¼ 0.532[r/s], Fxy ¼ 5.069[N], FZ ¼ 152.536[N], Fg ¼ 33.669[N], Txy ¼
9.792[Nm], TZ ¼ 0.017[Nm]. The numbers correspond to the 15 states as defined by Table 25.1



associated with one of the ten states. The clusters were ranked according to the

mechanical power. The left and the right tool used different distribution of the clusters.

Whereas with the left tool the most frequent clusters that were used are related to mid-

range power with the right tool the cluster usage is more evenly distributed among the

different power levels. The collaboration matrix [C] indicates that the most frequently

used state with both the left and the right tools are idle (state 1), grasping (state 2)

grasping pulling and sweeping (state 12) and grasping rotating (state 15) with the left

tool. Once one of the tools utilizes one of these states, the probability of using any of

the states by the other tool is equally distributed between the states which is indicated

by the bright horizontal stripes in the graphical representation of the [C] matrix.

The Idle state (state 1) in which no tool/tissue interaction is performed, was mainly

used by both expert and novice surgeons, to move from one operative state to the

another. However, the expert surgeons used the idle state only as a transition state

while the novices spent a significant amount of time in this state planning the next tool/

tissue or tool/object interaction. However, in case of surgical suturing and knot tying,

the grasping state (state 2) dominated the transition phases since grasping state

maintained the operative state in which both the suture and the needle were held by

the two surgical tools.

Figure 25.8a–c represent the normalized MM-based statistical distance as a

function of the training level, the normalized completion time, and the normalized

path length of the two tool tips respectively. The subjective normalized scoring is

Fig. 25.7 A typical Markov Model where the matrices [A], [B], [C], are represented as color-

coded probabilistic maps
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Fig. 25.8 Objective and subjective assessment indexes of minimally invasive suturing learning

cure. The objective performance indexes are based on: (a) Markov model normalized statistical

distance, (b) normalized completion time, and
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Fig. 25.8 (continued) (c) normalized path length of the two tool tips. The average task completion

time of the expert group is 98 s and the total path length of the two tools is 3.832 m. The subjective

performance index is based on visual scoring by an expert surgeon normalized with respect to

experts’ performance (d)
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depicted in Fig. 25.8d. The data demonstrate that substantial suturing skills are

acquired during the first year of the residency training. The learning curves do not

indicate any significant improvement during the second and the third years of

training. The rapid improvement of the first year is followed by lower gradient of

the learning curve as the trainees progress toward the expert level. However, the

MM based statistical distance along with the completion time criteria show yet

another gradient in the learning curve that occurs during the fourth year of the

residency training followed by slow conversion to expert performance. Similar

trends in the learning curve are also demonstrated by the subjective assessment.

One of the subjects in the R2 group outperformed his peers in his own group and

some subjects in a more advanced groups (R3, R4). Although, statistically insignif-

icant, the performance slightly altered the overall trend of the learning curves as

defined by the different criteria.

A correlation analysis was performed between the means of the objective normal-

ized MM based statistical distance and the subjective normalized scoring. The corre-

lation factor R2 was found to be 0.86. This result established the linkage between

objective and subjective methodologies for assessing surgical skill (Fig. 25.9).

Fig. 25.9 Linear correlation between the normalized mean performance obtained by a subjective

video analysis and objective analysis using Markov models and the statistical distance between

models of trainees (R1–R5) and experts (E). The notations R1, R2, R3, R4, R5 represent the

various residence groups where the number denotes year of training and E indicate expert

surgeons. The values in the brackets represent the normalized mean scores using the subjective

and the objective methodologies respectively
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Detailed analysis of the MM shows that major differences between surgeons at

different skill levels were: (a) the types of tool/tissue/object interactions being used,

(b) the transitions between tool/tissue/object interactions being applied by each

hand, (c) time spent while performing each tool/tissue/object interaction, (d) the

overall completion time, (e) the various F/T/velocity magnitudes being applied by

the subjects through the endoscopic tools, and (f) two-handed collaboration. More-

over, the F/T associated with each state showed that the F/T magnitudes were found

to be task-dependent. High F/T magnitudes were applied by novices compared to

experts during tissue manipulation, and vice versa during tissue dissection. High

efficiency of surgical performance was demonstrated by the expert surgeons and

expressed by shorter tool tip displacements, shorter periods of time spent in the ‘idle’

state, and sufficient application of F/T on the tissue to safely accomplish the task.

25.4 Discussion

Minimally invasive surgery, regardless of the performance modality, is a complex

task that requires synthesis between visual and kinesthetic information. Analyzing

MIS in terms of these two sources of information is a key step towards developing

objective criteria for training surgeons and evaluating the performance in different

modalities including real surgery, master/slave robotic systems or virtual reality

simulators with haptic technology.

Following two steps of data reduction, data that was collected by the Blue

DRAGON were further used to develop models representing MIS as a process.

In any data reduction there is always a compromise between decreasing the input

dimensionality while retaining sufficient information to characterize and model the

process under study. Utilizing the VQ algorithm the 13 dimensional stream of

acquired data were quantized into 150 symbols with nine dimensions each.

The data quantization included two substeps. In the first steps the cluster centers

were identified. As part of the second step the entire database was encoded based on

the cluster centers defined in the first step. Every data point needs to meet two

criteria in order to be associated with one of the 150 cluster centers defined in the

first step. The first criterion is to have the minimal geometrical distance to one of the

cluster centers. Once the data point was associated with a specific cluster center it is

by definition associated with a specific state out the 15 defined. Based on expert

knowledge of surgery, Table 25.1 defines the 15 states and unique sets of individual

vector components. The second criterion is that given the candidate state and the

data vector, the direction of each component in the vector must match the one

defined by the table for the selected state. It was indicated during the data proces-

sing that these two criteria were always met suggesting that the data quantization

process is very robust in it nature. Following the encoding process a 2 dimensional

input (one dimension for each tool) was utilized to form a 30 state fully connected

Markov model. The coded data with their close association to the measured data, as

well as the Markov model using these codes as its observations distributed among

25 Objective Assessment of Surgical Skills 643



its states, retain sufficient multi model information in a compact mathematical

formulation for modeling the process of surgery at different levels.

MIS is recognized both qualitatively and quantitatively as multidimensional

process. As such, studying one parameter e.g. completion time, tool-tip paths, or

force/torque magnitudes reveals only one aspect of the process. Only a model that

truly describes MIS as a process is capable of exposing the process internal

dynamics and provides wide spectrum information about it. At the high level, a

tremendous amount of information is encapsulated into a single objective indicator

of surgical skill level and expressed as the statistical distance between the surgical

performance of a particular subject under study from a surgical performance of an

expert. As part of an alternative approach a combined score could be calculated by

studying each parameter individually (e.g. force, torque, velocity, tool path, com-

pletion time etc.), assigning a weight to each one of these parameters, which is a

subjective process by itself, and combining them into a single score. The assump-

tion underlying this approach is that a collection of aspects associated with surgery

may be used to assess the overall process. However this alternative approach

ignores the internal dynamics of the process that is more likely to be revealed by

a model such as the Markov model. In addition, as opposed to analyzing individual

parameters, studying the low levels of the model provides profound insight into the

process of MIS in a way that allows one to offer constructive feedback for a trainee

regarding performance aspects like the appropriate application of F/T, economy of

motion, and two handed manipulation.

The appropriate application of F/T on the tissue has a significant impact on the

surgical performance efficiency and outcome of surgery. Previous results indicated

that the F/T magnitudes are task dependent [3–7]. Experts applied high F/T

magnitudes on the tissues during tissue dissection as apposed to low F/T magni-

tudes applied on the tissues by trainees that were trying to avoid irreversible

damage. An inverse relationship regarding the F/T magnitudes was observed during

tissue manipulation in which high F/T magnitudes applied on the tissue by trainees

exposed them to acute damage. It is important to point out that these differences

were observed in particular states (e.g all the states including grasping for tissue

manipulation and all the state that involved spreading for tissue dissection). Due to

the inherent variance in the data even multidimensional ANOVA failed to identify

this phenomena once the F/T magnitudes are removed from the context of the multi

state model. Given the nature of surgical task, the Markov model [B] Matrix,

encompassing information regarding the frequency in which the F/T magnitudes

were applied, may be used to assess whether the appropriate magnitudes F/T were

applied for each particular state. For obvious reasons, tissue damage is correlated

with surgical outcome, and linked to the magnitudes and the directions in which F/T

were applied on the tissues. As such, tissue damage boundaries may be incorporated

into the [B] matrix for each particular state. Given the surgical task, this additional

information may refine the contractive feedback to the trainee and the objective

assessment of the performance.

The economy of motion and the two hand collaboration may be further assessed

by retrieving the information encapsulated into the [A], and [C] matrices. The
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amount of information incorporated into these two data structures is well beyond

the information provided by a single indicator such as tool-tip path length, or

completion time for the purpose of formulating constructive feedback to the trainee.

Given a surgical task, utilizing the appropriate sets of states and state transitions are

skill dependent. This information is encompassed in the [A] matrix indicating that

states that were in use and the state transitions that were performed. Moreover, the

ability to refine the time domain analysis using the multi state Markov model

indicated, as was observed in previous studies, that the ‘idle’ state is utilized as a

transition state by expert surgeons whereas a significant amount of time is spent in

that state by trainees [3–7]. In addition, coordinated movements of the two tools is

yet another indication of high skill leveling MIS. At a lower skill level the dominant

hand is more active than the non-dominant hand as opposed to a high skill level in

which the two tools are utilized equally. The collaborated [C] matrix encapsulates

this information and quantifies the level of collaboration between the to tools.

In conclusion, the MM model provides insight into the process of performing

MIS. This information can be translated into a constructive feedback to the trainee

as indicated by the model three matrices [A], [B] and [C]. Moreover, the capability

of running the model in real-time and its inherent memory allows a senior surgeon

supervising the surgery or an artificial intelligent expert system incorporated into a

surgical robot or a simulator provides an immediate constructive feedback during

the process as previously described.

A useful analogy of the proposed methodology for decomposing the surgical task

is the human spoken language. Based on this analogy, the basic states – tool/tissue

interactions are equivalent to ‘words’ of the MIS ‘language’ and the 15 states form
theMIS ‘dictionary’ or set of all available words. In the same way that a single word

can be pronounced differently by various people, the same tool/tissue or tool/object

interaction can be performed differently by different surgeons. Differences in F/T

magnitudes account for this different ‘pronunciation’, yet different pronunciation of
a ‘word’ have the same meaning, or outcome, as in the realm of surgery. The cluster

analysis was used to identify the typical F/T and velocities associated with each one

of the tool/tissue and tool/object interactions in the surgery ‘dictionary’, or using the
language analogy, to characterize different pronunciations of a ‘word’. Utilizing the
‘dictionary’ of surgery, the MM was then used to define the process of each task or

step of the surgical procedure, or in other words, ‘dictating chapters’ of the surgical
‘story’. This analogy is reinforced by an important finding in the field of Phonology

suggesting that all human languages use a limited repertoire of about 40–50 sounds

defined as phones [45] e.g. the DARPA phonetic alphabet, ARPAbet used in

American English or the International Phonetic Alphabet (IPA). The proposed

methodology retains its power by decomposing the surgical task to its fundamental

elements – tool/tissue and tool/object interactions. These elements are inherent in

MIS no matter which modality is being used.

One may note that although the notations and the model architecture of the

proposed Markov model (MM) and the hidden Markov model (HMM) approach are

similar, there are several fundamental differences between them. Strictly speaking,

the proposed MM is a white box model in which each state has a physical meaning
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describing a particular interaction between the tools and tissue or other objects in

the surgical scene like sutures and needles. However, the HMM is a black box
model in which the states are abstract and are not related to a specific physical

interaction. Moreover, in the proposed white box model, each state has a unique set

of observations that characterize only the specific state. By definition, once the

discrete observation is matched with a vector quantization code-word the state is

also defined. States in the HMM share the same observations, however different

observation distributions differentiate between them. The topology of the proposed

MM suggests a hybrid approach between the two previously described models.

It adds to the classic Markov model another layer of complexity by introducing

the observation elements for each state. The model also provides insight into

the process by linking the states to physical and meaningful interactions. This

unique quality adds to the classic notation of the introduction of the collaboration

matrix [C]. This matrix is not present in either the MM or the HMM. The [C] matrix

was introduced as a way to link between the models representing the left and right

hand tools since surgery is a two-handed task.

Quantifying the advantages and the disadvantages of each modeling approach

(MM or HMM) is still a subject for active research. Whereas the strength of the MM

is expressed by providing physical meaning to the process being modeled, devel-

opment of HMM holds the promise for more compact model topology which avoids

any expert knowledge incorporated into the model. Regardless of the type of the

model, defining the scope of the model and its fundamental elements, the state and

the observation are subjects of extensive research. In the current study the entire

surgical task is modeled by a fully connected model topology were each tool/tissue/

object interaction is modeled as a state. In a different approach, using a state of the

art methodology in speech recognition in which each phenomenon is represented by

a model with abstract states, each tool/object interaction is modeled by entire model

using more generalized definitions for these interactions e.g. place position, insert

remove [46, 47]. This approach may require additional model with a predetermined

overall structure that will represent the overall process.

The scope of the proposed model is limited to objectively assess technical factors

of surgical ability. Cognitive factors per se cannot be assessed by the model unless a

specific action is taken as a result of a decision making process. In any case, the

model is incapable of tracing the process back to its cognitive origin. In addition, the

underlying assumption made by using a model is that there is a standard technique

with insignificant variations by which expert surgeons perform a surgical task. Any

significant variation of the surgical performance, regardless of the surgical outcome,

is penalized by the model and associated with low scores. If such a surgical

performance variation from the standard surgical technique is associated with a

better outcome for the patient the model is incapable of detecting it.

Decomposing MIS and analyzing it using MM is one approach for developing

objective criteria for surgical performance. The availability of validated objective

measures of surgical performance and competency is considered critical for training

surgeons and evaluating their performance. Systems like surgical robots or virtual

reality simulators that inherently measure the kinematics and the dynamics of the
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surgical tools may benefit from inclusion of the proposed methodology. Using this

information in real-time during the course of learning as feedback to the trainee

surgeons or as an artificial intelligent background layer, may increase performance

efficiency in MIS and improve patient safety and outcome.
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Chapter 26

Telesurgery: Translation Technology

to Clinical Practice

Mehran Anvari

Abstract The ability to extend the physical reach of a surgeon to treat a patient

surgically in another locality was one of the many promises which came with the

introduction of Robotic and Computer Assisted Technology into the field of surgery

in the late 1970s and early 1980s. In fact, it was the possibility of using a robot as

surgeons’ hands and eyes at a distance which led to some of the major grants from

DARPA, NASA and NIH for the development of the prototypes of the da Vinci and

the Zeus Systems which revolutionized the practice of Robotic and Computer

Assisted Surgery in the late 1990s.

The primary incentive of these agencies for making such investments was to

develop a system to allow them to provide emergency surgical care to the remote

operatives. Others saw parallel uses in enhancing quality of surgical care which can

be provided to settlements in remote parts of the world or at times of major

disasters. And yet another use of telesurgery was an application for practical

knowledge translation and a means for an expert surgeon to effectively achieve

tele-presence during telementoring of another surgeon with acquisition of new

surgical skills. The ability for two surgeons to collaborate across distances during

a surgical act was seen as the ultimate achievement in knowledge translation in

surgery.

It was these promises which sparked the efforts of many surgeons, engineers,

and inventors who dedicated a significant portion of their lives into enhancing the

field of Robotic Telesurgery.
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26.1 Early Experience

Telemedicine is defined as the use of medical information exchanged from one

site to another via electronic communications for the health and education of the

patient or healthcare provider and for the purpose of improving patient care [1].

This technology has been in practice for decades, however recent advancements

in telecommunications and computer technology have allowed for the develop-

ment of more efficient complex applications. In the 1950s, the University of

Nebraska became one of the first institutions to employ telemedicine when they

used closed circuit television as a means of supporting patient care in remote areas

of the state. A decade later, the same institute connected to another state hospital

more than 100 mi. distant to establish hospital to hospital telecommunication

[1, 2]. In 1967, Massachusetts General Hospital used a microwave connection to

Logan Airport in Boston to provide emergency medical care for travelers [2].

Around the same time Dr. Michael DeBakey used a broadband satellite connection

to perform real-time surgical teaching between Europe and the United States.

Despite these early efforts, telemedicine did not infiltrate main stream medicine

until the development and commercialization of remotely controlled robotic

surgical devices in the 1990s at which time telementoring and telesurgery became

widespread [3].

In 1994 Dr. Louis Kavoussi successfully performed three telementored

surgeries in which the instructing surgeon was in the adjacent room [4]. Kavoussi

used a surgical robotic system called the Automated Endoscopic System for

Optical positioning (AESOP). AESOP is the first FDA approved procedure spe-

cific robotic surgical system. It is a voice controlled robotic arm used to hold and

position a laparoscopic camera. During this clinical study, Kavoussi et al. observed

operating times similar to those reported during non-telepresence surgery [4].

Since this study, AESOP has been shown to be significantly steadier than a

human camera holder and has been validated in multiple urologic, gynecologic

and general surgical laparoscopic procedures. It eliminates the need for an

extra person in the operating suite and is a viable solution in situations where

there is a shortage of personnel [5]. Although this early robotic system opened the

door to telementoring, it is not without its limitations. Kavoussi reported that for

this system to work more efficiently, high bandwidth telecommunications are

required to transmit real time video and audio data effectively [4]. In addition,

this system cannot control the camera as rapidly or with as little conscious

instruction from the surgeon as a well-trained human assistant who can often

anticipate the next surgical step [5, 6]. One study reported that the continuous

talking of the surgeon during the operation was distracting and bothersome [6].

Cost and the potential to interfere with the surgical training of medical students and

residents are also limitations. Despite these limitations, this system has been

demonstrated to effectively replace a human assistant without effecting surgical

outcomes or significantly increasing operating time [5]. AESOP served as the

foundation for the development of many other robotic surgical systems.
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26.2 The Lindbergh Project

The first successful demonstration of two handed telesurgery was performed by

Professor Jacques Marescaux and his team from IRCAD in September, 2001.

During this one hour demonstration which was named the Lindburgh operation,

Professor Marescaux, using a teleoperable Zeus system, (Zeus TS, Computer

Motion, CA) successfully performed a laparoscopic cholecystectomy from New

York on a patient located in Strasbourg, France [3]. This operation was performed

under test conditions at a tertiary hospital with multiple experienced surgeons

present to intervene if necessary. The surgeons used the Zeus robotic system to

perform this surgery. Zeus is a master-slave telerobotic surgical system using two

main components: the master console and the slave robotic arms. The surgeon sits

in the master’s console which uses a computer system to translate and digitize the

surgeons’ movements. There are three robotic arms, one is a voice controlled

camera, essentially an AESOP, and the other two arms hold surgical instruments.

These robotic arms, which can be located hundreds of miles away, translate the

input into actual instrument manipulations or camera movements [5, 7]. Zeus TS

robotic system addressed many of the limitations experienced with the early

systems including high resolution video, a steady camera platform, and instruments

with multiple degrees of freedom [5]. This operation used ATM connectivity

between New York and France. ATM network nodes are interconnected through

a high speed terrestrial fiber-optic network that transports data through virtual

connections dedicated per customer. This type of connection is very high quality

with low transport delay and low packet loss ratio and is 99.99% reliable in terms of

network outage, but come at a significant price which makes its everyday clinical

use impractical. A backup line was available in case of line congestion. For this

operation, the mean total dime delay was 155 ms and there were no unexpected

telecommunications or robotic mishaps [7, 8].

26.3 Canadian Telesurgical Network

On the footsteps of the Lindburgh experiment, in February 2003, the world’s first

clinical telesurgical service was established in Ontario, Canada, between a teaching

hospital and a rural community hospital located over 400 km away. Through

regular commercially used IP (internet protocol) telecommunication lines an

experienced laparoscopic surgeon located at the Centre for Minimal Access

Surgery at St. Joseph’s Healthcare in Hamilton Ontario Canada was able to perform

telerobotic surgery and/or telerobotic assistance and mentoring to a local surgeon

at North Bay General Hospital in North Bay Ontario [9]. This service demonstrated

the efficacy of telesurgery in a rural setting allowing community surgeons to

offer better quality and more advanced laparoscopic procedures to patients in

a rural community [10].
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The robotic system used for this service was a Zeus TS microjoint system.

This system is comprised of three arms which were set up by the local surgeon in

North Bay and controlled by the remote surgeon in Hamilton (Fig. 26.1). A two-way

audio system, large video displays and digital cameras were used to give the remote

surgeon adequate communication with the local surgeon and visualization of the

operative field and OR setting (Fig. 26.2). Prior to the start of the service, the local

laparoscopic surgeons and nursing team in North Bay were trained to use the robotic

arms and instrumentation. There was also a technician present to ensure proper set up

of the robotic system [3, 9].

The linkage was established using an IP/VPN network which operated at a

bandwidth of 15 Mbps. This network provided quality of service, security and

privacy and included an active backup line which could be used immediately if the

first line failed. Signals used during telesurgical applications take priority of any

other traffic on the network as they operate at the highest priority of Quality of

Service to ensure transmission at the most rapid rate possible [9].

The first surgeries performed using this telesurgical system were two

laparoscopic Nissen Fundoplications. A subsequent 20 remote procedures were

performed including laparoscopic right hemicolectomies, laparoscopic anterior

resections, laparoscopic sigmoid resections and laparoscopic hernia repairs [9].

For the first several surgeries in this series, the remote surgeon acted as the primary

surgeon while the local surgeon assisted. Gradually, the local surgeon performed

more advanced procedures under the instruction of the remote telementor. At the

completion of this series, the local surgeon was able to perform each procedure as

the primary surgeon, while the remote surgeon assisted and mentored. The methods

used allowed either the remote or local surgeon to perform all aspects of the

procedures and switch roles between primary and assisting surgeon seamlessly.

Each of these surgeries were performed with no major complications and no

Fig. 26.1 Remote operative console at St. Joseph’s Healthcare in Hamilton

656 M. Anvari



conversions to open. The recovery of all patients was uneventful and clinical

outcomes were comparable to those of procedures performed at tertiary care centres

[3]. Although an overall latency of 135–140 ms was reported, the telerobotic

surgeon was able to adapt without difficulty to perform procedures including fine

dissection, identification of key structures and suturing [9].

A number of key lessons were learnt from this first experience with clinical

application of telesurgery. These included:

1. The patients are willing to accept the application of telerobotic surgery and the

involvement of a remote expert surgeon in their care as long as they understand

the potential clinical benefits and are keen to avoid unwanted travel.

2. The telepresence environment created using the high quality video and audio

communication between the remote surgeon and a local surgeon is very

important in creating a seamless and rich interaction very similar to the

interaction between two surgeons assisting in the same operating room.

3. Commercially available land based communication lines can be utilized effec-

tively to provide secure and reliable telelinkage required for remote telesurgery.

4. The distances where telesurgery is applied is less important when land lines are

used as the latency introduced into the system by the codec devices which

compress and decompress the video signals is far greater than the latency due

to signal travel between sites.

26.4 Mode of Communications

Themost effectivemode of telecommunication between the surgeon console and the

robotic slave arms by the side of patient is broad band IP (VPN) connectivity with

Quality of Service (QoS) assuring rapid transit of information between the two sites.

Fig. 26.2 Operating room in North Bay during remote telesurgical procedure
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The speed of signal transmission with such land lines allows for latencies of less than

150 ms across North America, or between Europe and North America. At such

latencies the surgeon is able to complete the most complex of surgical tasks without

significant error and in reasonable time. Earlier research has shown that once the

latency rises above 200 ms the surgeon has to slow down significantly to complete

the task and once the latency rises above 500 ms it becomes difficult to accomplish

the difficult two handed surgical tasks [10, 11]. Thus, at time delays experienced

when using Geo-orbital satellites (750 ms), it is not possible to complete traditional

tele-surgery. During NEEMO 9 we planned surgeries at 2 second time delay to

mimic the latency experienced between earth and moon base and we were only able

to complete the most rudimentary surgical tasks. At such high latency connections a

semi-autonomous robotic procedure may be more appropriate.

Another important facet of telecommunication required for effective telesurgery,

is redundancy, to ensure availability of a second telecommunication line should one

line go down. Furthermore, encryption of data prior to transfer and decryption at the

receiving site will allow for the necessary privacy and security against possible

hackers when using public IP lines.

26.5 Managing Surgical Responsibility, Emergencies

and Outcomes

Telesurgery can provide for an effective collaboration between two surgeons while

performing a complex surgery even if the two are separated by hundreds or

thousands of miles. One of the most important elements for successful telesurgery

is effective communication between the remote surgeon and the patient-side surgical

and nursing team. Another factor is preparation prior to surgery; this includes pre-

surgical discussion and choreography of the case and clear plan of how to deal with

potential mishaps or complications which may arise. The local surgeon and his team

have to be able to deal with possible complications, and to complete or temporize the

situation in case of complete loss of communication. Presence of redundancy in the

system should mitigate such risks, but in the case of robotic failure, the tele-surgeon

can still rely on the ability to tele-mentor the local surgeon in completing the

operation.

The outcomes expected in telesurgery should be equivalent to results the patient

should anticipate if operated on by the expert tele-surgeon in his/her institution. In our

series, this was achieved without ever having to rely on our contingency plans.

26.6 Regulations and Policies

The primary challenges to wide adoption of telesurgery are the limitations posed by

the licensing requirements and medico-legal coverage across state lines or even

jurisdictions. Clearly, as a surgeon actively involved in surgical care of a patient, the
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tele-surgeon requires licensing, medico-legal coverage and appropriate privileges at

the hospital where the patient care is provided, even if the surgeon never physically

practices there.

In Canada, where there is national medical protective coverage from CMPA,

medico-legal considerations are considerably less than the USA where most sur-

geons have state-wide or regional malpractice insurance, limiting their ability to

provide care via telemedicine technologies such as telerobotic intervention to

patients outside their practice jurisdiction.

Future expansion of all telemedical applications including telesurgery requires for

development of national or even transborder licensing and medico-legal coverage.

26.7 Future Developments

The research and limited clinical experience with remote telerobotic surgery has

suggested that it will have a significant future in surgical/interventional knowledge

translation as well as provision of emergency care to remote patients. The concept

of teleoperability has been shown to add minimal risk to robotic intervention and

undoubtedly, future surgical robots will all have such capabilities built into their

design. There are still a number of unanswered questions with respect to impact of

latency on haptics which need to be further discerned and improved. However,

before telerobotic surgery can find clinical application in every day practice there

are a number of less technical obstacles which need to be dealt with. These include

the issue of clinical jurisdiction over the patient, medico-legal and licensing

requirements for telesurgical acts, as well as appropriate remuneration for a tele-

surgical act. While many of these issues appear mundane as compared to the

engineering sophistication which has gone into the creation of telerobotic plat-

forms, they are currently the primary reason why we have not seen a wider

application of remote telerobotic surgery. There is no doubt that as the clinical

sphere of telemedical applications increases many of these issues will be addressed.

With this optimistic view, the author strongly believes that remote telerobotic

assisting and surgery will be common place in the next decade.
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Chapter 27

History of Robots in Orthopedics

Michael Conditt

27.1 Industry

The concept of machines performing tasks normally done by humans was first

introduced in 1921 by Czechoslovakian playwright Karel Capek. His play

“Rossum’s Universal Robots” was a satirical piece intended to protest the growth

of technology in Western civilization. However, much to his dismay the play had

the opposite effect. Public fascination with robots increased and to this day is still a

fascination of modern society. The word robot is derived from the Czechoslovakian

word “robata” which is defined as forced labor or servitude. According to Merriam-

Webster’s Dictionary its simplest definition is “a device that automatically

performs complicated often repetitive tasks” [1]. The term robotics was first

introduced by Isaac Asimov in 1938 in his short story “Runaround” for Super
Science Stories Magazine. This was followed by a series of short stories that were

later collected and published as “I Robot” in 1942. He used the term robotics to

describe three laws governing robot behavior which later became the inspiration for

the 2004 movie “I Robot”. In society today robots are used to perform highly

specific and precise tasks that are impossible to perform or difficult to perform

reproducibly by humans. They are utilized in manufacturing, exploration of space

and the deep sea, and work in hazardous environments to name a few examples [2].

The first commercial robot was the Unimate built in 1958 by George Charles

Devol and Joseph F. Engelberger for General Motors to be used for spot welding

and extracting die casting. It was first utilized on the factory floor in 1961 and

within 7 years was implemented in multiple factories. Industrial robots continued to

evolve in the 1960s with the Rancho Arm being the first artificial robotic arm to be

controlled by a computer. It contained six joints which gave it the flexibility of a

human arm and was utilized in the assistance of the handicapped. The sixties also

saw the opening of artificial intelligence research laboratories at M.I.T, Stanford
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Research Institute, Stanford University, and the University of Edinburgh.

The 1970s saw incorporation of minicomputers to control robots and designs with

touch and pressure sensors. During the 1980s the robot industry started to grow

rapidly with a new robot company entering the market every month [3, 4].

27.2 Medicine

In 1985 robots found their way into the operating room with the PUMA 560

performing neurological biopsies. The PUMA 560 was not originally designed to

assist in surgical procedures but was first an industrial robot. Its effectiveness in

precise and accurate navigation of surgical tools was utilized by Kwoh et al. to excise

brain tumorswhich had previously been inoperable [5]. The robot was essentially used

as a positioning fixture similar to that of the stereotactic frame. Once the robot was

positioned correctly it was locked in position and power was removed. The prelimi-

nary results were promising and compared to conventional stereotactic frames the

robot could position itself automatically and accurately. Despite initial positive out-

comes it was still an industrial machine not originally designed to be used in close

contact with people. Secondary to this, the companies that marketed the Puma 560 did

not continue to allow its use in the operating room on the basis that it was unsafe [5].

One year after the inaugural robotic assisted surgery of the Puma 560 IBM and

the University of California, Davis began a joint research project to develop a robot

for total hip arthroplasty. Its role in the surgery was limited to reaming the proximal

femur in preparation for prosthetic implant insertion. The first clinical test took

place on a dog in May of 1990 and by November of the same year Integrated

Surgical Systems, Inc. was formed to develop the technology for human clinical

use. The robot was modified with a Sanko-Seiki control system to increase its safety

profile. The modified Sanko-Seiki robot system would later be known as Robodoc

which made its human operating room debut in 1991. Robodoc was used in total hip

arthroplasty (THA) to ream the femur in preparation for femoral stem implant [2].

27.3 Other Technology

27.3.1 Virtual Reality and Telepresence

Also developing during the eighties and early nineties was virtual reality and the

concept of telepresence. Scott Fisher, PhD of National Air and Space Administration

(NASA) Ames Research Center and Joe Rosen, MD of Stanford University were

developing virtual reality environments with a future vision of surgeon controlled

remote robotic arms. They collaborated with Phil Green PhD of the Stanford

Research Institute for assistance in robotic arm development which resulted in a

surgical telemanipulator designed for hand surgery. After general surgeon Richard
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Savata MD joined the NASA-Ames team, the clinical use of this technology in

laparoscopic surgery was realized and became the focus of future developments.

The Pentagon’s Defense Advanced Research Projects Agency (DARPA) became

aware of this technology and was interested in its application on the battlefield. With

their funding the first voice activated robotic camera for laparoscopic surgery was

developed. It was called AESOP (Automated Endoscopic System for Optimal Posi-

tioning) and it replaced the need for a surgical assistant to handle the camera [2].

27.3.2 Haptics

Another technology that blossomed from DARPA funding was haptics or force and

tactile feedback which had been lacking in the robotic arms to date. Akhil Madhani

was a graduate student at MIT that had seen DARPA’s vision of telesurgery. His

advisor at the time, Dr. Ken Salisbury, encouraged him to pursue a thesis on

teleoperated surgical instrumentation with force feedback sensors. With help

from Dr. Salisbury and Dr. Gunter Niemeyer, a post-doctoral fellow at MIT and

good friend of Madhani, the project took 3 years to complete. Dr. Salisbury

provided ideas and guidance while Dr. Niemeyer is credited with all the software

programming. Their work developed into the “Black Falcon” the first teleoperated

surgical instrument for minimally invasive surgery. The commercial possibilities

with the merger of these two technologies became evident and companies wanting

to harness this potential eventually formed. Intuitive Surgical, Inc (Sunnyvale, CA)

hired Madhani and Dr. Salisbury as consultants and eventually developed the da

Vinci telerobotic surgical system in 1997 while Computer Motion Inc developed

the Zeus in 1999 which was similar to the da Vinci but differed in the surgeon’s

console. Computer Motion was eventually purchased by Intuitive surgical which

currently markets the da Vinci alone. The da Vinci has been approved for use in

mitral valve repair, prostatectomy, Nissen fundoplication gastric bypass surgery,

hysterectomy and uterine myomectomy [2, 6]. There are over 300 sites in the

United States that are currently using the da Vinci surgical system and the number

of surgeries that it is being utilized for is growing. The use of robots has grown from

1,500 cases in the year 2000 to an estimated 20,000 cases in 2004 [7].

27.4 Clinical Applications

27.4.1 General Surgery

Though the da Vinci was originally designed for microvascular surgery its potential

in general surgery has been realized and is currently applied in a wide variety of

general surgery procedures. As mentioned earlier, Richard Savata MD who joined
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the NASA-Ames group recognized the potential that telepresence technology had

in the realm of laparoscopic surgery. Initial clinical trials done by Marescaux et al.

proved the robotic assisted cholecystectomies are safe and feasible while enhancing

the skill of the surgeon to perform technically precise suturing and dissection [8].

In a large community hospital Giulianotti et al. have displayed the versatility of

the da Vinci in the operating room. Between October 2000 and November 2002, 193

patients underwent a minimally invasive robotic procedure. A total of 207 robotic

surgical operations were performed. The most frequently performed procedure was

cholecystectomy for gallstones (n¼ 66 cases, 52 single and 14 associatedwith another

operation). This procedure was chosen for the initial learning curve. In the first 26

single procedures the mean operative time was 96.5 vs 66.7 min for the second

26 single procedures. A retrospective comparison between robotic and laparoscopic

cholecystectomies showed that after 20 robotic cholecystectomies, themean operative

time (66.7 min) was similar to laparoscopic cholecystectomies (65 min). The conver-

sion rate was higher with the laparoscopic technique (3.5% vs 1.9%). The mean

postoperative stay and morbidity rate were similar for the robotic (2 days; 1.9%)

and laparoscopic (3 days; 2.2%) groups. Fundoplication for gastroesophageal reflux

disease was the second most frequently performed procedure (n ¼ 51). The mean

operative time was 110 min for robotic fundoplication and 120 min for laparoscopic

fundoplication. The conversion rate was similar in both groups. The morbidity rate

and mean postoperative hospital stay for robotic and laparoscopic procedures were

4.8% and 4 days and 11.4% and 6 days respectively. Other surgeries performed

included esophageal, gastric, pancreatic, hepatobiliary, colorectal, thoracic, adrenal-

ectomy, splenectomy and a few various others such as one fallopian tube anastomosis

and one aneurysmectomy of the renal artery. In 193 patients, four procedures required

conversion to open surgery and three were converted to conventional laparoscopy.

The total reoperation rate was 3.1% and the total perioperative morbidity rate was

9.3%. The total postoperative mortality rate was 1.5%. The authors concluded that

robotic assisted surgery is feasible, safe, and easily managed in a big community

hospital. The learning curve is relatively short, the robot is safe and sturdy, and setup

time decreases as the experience of the operative team increases [9].

27.4.2 Neurosurgery

Neurosurgery, where the use of robots in the operating room began, has evolved in

its utilization of robots from the simple stereotactic passive robot used by Kwoh to

numerous passive and active robots used today. Neurosurgery is one of the best

suited specialties to apply medical robotics because the brain is firmly contained in

a rigid structure allowing for fixation of devices and because neurosurgery requires

the most precision of the surgical specialties. Robots are used for soft tissue cutting

and ablation, bone drilling and bolting, resection of tumors, in conjunction with

microscopes, and telepresence to name a few. Neurosurgeons and engineers

continue to push the envelope and broaden the horizons of robotic technology.
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Garnette R. Sutherland, MD from the University of Calgary and colleagues have

designed and manufactured an image-guided robotic system that is compatible with

magnetic resonance imaging. Because intraoperative imaging interrupts surgery

and prolongs operating room time the need to reduce the number of imaging

studies was apparent. The robotic system is void of magnetic and conductive

materials and can be integrated with intraoperative MRI to maintain surgical

rhythm by avoiding interruptions for imaging [10].

One of the most significant advances in neurosurgery, though not thought of as

surgery in the traditional sense, is radiosurgery. A robotic radiosurgery system such

as the Cyberknife (Accuray Inc) is a non-invasive alternative to surgery for the

treatment of tumors. It delivers beams of high dose radiation to tumors with extreme

accuracy [11]. It was developed at Stanford by John Adler, MD where the first

patient was treated in 1994. It became FDA approved in 2001 and is commonly

used for treatment of arteriovenous malformations, acoustic neuromas,

meningiomas, schwannomas, trigeminal neuralgia, and pituitary adenomas but

can be used anywhere on the body. Stanford’s current clinical trials include brain

metastasis, trigeminal neuralgia, and lung cancer [12]. Cho et al. recently reported

on 26 patients with pituitary adenomas receiving stereotactic radiosurgery with

follow up periods ranging from 7 to 47 months. The tumor control rate was 92.3%

and hormonal function was improved in all of nine functioning adenomas.

They concluded that CyberKnife is safe and effective in selected patients with

pituitary adenomas [13]. As of 2008 more than 40,000 patients have undergone

CyberKnife therapy. It is yet another example of the use of robots to make a

procedure more precise and safe for the patient.

27.4.3 Cardiothoracic Surgery

Cardiothoracic surgery has been slow in its incorporation of robotic assistance

relative to other surgical specialties because of the anatomical, physiological, and

microsurgical requirements involved. However, the da Vinci robotic system was

initially designed for microvascular surgery and is currently finding its niche in the

cardiothoracic world. Current robotic applications include mitral valve repair, atrial

septal defect closure, and totally endoscopic coronary artery bypass grafting

(TECAB). Robotic assistance allows for difficult procedures such as multivessel

coronary bypass to be performed through a small incision without the morbidity of

sternotomy. Subramanian et al. evaluated the feasibility of this minimally invasive

approach with positive outcomes. Thirty patients had undergone off-pump

minimally invasive multivessel coronary bypass. Internal mammary arteries were

harvested with robotic telemanipulation using three ports. Twenty-three patients

had anterior thoracotomy approach and seven had transabdominal approach. There

was no mortality in hospital or on 30-day follow-up. Twenty-nine patients

were extubated on the operating table. Within 24 h of surgery 50% (n ¼ 15) of

patients were discharged, 10% (n ¼ 3) were discharged in 24–36 h, 17% (n ¼ 5)
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were discharged in 48–72 h, and two patients stayed more than 3 days in the

hospital. They concluded that the majority of the patients can be safely discharged

within 36 h of robotic assisted multivessel coronary bypass making the ultimate

goal of same day hospital discharge more reality than fantasy [14].

Grossi et al. found positive results as well for mitral valve reconstruction.

They compared intermediate-term results of minimally invasive versus sternotomy

approaches for mitral reconstruction. One hundred patients underwent primary mitral

reconstruction through a minimally invasive right anterior thoracotomy. Outcomes

were compared with those of 100 previous patients undergoing primary mitral repair

who were operated on with the standard sternotomy approach. They found that after

1 year follow-up both echocardiographic results and New York Heart Association

functional improvements were comparable with results achieved with the standard

sternotomy approach. The minimally invasive approach for mitral valve

reconstruction provided equally durable results with more advantages for patients

and according to the authors should be more widely adopted [15].

27.4.4 Urology

Urology, much like neurosurgery, was there at the beginning of the robotics in

medicine movement. As mentioned earlier, from the work of Davies came the

PROBOTwhich used a robotic frame to guide a rotating blade to complete a transure-

thral resection of the prostate. Currently, the da Vinci is the most popular robotic

surgical system in the specialty of Urology. From 2000 to 2004 urology accounted for

the largest single specialty increase in procedures with over 8,000 robotic prostatec-

tomies performed in 2004. Other applications include cystectomy, pyeloplasty, radical

and simple nephrectomy, live-donor nephrectomy, adrenalectomy, sural nerve graft-

ing, ureteric reimplantation, colposuspension and renal transplant [16].

Ficarra et al. performed a systematic review of robot-assisted laparoscopic radical

prostatectomy (RALP) and found that it was a feasible procedure, with limited blood

loss, favorable complication rates, and short hospital stays. They concluded that the

literature showed that RALP has a short learning curve and promising functional

outcome, especially with regard to continence recovery [17].

27.4.5 Gynecology

Though relatively late in its acceptance of robotic assistance gynecology is starting

to incorporate and appreciate the benefits of robotic surgery. The da Vinci system

was approved for gynecologic procedures by the Food and Drug Administration in

2005. It is currently used for hysterectomy, myomectomy, tubal reanastomosis,

ovarian transpositions, oncology procedures, and pelvic reconstruction.

Hysterectomy is one of the most promising applications of minimally invasive

techniques. Reynolds and Advincula reported on 16 consecutive laparoscopic
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hysterectomies and noted that robotic technology was advantageous in the patients

with scarred or obliterated surgical planes since 13 of the 16 had prior pelvic

surgery and required intraoperative management of pelvic adhesions to complete

the hysterectomy. They also reported the same advantage in six patients undergoing

hysterectomy who had a scarred or obliterated anterior cul de sac secondary to prior

cesarean deliveries [18].

Robotics has also found a role in reproductive surgery as a means to reverse

the effects of a previous procedure. Patients are usually given grim prospects when

consulted about the chances of reversing a tubal ligation in the future. Degueldre

et al.. has reported some positive results in tubal reanastomosis. In 2000, 16 tubes

were successfully reanastomosed with five of the eight patients demonstrating at

least unilateral patency. Two pregnancies were reported within 4 months of

surgery. The authors noted that the operating time compared favorably with that

required to perform open microsurgery [18].

27.4.6 Orthopedic Surgery

Orthopedics, of all the surgical specialties, is probably the most compatible with

robotic systems because of its rigid surgical medium. Nearly 20% of all medical

robots are used in orthopedics [19].With the exception of neurosurgery, which relies

on the cranium more as a stabilizing and referencing tool than as the subject of the

procedure, bone is the most important aspect of the orthopedic procedure. Bone

provides excellent contrast in X-ray/CT images and has high rigidity. These two

qualities allow for preoperative and intraoperative models that stay, under most

circumstances, true to the patient’s anatomy. The rigidity of bone also permits the

robot to register itself to preoperative and intraoperative plans as well to its current

location in the operating room relative to the patient. The soft tissue is not as

important as in other surgical specialties but is important in a secondary sense.

For example, in total knee arthroplasty (TKA) precise and accurate bone cuts are

critical for proper ligament balance in the reconstructed knee. It is also critical for

proper fit of implant components. This reduces wear and increases the life of

the implants while decreasing the complications of misalignment and compo-

nent loosening and consequently the need for another operation. Besides TKA,

robots are predominantly used for total hip arthroplasty (THA), revision THA, and

unicondylar knee arthroplasty (UKA).

Robotics can enhance surgery through improved precision, stability, and dexterity.

With the incorporation of computed tomography,magnetic resonance images and new

algorithms operative plans and the execution of these plans are becomingmore precise

and accurate. The ultimate goal of this technology is to reduce patient morbidity,

mortality, and improve functional outcomes. The advantages of robots include good

geometric accuracy, stable and untiring, can be designed for a wide range of scales,

may be sterilized, and resistant to radiation and infection. Its limitations include poor

judgment, limited dexterity and hand-eye coordination, limited to simple procedures,
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expensive, and difficult to construct and debug. Human strengths include strong

hand-eye coordination, dexterous, flexible and adaptable, can integrate extensive

and diverse information, able to use qualitative information, good judgment, and

easy to instruct and debrief. Human limitations include limited dexterity outside

natural scale, prone to tremor and fatigue, limited geometric accuracy, limited ability

to use quantitative information, limited sterility and susceptibility to radiation and

infection [20].

Minimally invasive surgery (MIS) is not a new concept but one that robotics is

applying and capitalizing on in ways unimagined when the procedures began. MIS is

beneficial in that it reduces patient discomfort, improves cosmesis, and reduces

hospital cost and time away from productive work. Traditional laparoscopic

technique requires three to five small incisions to allow long-handled instruments

access to the body cavity. This technique places severe limitations on dexterity and

creates a fulcrum effect in that the surgeon must move his hand in the opposite

direction of his intended target. There is also no tactile information which severely

handicaps the surgeon. Robotic systems make up for these limitations by providing

dexterity similar to that of the hand and produce images in three dimensions giving the

surgeon the perception that he is operating on a patient in front of him while he moves

controls at a console away from the patient [20].

There are several types of robotic systems used in orthopedic surgery that can be

classified under three main headings. There are active, passive, and semi-active

systems. Passive systems are those that have no active role in the procedure. They

are utilized as position holders for drills or cutting guides. Active systems as their

name suggests play a more aggressive role in the procedure. Though both of these

systems have a role in the operating room, the current direction is to combine qualities

from both groups to create the semi-active system. A semi-active system allows the

surgeon to be an active part of the operation with the added benefit of precision and

accuracy afforded by robotic assistance.

27.5 Active Systems

27.5.1 Robodoc

Robodoc (Integrated Surgical Systems, Davis, CA), was the first active robotic system

used for an orthopedic procedure. It was developed at the University of California

Davis from1986 to 1992. The need for a bettermethod of THAwas realized in themid

1980s when cementless femoral components were first introduced. There was a

significant problem with postoperative thigh pain, intraoperative fracture, and failure

of bony ingrowth [21] Many early cementless femoral components were failing

secondary to poor fit and stability. The surgical instruments used at the time were

carryovers from the era when only cemented components were used. They created

gaps at the implant to bone interface that could lead to instability, decreased bony

ingrowth, and possible debris pathways for osteolysis [21]. HowardA. Paul,DVMand
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William L. Bargar, MD conceived of Robodoc in 1985. Robodoc automatically mills

the bone cavity for the femoral component. The design was based on a commercially

available Japanese industrial robot. A large clamping arm connects the base of the

robot to the patient’s leg and a position monitor connected to the robot ensures the

procedure is halted if leg movement is detected. A computer assisted orthopedic

planning system called Orthodoc was developed for Robodoc. It required the patient

to undergo a separate procedure before the THA to place locator pins in the affected

femur. A CT scan was then taken of the affected femur and uploaded onto the

Orthodoc workstation. An operative plan would then be constructed and used intrao-

peratively by Robodoc. Before the THA procedure Robodoc registered the patient’s

anatomy with the preoperative imaging data [22]. A feasibility study of the concept

was performed in 1986–1987 at the IBM Thomas Watson Research Center in York-

townHeights, NY. A canine clinical study started in 1989 and by 1992 the systemwas

adapted for human application. At this point Robodoc was licensed by Integrated

Surgical Systems, Inc. The first human feasibility study was conducted on ten patients

at Sutter General Hospital in Sacramento, CA. A randomized multicenter study was

then conducted beginning in 1994 through 1998 to perform cementless primary hip

arthroplasty on 136 consecutive hips in 119 patients at three centers. The results

showed statistically improved fit, fill, and alignment when compared with manual

THA, and intraoperative fractureswere eliminated in theRobodoc group [23]. Though

these results were positive there were still issues to reconcile. Surgery times were

longer due to the learning curve and the robot shutting down because of legmovement.

There was also a small increase in blood loss as compared to controls, which was

attributed to the increased surgical time. In 2001, the FDA authorized a second

multicenter US trial of the Robodoc system. The aim of the study was to improve

the surgical time and blood loss and to show the efficacy of pinless technology. With

this technology there was no longer a need for a preliminary surgery to place tracking

pins. The anatomy was registered intraoperatively by scanning various points of the

patient’s boney anatomical landmarks. Through the first 80 cases the average blood

loss decreased to 471.54 cc from 1189 cc and the surgical time decreased from 258 to

121.92 min. Outside the US, Robodoc has been used in revision THA. According to

Bargar [23] robotic milling reduces the incidence of intraoperative fractures in the

decompensated bone of revision THA’s. In August 1994, the first Robodoc system in

Europe was installed at the Berufsgenossenschaftliche Unfallklinik Clinic in Frank-

furt, Germany [21]. Over the next 4 years, there was rapid growth of the Robodoc in

Germany with over 30 systems installed. As of 2007 there were 20 Robodoc systems

between Austria, France, Switzerland, Japan, Korea, and India [23].

27.5.2 Caspar

The success of Robodoc in Germany fueled competition that came in the form of

the CASPAR (Computer Assisted Surgical Planning and Robotics) system
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produced by Orto Maquet, a subsidiary of the German company Maquet [19].

The CASPAR was based on the Swiss industrial RX 90 6 axes clean-room robot,

developed by St€aubli (Horgen, Switzerland) [22]. It was an active robot originally

used for THA in 1997 and was later applied to TKR in 1999. In the first 70 TKR

patients the mean difference between preoperatively planned and postoperatively

achieved tibiofemoral alignment was 0.8� (0–4.1�) which fared better than the

control group 2.6� (0–7�) [24]. CASPAR was also used for ACL tunnel placement.

In a study conducted by Burkart et al. [25] at the University of Pittsburgh the

precision of the CASPAR was compared to four orthopedic surgeons with various

levels of experience. The robot and each surgeon drilled tunnels in ten plastic knees.

The results showed that the robotic system had the most consistent tunnel direc-

tions. Their data suggested that the robotic system had the same precision as the

most experienced surgeons. The German company URS Ortho GmbH and Com-

pany KG purchased the rights to CASPAR from Orto MAQUET in 2000. URS went

into liquidation in 2004 despite good clinical results and sales in Europe [22].

27.5.3 Romeo

Within the last decade a project titled ROMEO (Robotic minimally invasive

Endoprosthetics) conducted by Helmut-Schmidt-University/Hamburg and the

Department of Trauma and Orthopaedics of the BG Trauma Hospital Hamburg

has a focus on smaller incisions and soft tissue protection, an issue that confronted

Robodoc and CASPAR. The goal of the ROMEO project is to create a system using

minimally invasive surgical approaches and 3D guided navigation to conserv e soft

tissue. The project is split in several phases starting with determination of technical

and surgical aspects of a minimally invasive approach as well as technological

parameters of the robotic process such as bone milling, drilling, and reaming.

A milling device with the capability to work around a corner at an angle between

35� and 70� is a product of these efforts [26].

27.5.4 Arthrobot

In an attempt to simplify robot assisted surgery, the Arthrobot (Kaist, Korea)

system registration process uses a reamer-attached gauge and a femoral frame to

determine the relative position and orientation of the femur in relation to the robot.

The reamer-shaped gauge is inserted into the patient’s femur as in a manual surgery

then the manual broaching process is replaced by the robot. The reported advantage

is a less complicated registration process and limiting the reaming process to the

metaphyseal region leaving the diaphyseal hard bone untouched. In an experiment

with composite and pig bones 93% of the gaps between the bone and implant

surface were under the critical .25 mm [27].
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27.5.5 Mbars

The Mini Bone-Attached Robotic System (MBARS) is a bone mounted robot

designed to assist with patellofemoral arthroplasty. It was developed at the Institute

for Computer Assisted Orthopaedic Surgery at Western Pennsylvania Hospital and

the Robotics Institute at Carnegie-Mellon University. It has two rigid platforms, an

upper and a lower. The lower platform is attached to the femur with three Steinman

pins while the upper platform supports a rotary cutting tool and moves relative to the

lower platform to machine the trochlea. With regards to preoperative planning, a 3D

image is used in which the surgeon marks the patellar tracking line on the preopera-

tive image, the software then positions the artificial component, then the cutting

paths are calculated. In an experimental study the process of preparing the cavity

required about 2 min [19].

27.5.6 PiGalileo

PiGalileo (Smith and Nephew, Memphis, TN) is a total knee replacement system

that utilizes computer navigation and a robotic arm to hold cutting guides.

The cutting guides are adjustable and allow precise and individual positioning of

the resections without accessing the intramedullary canal. In a small study of 34

TKR surgeries comparing conventional technique to PiGalileo the resection accu-

racy was greater with the computer assisted device. The gap between implant and

bone ranged from 0 to 0.3 mm for the PiGalileo and 0–0.6 mm for the conventional

method. The system was able to achieve these results at the cost of only ten

additional minutes of OR time.

27.5.7 Romed

In a project titled “Robots and Manipulators for Medical Applications – RoMed”

four Fraunhofer institutes are developing a robot system for use in spinal column

surgery; more specifically, posterior lumbar interbody fusion, a procedure in which

two or more vertebrae are linked with rods. It is a difficult operation that requires

great precision and accuracy when drilling and inserting bolts into the vertebrae.

Currently, 20–25% of cases involve incorrectly placed hardware. The robot uses six

telescopic legs with six degrees of freedom to place pedicel bolts within one tenth

of a millimeter. A CT scan is taken preoperatively to make a 3D model the surgeon

can use to plan the surgery while an ultrasound-based navigation system provides

intraoperative data. The surgeon controls the robot from a monitor located near the

robot.
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27.6 Semi-Active Systems

27.6.1 Acrobot

The Robodoc was not the only robot in 1991 undergoing human clinical trials.

Though the Puma 560 had been restricted from human interaction in the clinical

setting it was still being utilized for laboratory studies conducted by Brian Davies of

Imperial College of Science, London. He was studying its utility in the transurethral

resection of the prostate (TURP) for benign prostatic hyperplasia. The robot was

programmed to actively remove soft tissue unlike its original passive role in the

neurosurgical biopsies. Based on these laboratory studies, a robotic motorized

system was developed specifically for the task of soft tissue resection. It was first

used clinically in April of 1991. This active robot eventually evolved into what it is

known as Probot.

As Davies began his clinical experience with medical robotic systems in 1991, he

soon realized that the surgeon control of the procedure was secondary to that of the

robot programmer. The Probot was an autonomous robot that when positioned

correctly was turned on and allowed to perform its programmed task with little

interaction from the surgeon except for control of an emergency-off button. At first,

surgeons thought this autonomous feature was desirable but it became apparent that

it was not in their nature to stand back and be a passive participant in the procedure.

This led Davies and his Mechantronics in Medicine Group at Imperial College

London to develop a hands-on robot in which the surgeon and robot participated

in the procedure as a unit. The robot was to be treated as an intelligent tool under the

surgeon’s control. Davies called this robot Acrobot, (for Active Constraint

ROBOT), which actively constrained the surgeons movements through haptic

feedback to keep them within a safe predetermined region in the operative field.

It was developed for orthopedic surgery, more specifically minimally invasive

unicondylar knee replacement. Unlike the da Vinci in which the surgeon sits at a

console away from the patient the Acrobot allows the surgeon to remain in contact

with the patient and move the robotic armwith his hand while controlling the cutting

tool [28]. Cobb et al. compared the results of robotically assisted with convention-

ally UKAs in a randomized prospective study [29] and found that all patients treated

with robotic bone preparation had coronal plane tibiofemoral alignment within 2� of
the planned position compared to only 40% in the conventional group.

27.6.2 Mako

The Acrobot technology has been improved upon and made more intuitive with the

MAKO Surgical Corp RIO (Robotic Arm Interactive Orthopedic System). With

computer assistance the RIO offers the surgeon visual, auditory, and tactile feed-

back in minimally invasive surgery for medial and lateral UKA components as well
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as patellofemoral arthroplasty. The RIO system allows the surgeon to manipulate

the bone-removing burr within the intended volume but restricts motion beyond

that predetermined volume. A preoperative plan is created from a 3D reconstruction

of a preoperative CT scan of the patient’s leg and computer assisted design (CAD)

models of the implanted components. Standard surgical navigation markers are

placed in the femur and the tibia and are also mounted on the robotic arm.

The virtual modeling of the patient’s knee and intra-operative tracking allows

real time adjustments to obtain correct knee kinematics and soft tissue balancing.

The end of the arm is equipped with a burr that is used to resect the bone. While

inside the volume of bone to be resected, the robotic arm operates without offering

any resistance [30, 31]. As the burr approaches the boundary, the robotic arm resists

that motion and keeps the burr only within the accepted volume [30]. Thus the

robotic arm effectively acts as a three-dimensional virtual instrument set that

precisely executes the pre-operative plan.

The RIO system has produced initial positive outcomes in the realm of minimally

invasive UKA. Sinha [32] evaluated six early-term peer-reviewed scientific pre-

sentations for four outcome parameters: accuracy of bone preparation and implant

placement; robot system failures; complications, including those both attributable

and not attributable to the robot; and patient-specific measures of outcome. With

regards to bone preparation and implant placement Roche et al. obtained 344

radiographs for independent review. Three (<1%) femoral components were con-

sidered outliers (slight anterior medial overhang, placement of one component too

distally). Sinha and colleagues reported one failure of the TGS in tibial registration

among their first 37 patients. Three centers contributed 223 cases in which there

were six reoperations-two for infection, one for femoral shaft fracture through a

navigation pin track, one for arthrofibrotic band release, one for arthrotomy dehis-

cence, and one for unexplained pain. No implant loosening was reported. Coon and

colleagues compared 45 minimally invasive UKAs performed manually with 36

UKAs performed with Tactile Guidance System (TGS) technology. There were no

significant differences in mean Knee Society Score (KSS), change in KSS, or

Marmor rating between the two groups at any postoperative time. From these

early-term results, Sinha concluded that TGS-UKA results are no worse than those

of conventional UKA with respect to complications, patient function, and surgeon

learning curve. Bone preparation is extremely accurate relative to the preoperative

plan and the computer-guided robotic system is very reliable. A recent publication

comparing UKA implantation with robotic assistance to manual instrumentation

found that final alignment of the components was significantly more precise and less

variable when using the robot [33].

27.6.3 BlueBelt

BlueBelt began as the precision freehand sculptor and was developed by the

Robotics Institute at Carnegie Mellon University and the Institute for Computer
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Assisted Orthopaedic Surgery at the Western Pennsylvania Hospital in Pittsburgh.

It consists of a handheld tool, optical tracking system, control computer, and a

display monitor. Two prototypes have been developed. The first prototype had a

fully exposed spherical blade that featured a clutch that engaged and disengaged the

blade from the drive shaft. It did not include a brake so the blade would spin up very

fast but took several seconds to spin down. The second prototype features a

cylindrical rotating blade which extends and retracts behind a guard so the transi-

tion from cutting to not cutting is much faster. It is similar to the Acrobot and

MAKO robots in that a tracking system monitors the position of the cutting tool and

the computer enables the cutter only when it is held in the preprogrammed region of

resection. The difference, as its original name suggests, is that this is a handheld

device free from a robotic arm attached to a base. Also, the leg does not need to be

fixed in place. There are no clinical trials to report but an experiment on artificial

femurs showed an average error of less than 0.2 mm for all cases except for one

outlier at 0.27 [19, 34].

27.7 Passive Systems

27.7.1 Praxiteles

One thing that all the previous robots have in common, aside from the BlueBelt, is

size. For the most part they consist of large bases to which mechanical arms are

attached. Praxim-Medivision (LaTronche, France) in collaboration with the Uni-

versité Joseph Fourier (LaTronche, France) and the department of Mechanical

Engineering at the University of British Columbia (Vancouver, Canada) have

developed a compact bone-mounted robot, named Praxiteles, to position bone-

cutting guides in the appropriate planes surrounding the knee. The surgeon then

performs the planar cuts manually using the guides. The robot is comprised of two

motorized degrees of freedom whose axes of rotation are aligned in parallel. Two

prototypes have been developed, one for TKA surgery and a new version for MIS

TKA which mounts on the side of the knee [35].

27.7.2 Brigit

The BRIGIT (Bone Resection Instrument Guidance by Intelligent Telemanipulator)

system was designed with the goal of easy installation and operation in mind. It was

developed by MedTech SA, a small French engineering company, to assist in

osteotomies and TKR’s. It is a compact robot mounted onto a wheeled trolly

along with its control software. It works without preoperative imaging or a naviga-

tion system and is utilized as a positioner of tool-guides providing a mechanical

674 M. Conditt



support during bone sawing or drilling. First, the bone is rigidly attached to the

operating table with a fixation device. The end of the robotic arm is then fitted with

a pointing device that collects a series of anatomical landmarks. After the anatomy

has been registered the pointing device is replaced by a cutting guide. In the case of

a tibial osteotomy the angle of the desired cut is included in the geometrical

calculations of the surgical planning parameters and the landmarks. The robot is

then positioned and locked in place while the surgeon uses the free hand saw blade.

It has a reported average error of 0.7� [36].

27.8 User Experience

The senior author (SK) has been using MAKO since September 2007. 88 surgeries

have been performed, which include 74 medial UKA’s, 1 lateral UKA’s and 13

bicompartmental arthroplasties (medial UKA and patellofemoral replacement). The

author’s experience with the MAKOplasty has lead to a very high patient satisfac-

tion. The excellent clinical outcome has resulted in a decreased hospital length of

stay and has enabled patients to rehabilitate faster than conventional partial knee

replacement. From a surgeon’s viewpoint, MAKOplasty has a very quick learning

curve, particularly if the surgeon is already familiar with computer navigation.

Even though this is a highly complex and new technology, there has not been a

single case where the surgery had to be aborted due to any malfunctions with the

robot. The author believes that this technology allows us to rethink how we

approach orthopedic problems, how we design implants, and how we will perform

surgery in the future.

27.9 The Future of Robotics in Orthopedics

The future of robotics in orthopedics is promising. The ultimate goals of their

utilization are improved functional outcomes, decreased morbidity, and earlier

return to previous activity levels. Though the technology is relatively new and

long term follow up studies are lacking early results are positive and reflect the

basic principles that this technology is based on. The precision and accuracy of

robotically assisted bone cuts allow for better fitting prosthetics which lead to less

wear, pain, and need for future surgery. The cost of this new technology is one key

drawback to its wide acceptance along with the training of surgeons and operating

room staff in the use, maintenance, and incorporation of a robotic system in the

busy operating room schedule. However, the learning curves for surgeon and staff

are smaller than expected and the benefits to the patients more than justify the use of

robotic systems. The cost up front is daunting but is warranted because of less

patient morbidity and decreased hospital stays. With the advent of semi-active

robotic systems surgeons are more likely to accept this technology for it does not
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replace them but refines them. Patients will also be more likely to accept a

technology where the surgeon has complete control of the operation and is using

tools that make him more accurate and precise. For these reasons robotically

assisted surgery is a technology that will grow to become a permanent part of the

orthopedic surgeon’s repertoire.
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Chapter 28

Robotic-Assisted Urologic Applications

Thomas S. Lendvay and Ryan S. Hsi

Abstract The clinical use of robotic-assisted laparoscopic surgery has been most

prevalent in urologic care. The robotic prostatectomy is the procedure that has

highlighted the potential of robotics. Because this procedure has become so rapidly

embraced, urologists have readily adapted the robotic platform to other procedures

such as radical cystectomy, partial nephrectomy, pediatric reconstructive proce-

dures, and now female urologic and fertility procedures. Data on comparative

effectiveness between the robotic, laparoscopic, and open versions of urologic

procedures is still sparse, yet public pressure has forced a demand for access to

robotic urologic care. It remains to be seen if adequate robotic training can keep up

with the exploding need to provide robotic surgery options, but simulation training

is ideally situated to offer a solution to novice trainees and experienced surgeons

who wish to embark on robotic urologic surgery.

Keywords Robotic Prostatectomy � Robotic Partial Nephrectomy � Robotic

Cystectomy � Robotic Pyeloplasty � Ureteropelvic junction repair �Ureteral reimplan-

tation �Hydronephrosis �Urinaryreflux�Pediatric urology �Ultrasound � Assist port

28.1 Background

Robotic surgery has seen the greatest penetration in the field of urology. The

advantages robotic techniques afford over laparoscopy coupled with the types of

procedures done intracorporeally in urology have provided the perfect setting for

clinicians to embrace this modality of surgery. Urologic procedures, whether they

are in adults or in children, revolve heavily around anatomic reconstructions requir-

ing a great deal of suturing. Basic laparoscopy was embraced in the 1980s and 1990s
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because extirpative procedures such as the removal of cancer laden urological

organs were more attractive to patients and clinicians for their purported minimal

invasiveness. This set the stage for surgeons in this decade to jump to robotics.

Although standard extirpative procedures have been performed robotically, once

clinicians realized the value of the robot for intracorporeal suturing – a skill difficult

to master with pure laparoscopy – robotic-assistance boomed.

The ability of the only commercially available surgical robot, Intuitive Surgical

Inc. da Vinci® (Sunnyvale, CA), to approximate the movements of the human wrist

while dampening inherent human hand tremor and magnifying the field of view

under 3-D visualization has enabled clinicians to reproduce open surgical techni-

ques intracorporeally. These technological advances have benefitted both patients

and clinicians [1,2] Patients are able to avoid large morbid incisions and severe

post-operative pain, while experiencing surgical outcomes analogous or better than

their open surgical counterparts for some high volume procedures such as prosta-

tectomy and cystectomy (removal of the prostate and bladder) and pyeloplasty

(repair of obstructed kidney) [3,4,5].

Adult urological applications of the surgical robot include prostate, bladder,

renal, and adrenal cancer surgery, infertility, female incontinence, and neuropathic

urinary tract maladies. The most commonly performed urologic procedure is the

prostatectomy and in 2009, it is expected that over half of all prostatectomies in the

U.S. will be performed robotically [6] which is quite noteworthy since the first

robotic prostatectomy was just performed in this decade [7]. Clinicians have

expanded the role of robotics into the realm of bladder cancer surgery, whereby

the entire bladder and prostate are removed and a new urinary reservoir made out of

intestinal segments is reconstructed. Again, a large amount of suturing is required

for this procedure. Initially robotic-assistance was shown to be efficacious in radical

nephrectomy surgery [8,9], but more recently, clinicians have applied robotics to the

more challenging renal-sparing partial nephrectomy in patients with renal masses

that allow for sparing of the remainder of the good kidney [10,11,12]. Urologists and

general surgeons both perform adrenalectomies robotically and this application is

rapidly expanding [13,14]. A few medical centers have begun to describe the use of

robotic surgery in male fertility surgery including ligation of the varicoceles

(an engorgement of the testicular veins leading to altered sperm production and

function) [15,16]. Prior to the FDA approval of the use of the robot for gynecological

procedures in 2007, urologists had already been describing applications in female

pelvic floor surgery. Sacrocolpopexies (the securing of the vagina to the pelvis for

improved pelvic floor support) are now being performed robotically because of the

ease of suturing of the support materials to the vagina and the pelvic floor [17].

Just as in laparoscopy, the adoption of robotics in pediatric urology has initially

lagged, but is now rapidly being embraced. The major benefits that minimally

invasive techniques (MIS) offer such as the smaller incisions, less post-operative

pain, and shorter convalescence have not been as dramatically demonstrated in

children as in adults, especially pre-adolescents. Few were initially using the robot

in children because of the large instrumentation and the perceived limitations of the

bulky equipment in small children. Initially, the robotic instruments were 8 mm in

680 T.S. Lendvay and R.S. Hsi



diameter and then 5 mm instruments were designed, but the technology to decrease

the diameter of the instruments sacrificed the short turning radius of the instru-

ments. This handicap is realized in small children where the distance from the end

of the trocar to the target surgical field may be only a few centimeters. In addition,

the types of end effectors offered in the 5 mm diameter are limited. Intuitive

Surgical relied on a 2D 5 mm scope, and this was also an impediment since one

of the key advantages of the robotic platform was the stereoscope rendering 3D

visualization. This has since been remedied by the introduction of an 8.5 mm

stereoscope avoiding the large 12 mm camera port requirement. Once pediatric

urologists developed methods for dealing with space limitations, clinicians realized

that the high proportion of birth defect reconstruction procedures in children makes

robotic surgery an attractive adjunct to laparoscopy.

The most commonly performed pediatric urological procedure is the pyeloplasty

followed by the repair of urinary reflux (ureteral reimplantation) [18,19]. Additional

robotic renal applications such as the anastomosing of the upper and lower kidney pole

ureters to one another for duplex kidney systems with ectopic ureters and the removal

of poorly functioning kidney poles have gained traction [20]. Just as in adults, male

adolescents with symptomatic (painful) or testicular stunting varicoceles are being

repaired with robotic techniques [16]. New applications of the robot include bladder

augmentation (adding segments of the intestine onto dysfunctional bladders to

increase capacity and reduce bladder pressures), reconstructions of the bladder neck

for incontinence, and the creation of catheterizable channels for children to empty

their bladders or add irrigation to flush out their colon in children with neuropathic

bladder and bowels from spinal dysraphisms or spinal cord injuries [21].

28.2 Adult Applications

28.2.1 Robotic-Assisted Laparoscopic Radical Prostatectomy
(RALRP)

Prostate cancer is the second most common malignancy among men in the United

States, with an estimated 192,000 new cases diagnosed and 27,000 deaths in 2009

[22]. The surgical treatment for localized prostate cancer has traditionally been the

open radical retropubic prostatectomy (RRP). Long-term outcomes in mature series

of patients who underwent RRP have shown the progression-free survival at

68–75% at 10 years and cancer-specific survival rate approaching 97% at 10 years

[23,24]. More recently, the robotic-assisted laparoscopic approach has become

widely adopted across the United States (Figs. 28.1 and 28.2). A Medicare-based

study has shown the utilization of RALRP quickly increased from 12.2% in 2003 to

31.4% in 2005 [25]. RALRP has benefited from a highly successful marketing

campaign in addition to surgeon enthusiasm and patient interest. However, there

still is a lack of long-term cancer outcomes in the literature, which has fueled a
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healthy debate in the urologic community on which technique is superior. Because

of the protracted natural history of prostate cancer, data on disease specific and

overall survival for this new treatment has begun to be reported only recently.

Badani and colleagues published their outcomes on 2,766 patients who underwent

RALRP over 6-year period [26]. With a median follow-up of 22 months [26], 7.3%

had PSA recurrence after prostatectomy, and 5-year actuarial biochemical free

survival rate as determined by PSA was 84%, which is comparable to the open

experience at 5 years [23,24]. Another measure of cancer control is the rate of

finding cancer at the edge of the removed tumor by the pathologist during micro-

scopic examination – also known as positive surgical margins – an independent

predictor of disease recurrence [27]. Positive surgical margin rates have been

reported between 2 and 59% in RALRP [28]. In studies that have compared the

positive surgical margin rates between RALRP and RRP, two studies have shown

similar positive margin rates [29,30], while one study has shown a higher rate after

RRP(23% vs 9% in RALRP) [31]. A separate comparison by Smith and colleagues

Fig. 28.1 RAL Prostatectomy port placement. (Courtesy Dr. James Porter, Swedish Medical

Center, Seattle, WA)

Fig. 28.2 Intracorporeal image

looking down the pelvis after

stapling of the dorsal venous

complex. (Courtesy Dr. James

Porter, Swedish Medical

Center, Seattle, WA)
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reported the rate of positive surgical margins at 15% for RALRP and 35% for RRP (p
< 0.001) [3]. Even when stratified for pathological cancer stage, RALRP had less

positive surgical margin rates (RALRP 9.4% vs RRP 24.1 for pT2 [meaning organ

confined disease]; p < 0.001). For both groups the location of positive margins was

most commonly found at the prostatic apex (located at the bottom of the prostate

gland) (52% RALRP vs 37% RALRP). In terms of perioperative morbidity and

mortality, complication rates have been reported in 6.6% of the robotic series

compared with 10.3% in the open series [32,33]. In addition, a prospective, vali-

dated, quality of life instrument has shown that patients after RALRP have a faster

recovery to their baseline functioning status compared to patients after RRP [34].

Anatomically, there is an intrinsic urinary sphincter at the bladder neck which may

become deficient after the prostate is removed and the bladder is reconnected to the

urethra, leading to urinary incontinence. There are also two sets of neurovascular

structures immediately posterolateral to the prostate responsible for erectile func-

tion. Therefore, important measures of functional outcomes after prostatectomy

have included continence rates and potency data. Return of continence for both

techniques appear to be comparable if not slightly favoring RALRP. Continence

rates for RALRP at 3 months are 73–91% and 82–97%, while continence rates for

RRP at 3 months are 54–71% at 3 months at 39–87% at 6 months [32,33]. Twelve-

month potency data for RALRP is also at least as good as that of the open series. For

unilateral nerve-sparing surgery, potency rates at 12months are 14–61% for RALRP

and 17–53% for RRP, while at 24 months they are 24–97 for RALRP and 37–86%

for RRP [32,33]. While an increasing number of surgeons are performing RALRP,

there also remains a difficult learning curve of more than 150 procedures needed

before results comparable with RRP [35]. Overall, the early data on RALRP have

shown that it is a promising new technique that offers a minimally invasive, surgical

option for prostate cancer.

Meanwhile, skeptics of RALRP have long argued that this approach may not be

equivalent for patients with high risk disease, where tactile feedback may be

important to delineate more suspicious areas of tumor. In addition, a study of

Medicare beneficiaries showed that while patients undergoing minimally invasive

radical prostatectomy – including pure laparoscopic and RALRP techniques – were

less likely to have perioperative complications (29.8% vs 36.4%; p ¼ 0.002) and

shorter hospital stays (1.4 vs 4.4 days; p < 0.01), they were more likely to receive a

secondary salvage therapy (such as radiation therapy) (2.8% vs 9.1%; p< 0.001) and

have a higher risk for anastomotic stricture where the bladder is reconnected to the

urethra (OR 1.40; 95% CI 1.04–1.87) [25]. Proponents of the open approach have

also contended that hospital stays for RALRP and RRP can be similar in length

depending on postoperative care pathways [36]. Finally, one interesting study from

Duke University has examined patient satisfaction after RRP and RALRP [37].

Patients who underwent RALRPwere three times more likely to regret choosing that

particular technique compared to patients who underwent RRP (OR 3.02, 95% CI

1.50–6.07). The authors hypothesized that this was due to the expectations on a

newer, more innovative procedure so it is critical that clinicians prepare their

patients for possible morbidity irrespective of the type of procedure utilized.
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28.2.2 Robotic-Assisted Laparoscopic Radical Cystectomy
(RALRC)

Bladder cancer remains the fifth most common malignancy in the United States,

with an estimated 71,000 new cases diagnosed and 14,000 deaths in 2009 [22].

Although most patients with bladder cancer have superficial tumors, 20–30% of

patients that present with muscle invasive disease [38,39], which has a poorer

prognosis. Radical cystectomy has been shown to provide a long-term survival

benefit in patients with muscle-invasive bladder cancer [40]. Despite advances in

minimally invasive techniques there have been few published series of laparoscopic

radical cystectomy since the first laparoscopic radical cystectomy was reported in

1992 [41], primarily due to the significant technical challenges of the procedure.

More recently the robotic-assisted laparoscopic approach has gained increasing

acceptance for prostatectomy, and with the development of these techniques,

surgeons have begun to also perform RALRC [42–47]. The learning curve for

RALRC has been shown to be approximately 20 cases, with higher initial operative

times and blood loss [48]. In most cases, the extirpative portions of the procedure –

cystoprostatectomy and extended or traditional pelvic lymph node dissection – are

performed using a robotic-assisted laparoscopic approach, while the urinary diver-

sion portion is performed extracorporeally (the bowel is reconstructed into a urinary

diversion outside of the abdomen). Ng and colleagues have reported on 104 open

and 83 RALRC from a single surgeon. Compared to the open group, the robotic

group had a similar mean operative time (6.25 h vs 5.95 h), less blood loss (460 vs

1,172 mL; p < 0.001), similar median lymph node yield (16 vs 15), shorter median

length of stay (5.5 vs 8.0 days; p < 0.0001), lower major complication rate at

30 days (10% vs 30%; p ¼ 0.007), and similar rates of positive margins (7.2% vs

8.7%; p ¼ 0.77) [49]. Pruthi and colleagues reported on a series of 50 patients who

underwent RALRC, with 0 cases with positive margins and a median lymph node

yield of 19. Sixty-six percent of patients had pathologically organ-confined disease

(pT2 or less), 14% had local extension of disease (pT3), and 20% had disease found

in the lymph nodes. After a mean follow-up of 13.2 months, 14% of patients had

evidence of recurrence [50]. These and other preliminary data suggest that RALRC

can be performed safely by experienced surgeons with less blood loss, shorter time

to return of bowel function, and shorter hospitalization.

28.2.3 Robotic-Assisted Laparoscopic Partial Nephrectomy
(RALPN)

In 2009 there will be an estimated 57,000 new cases of kidney and renal pelvis

cancer with almost 13,000 deaths [22]. While the incidence of renal cancer is

increasing in the United States, tumor size is decreasing, which has allowed patients

to pursue open partial nephrectomy as an option to preserve renal function [51].
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Compared to the open approach, laparoscopic partial nephrectomy (LPN) has

recently been shown to have comparable oncological and renal functional outcomes

[52]. However, LPN remains technically challenging due to intracorporeal suturing

of the kidney bed and difficult hemostasis. Minimizing warm ischemia time to less

than the traditional 30 min after clamping of the renal vessels may also rush the

surgeon to dissect and remove the tumor. A robotic-assisted laparoscopic approach

has been thought to be more accessible to surgeons by allowing greater precision to

a procedure that involves a small operative field and extensive knot-tying. Initial

small, single institution series consisting of 8–13 patients undergoing RALPN have

shown this technique is feasible and safe, with reported mean operative times of

155–279 min, mean blood loss of 92–249 mL, mean tumor size 1.8–3.6 cm, mean

warm ischemia time of 21–32 min, and a mean hospital stay of 1.5–4.3 days

[53–58] (Figs. 28.3–28.6).

The feasibility and safety of RALPN for nonfunctioning kidneys has also been

shown in the pediatric population [59]. Wang and Bhayani have recently published

data on a retrospective single-surgeon experience with 40 RALPNs and 62 laparo-

scopic partial nephrectomies (LPN) [12]. They reported no significant difference

between blood loss (136 vs. 173 mL) and tumor size (2.5 vs. 2.4 cm) between

RALPN and LPN, respectively. Mean operative times (140 vs 156 min; p ¼ 0.04),

warm ischemia time (19 vs 25 min; p ¼ 0.03), and hospital stay (2.5 vs 2.9 days;

p ¼ 0.03) favored the RALPN technique. Each group had one patient with positive

margins. A multi-institutional study from three minimally invasive experienced

surgeons has also retrospectively evaluated 118 LPNs and 129 RALPNs [60].

There was no difference in mean operative times (189 vs 174 min), tumor size

(2.8 vs 2.5 cm), and positive margin rate (3.9 and 1%) for RALPN and LPN,

respectively. RALPN had significantly less blood loss (155 vs 196 mL; p ¼ 0.03),

shorter warm ischemia times (19.7 vs 28.4 min; p < 0.0001), and shorter hospital

stay (2.4 vs 2.7 days; p < 0.0001) compared to LPN. There were no intraoperative

Fig. 28.3 Retroperitoneoscopic RAL right partial nephrectomy port placement. (Courtesy

Dr. James Porter, Swedish Medical Center, Seattle, WA)
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Fig. 28.4 Application of bulldog

clamp onto renal artery.

(Courtesy Dr. James Porter,

Swedish Medical Center, Seattle,

WA)

Fig. 28.5 Resection of tumor

maintaining Gerota’s fat cap.

(Courtesy Dr. James Porter,

Swedish Medical Center,

Seattle, WA)

Fig. 28.6 Demonstration of

renal tumor bed bolster

placement. (Courtesy Dr. James

Porter, Swedish Medical Center,

Seattle, WA)
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complications during RALPN, while there was one case of adrenal injury requiring

adrenalectomy for the LPN group. Postoperative complication rates were similar

(8.6% for RALPN and 10.2% for LPN). RALPN has also been shown to be feasible

in renal hilar tumors that are in physical contact with the renal artery and/or vein

[61]. Overall, these data suggest that RALPN is a comparable to LPN in terms of

operative and pathological outcomes. RALPN may offer shorter warm ischemia

times, less intraoperative blood loss, and shorter hospital stays. Disadvantages of a

robotic-assisted approach include the financial costs of using the robot system and

the need for an experienced laparoscopic assistant [62]. Long-term data on oncolo-

gical outcomes and renal function are pending.

28.3 Pediatric Applications

Data is limited in children as to whether there are obvious advantages using robotic-

assistance over open surgical techniques. Much like in laparoscopy, instrumenta-

tion is generally designed for adult surgery and it is up to the pediatric urologist to

develop strategies to apply new technology to small spaces. Because of the

increased end-effector dexterity in robotics over pure laparoscopy, the suturing

required for many of the reconstructive congenital defect repairs has made robotics

popular in pediatric urology. Suturing tends to be performed with finer suture

material 5–0, 6–0, and 7–0 sizes enabled by the 12� magnification, 3D visualiza-

tion, and motion scaling. Replication of open surgical maneuvers in a laparoscopic

environment is paramount because these repairs must withstand the majority of a

patient’s life. Minimal tissue handling, which arguably minimizes tissue ischemia,

and precise suture placement are key principles to which every pediatric surgeon

tries to adhere, and the robot’s degrees of freedom enable the surgeon to maintain

these principles. The applications for robotics in pediatric urology have expanded

over the last 5 years. Repair of the congenital obstructed kidney or ureteropelvic

junction obstruction is the most common procedure followed by repairs for urinary

reflux (ureteral reimplantation), duplex kidneys with poorly functioning of

obstructed segments (heminephrectomy, uretero-ureterostomy, ureteropyelo-

stomy), abnormal reproductive structures in children with disorders of sexual

differentiation, varicoceles, and for more complex reconstructions such as appendi-

covesicostomy, antegrade continent enema, bladder augmentation, and bladder

neck reconstruction. Since far less literature exists about the comparison of robotics

and open surgical techniques in children, this section will focus on techniques for

some of the more common pediatric urologic procedures.

28.3.1 Pyeloplasty

The second most common fetal abnormality picked up on antenatal ultrasounds is

hydronephrosis, the dilation of the kidney pelvis where urine first collects before

28 Robotic-Assisted Urologic Applications 687



draining down the ureters. The incidence of hydronephrosis is 1% of all prenatal

ultrasounds;within this group, almost half is due to obstruction at the junction between

the kidney pelvis and the ureter. The repair of the obstruction involves a reconstructive

technique called a pyeloplasty most commonly performed by dividing the narrowed

segment and broadening the cross-sectional area of each end and then suturing the

ends back together [63]. The first robotic pyeloplasty in children was described by

Peters in 2003 [64]. In centers where pediatric urologists have access to the surgical

robot, this is the most widely accepted application. Either a transperitoneal or retro-

peritoneal approachmay be employed depending on the surgeon’s experience and the

patient’s size since the retroperitoneoscopic approach affords a much more limited

working space. Yueng et al. performed an elegant study looking at the space limita-

tions of the standard robot with 8 mm end effectors and found that the minimal

working volume using in vitro cubes was a 5 cm sided cube or 125 cm3 [65]. This

translates into a space that is 130mL in volume (the average size of a 2 year old child’s

bladder).

Approach

Standard laparoscopic renal surgery port placement is carried out with the camera

port in the umbilicus (we use an 8.5 mm 3D scope and access the abdomen through

open laparoscopy to minimize vascular injury). We recommend initial bladder

decompression with an indwelling urethral catheter to avoid bladder injury upon

initial access and we have frequently observed a natural fascial defect at the

umbilicus in many children facilitating ease of open laparoscopic port placement.

We then place the patient in a low flank position (�45�) and for children less than

20–30 kg, we prefer placing them on a padded stage of blankets and foam so that the

robotic arms do not collide with the table.

The robot is positioned over the ipsilateral shoulder. For left-sided repairs, we

use two working ports and because of the limited distances and the limited

instrumentation options with the 5 mm instruments, we choose to use the 8 mm

instruments. Left-sided repairs may also be amenable to a transmesocolic approach

which involves creating a small mesenteric window through the left colon mesen-

tery directly onto the ureteropelvic junction. This avoids mobilizing the colon

which can lead to a longer return of bowel function. On the right side, we place

ports in the same orientation as the left side and occasionally need to add a left

lateral subcostal 5 mm assist port to retract the liver as it sometimes is draped over

the area of interest.

We use 8 mm instruments because we use 6–0 monofilament suture material for

our anastomosis and have found that the 5mmneedle drivers alter the integrity of the

suture, therefore we use the da Vinci Diamond Tip® needle drivers for fine suturing.

We have not observed large residual port site scars, even in infants, and only one

patient to date developed a port site hernia. We close all port sites at the level of

the fascia with absorbable braided polyglycolic acid suture. The working ports are

placed in the midline below the xyphoid and on the midclavicular line and on the

688 T.S. Lendvay and R.S. Hsi



ipsilateral side below the umbilicus (Figs. 28.7–28.10). The standard distance that

must bemaintained between the ports has been advised by Intuitive to be 8 cmwhich

is a distance frequently unattainable especially in infants. Due to the elasticity of the

young child’s abdomen upon insufflation and the minimal travel required of the

instruments once the robot is docked (finite surgical field), we have been able to

bring the ports to within 4–5 cm of each other without arm collisions.

A percutaneous hitch stitch is placed through the renal pelvis proximal to the

anastomotic site and sometimes through the distal ureter to elevate the anastomosis

out of the leaking urine and stabilize the two ends for facilitating the closure.

A standard Anderson-Hynes dismembered pyeloplasty technique [66] is employed

Fig. 28.7 Infant positioning and set-up for left pyeloplasty

Fig. 28.8 Robot docked for left infant pyeloplasty
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and in our practice, we place an internal JJ ureteral stent in an antegrade fashion

through a 14G angiocatheter placed through the abdominal wall [67]. Ureteral stents

can also be placed retrograde during cystoscopy, but we have found that antegrade

insertion facilitates ease of anastomosis and we use intraoperative bedside ultra-

sound to confirm adequate distal stent position [68]. The angiocatheter also allows us

to avoid an additional assist port as we use off-the-shelf cystoscopic graspers and

shears for tissue retraction and suture cutting (Figs. 28.11 and 28.12). The urethral

catheter typically remains overnight and is removed on the first post-operative day

and discharge is contingent on adequate oral intake and pain control. The stent is

removed during a brief general anesthetic 3–6 weeks later via cystoscopy. Kim et al.

described their experience with 84 child pyeloplasties and found that children older

than 6months of age could be safely repaired robotically [69].When looking at post-

operative pain control, Lee et al. compared their robotic experience to an age-

matched open cohort and found that narcotic requirements were less in the robotic

group [70]. What is lacking is a prospective study examining the true benefits of

robotic pyeloplasty in children.

Fig. 28.9 Close-up of camera and two working ports for infant pyeloplasty

Fig. 28.10 Distance between lower abdominal working port and camera port
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28.3.2 Ureteral Reimplant

For children with urinary reflux where the urine goes from the bladder backwards

up into the kidneys, frequent urinary tract infections and potential permanent renal

damage may occur. There are open and endoscopic techniques to reconstruct the

ureters as they course through the bladder wall to prevent reflux. The first laparo-

scopic repair for vesicoureteral reflux disease was described by Atala et al. in mini-

pigs in 1993 followed in humans by Ehrlich et al. in 1994 [71, 72]. Since then

pediatric centers have only partially embraced both the laparoscopic extravesical or

intravesical cross-trigonal approaches due to the complexity of fine suturing in the

Fig. 28.11 Demonstration of

percutaneous hitch stitch with

2–0 monofilament suture and

passage of antegrade JJ stent

through percutaneous

angiocatheter and down ureter

Fig. 28.12 External view of 14 gauge angiocatheter with JJ stent being passed over 0.02500

hydrophilic wire
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small spaces. Success rates have been comparable to open surgical techniques

and in 2004, Peters first described his experience using the surgical robot as an

adjunct to both transvesical and extravesical repairs [73]. Lendvay and Casale et al.

have described their experiences performing the transperitoneal extravesical

approach to the robotic reimplant using the Lich technique [74]. The success

rates range from 85 to 100% [75,76]. Due to the rapid learning curve with robotic

surgery, surgeons are able to utilize the same techniques and suture size as would be

used in open surgery without the long learning curve required for pure laparoscopy.

Approach

As with all robotic surgeries in children, appropriate patient positioning is critical to

the efficient progression and success of the case. Since it is our practice to perform

cystourethroscopy prior to ureteral detrusorraphy surgery, we place the patient in a

low lithotomy position and prep the patient for both cystoscopy and laparoscopic

access at the same time. We angle the patient in 10� Trendelenberg to encourage the
bowel to fall out of the pelvis. For bilateral repairs, we choose to place indwelling

stents if the child has a history of a trabeculated thickened bladder due to voiding

dysfunction as we have observed post-operative edema at the neo-transmural tunnel

causing transient obstruction. For the majority of cases, we typically will place

external ureteral catheters attached to a urethral catheter to help guide ureteral

dissection during the procedure. These are removed at the end of the surgery.

The camera port is placed in the umbilicus except in children less than 15 kg in

which we place it sub-xyphoid. Two subsequent 8 mm ports are placed on either

side of the umbilicus in the paramedian lines and for umbilically located camera

ports, we lower the level of the working ports below the umbilicus slightly

(Figs. 28.13 and 28.14). In children less than 15 kg, we have tended to place the

working ports at the level of the umbilicus to ensure a good distance to the target

site. For bilateral cases, the robot is situated at the patient’s feet in the midline;

however, for unilateral repairs we position the robot at the ipsilateral foot.

In addition, the ipsilateral working port is placed slightly higher than the contralat-

eral working port. In small infants, we place the camera port sub-xyphoid, to ensure

a good working distance from the camera to the target site.

28.4 Intra-Operative Tricks

There are certain maneuvers which are unique to laparoscopic/RAL surgery which

assist in expediting the surgeries and allow for the minimum number of ports to be

placed. A sharp criticism of minimally invasive surgery in children, especially

small children has been that open surgery incisions are not as morbid as in adults

and that the additive incisional length of minimally invasive surgeries may equal
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and sometimes exceed the total length of a single open surgical incision thereby

theoretically causing more post-operative pain. This argument is flawed because

Blinman has demonstrated that the sum tensions of port incisions do not equal the

whole incisional tensile burden as conjectured by some open surgeons [77].

We believe that the smallest and fewest possible ports should be used to safely

and effectively perform MIS surgery therefore we employ the use of hitch-stitches

to assist in organ retraction throughout our cases. During an extravesical ureteral

Fig. 28.13 Patient positioning and port placement for bilateral extravesical robotic ureteral

reimplantation. (CourtesyDr. PasqualeCasale,Children’sHospital ofPhiladelphia, Philadelphia, PA)

Fig. 28.14 Robot docked for bilateral ureteral reimplantation. (Courtesy Dr. Pasquale Casale,

Children’s Hospital of Philadelphia, Philadelphia, PA)
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reimplant, we routinely use monofilament suture placed through the lower abdominal

wall to aid in retraction of ureters and the bladder (Fig. 28.15).

During creation and closure of the detrusor bladder flaps, we find that a percuta-

neously placed hitch stitch to help elongate the bladder anteriorly ensures proper

length and straightening of the tunnel. In addition, we use anteriorly retracted

stitches around the ureters to assist in laying the ureters down in the detrusor

tunnels. When no longer needed, these sutures are removed leaving only behind

small needle puncture marks on the suprapubic skin. For children with more

subcutaneous fat, we lengthen the hitch stitch needles by partially flattening them

(skiing).

Throughout the creation of the detrusor tunnel and the detrusorotomy, we

intermittently insufflate the bladder through the indwelling urethral catheter with

a second insufflation unit to ensure appropriate position of the ureter as described

by Yeung et al. [78]. We have used both manual fluid bladder instillation for

distention and gas insufflation and have found the gas to be more rapid in raising

and dropping the bladder and in the event of a small mucosotomy which would

require oversewing, the liquid distention tends to make for a more tedious closure.

28.5 Future Perspectives

Robotic surgery has been embraced by both adult and pediatric urologists and will

become the preferred modality for intracorporeal surgery. The current iteration of

the robot is bulky and costly, but ongoing research around the US and developed

countries promises to provide robotic surgery platforms that will break the cost

barrier. Data on surgical outcomes for adult surgery is just now emerging on long-

term outcomes. It remains to be seen if pediatric surgery can replicate the obvious

Fig. 28.15 Percutaneous 2–0

monofilament suture for

hitching ureter for retraction

during extravesical ureteral

reimplantation
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benefits that have been demonstrated in adult surgery. The ability to perform precise

fine suturemaneuvers lends robotics ideally to pediatric surgery, but instrumentation

and overall platform size must decrease before widespread adoption.

In adult surgery, more extensive appraisal of prospective multi-center outcomes

need to be performed and in pediatric surgery, more head-to-head-to-head open

vs. laparoscopic vs. robotic surgery comparison studies need to be initiated.

The advantages of robotic surgery in children are harder to demonstrate than in

adults since metrics used in the adult literature to show advantages do not always

apply to children such as return to work and wages lost. Metrics such as lost

parental work days or days of school missed for the children need to be assessed.

Pain score assessments between open and MIS surgeries have not been rigorously

tested as randomized trials looking at open vs. robotic urologic surgeries in children

are nonexistent.

The advantages for advancing robotics in urology will be greatest in surgical

education and patient-specific surgical simulation (Figs. 28.16 and 28.17). With the

aid of pre-operative imaging and robotic simulators [79], a surgeon will be able to

perform the surgery in a virtual reality arena prior to performing the surgery on the

actual patient. In addition, the use of VR robotic “warm-up” prior to surgery is

currently being explored and we believe that in the era of surgical simulation

training, robotic surgery will allow residents and novice or expert roboticists to

acquire technical competence in procedure performance more rapidly with the

assistance or patient-specific simulation and warm-up. The development of robotic

surgery curricula will be necessary to achieve the highest level of patient outcomes.

Fig. 28.16 Surgeon at virtual reality robotic console

28 Robotic-Assisted Urologic Applications 695



Acknowledgments We would like to thank Dr. James Porter, Swedish Medical Center, Seattle,

WA for RAL prostatectomy and partial nephrectomy pictures, Dr. Pasquale Casale, Children’s

Hospital of Philadelphia, Philadelphia, PA for external RAL ureteral reimplantation set-up

pictures, and Dr. Jeff Berkley, CEO, MIMIC Technologies, Inc., Seattle, WA for the patient

specific infant simulation picture.

References

1. Bagrodia, A., Raman, J.D.: Ergonomics considerations of radical prostatectomy: physician

perspective of open, laparoscopic, and robot-assisted techniques. J. Endourol. 23(4), 627–633

(2009)

2. Khan, M.S., Shah, S.S., Hemel, A., Rimington, P., Dasgupta, P: Robotic-assisted radical

cystectomy. Int. J. Med. Robot. Comput. Assist. Surg. MRCAS 4(3), 197–201 (2008)

3. Smith, J.A., Jr., Chan, R.C., Chang, S.S., Herrell, S.D., Clark, P.E., Baumgartner, R.,

Cookson, M.S.: A comparison of the incidence and location of positive surgical margins in

robotic assisted laparoscopic radical prostatectomy and open retropubic radical prostatec-

tomy. J. Urol. 178(6), 2385–2389 (2007)

4. Guru, K.A., Wilding, G.E., Piacente, P., Thompson, J., Deng, W., Kim, H.L., Mohler, J.,

O’Leary, K.: Robot-assisted radical cystectomy versus open radical cystectomy: assessment

of postoperative pain. Can. J. Urol. 14(6), 3753–3756 (2007)

5. Mufarrij, P.W.,Woods,M., Shah,O.D.,Palese,M.A.,Berger,A.D.,Thomas,R., Stifelman,M.D.:

Robotic dismembered pyeloplasty: a 6-year, multi-institutional experience. J. Urol. 180(4),

1391–1396 (2008)

6. Pruthi, R.S., Wallen, E.M.: Current status of robotic prostatectomy: promises fulfilled. J. Urol.

181(6), 2420–2421 (2009)

Fig. 28.17 Patient-specific infant surgery simulation model for port placement

696 T.S. Lendvay and R.S. Hsi



7. Binder, J., Kramer, W.: Robotically-assisted laparoscopic radical prostatectomy. BJU Int.

87(4), 408–410 (2001)

8. Guillonneau, B., Jayet, C., Tewari, A., Vallancien, G.: Robot assisted laparoscopic nephrec-

tomy. J. Urol. 166(1), 200–201 (2001)

9. Rogers, C., Laungani, R., Krane, L.S., Bhandari, A., Bhandari, M., Menon, M.: Robotic

nephrectomy for the treatment of benign and malignant disease. BJU Int. 102(11),

1660–1665 (2008)

10. Rogers, C.G., Singh, A., Blatt, A.M., Linehan, W.M., Pinto, P.A.: Robotic partial nephrec-

tomy for complex renal tumors: surgical technique. Eur. Urol. 53(3), 514–521 (2008)

11. Patel, M.N., Bhandari, M., Menon, M., Rogers, C.G.: Robotic-assisted partial nephrectomy.

BJU Int. 103(9), 1296–1311 (2009)

12. Wang, A.J., Bhayani, S.B.: Robotic partial nephrectomy versus laparoscopic partial nephrec-

tomy for renal cell carcinoma: single-surgeon analysis of >100 consecutive procedures.

Urology 73(2), 306–310 (2009)

13. Brunaud, L., Ayav, A., Zarnegar, R., Rouers, A., Klein, M., Boissel, P., Bresler, L: Prospec-

tive evaluation of 100 robotic-assisted unilateral adrenalectomies. Surgery 144(6), 995–1001

(2008)

14. Hyams, E.S., Stifelman, M.D.: The role of robotics for adrenal pathology. Curr. Opin. Urol.

19(1), 89–96 (2009)

15. Shu, T., Taghechian, S., Wang, R.: Initial experience with robot-assisted varicocelectomy.

Asian J. Androl. 10(1), 146–148 (2008)

16. Hidalgo-Tamola, J., Sorenson, M.D., Bice, J.B., Lendvay, T.S.: Pediatric robot-assisted

laparoscopic varicocelectomy. J. Endourol. 23(8), 1297–1300 (2009)

17. Kramer, B.A., Whelan, C.M., Powell, T.M., Schwartz, B.F.: Robot-assisted laparoscopic

sacrocolpopexy as management for pelvic organ prolapse. J. Endourol. 23(4), 655–658 (2009)

18. Casale, P.: Robotic pyeloplasty in the pediatric population. Curr. Opin. Urol. 19(1), 97–101

(2009)

19. Casale, P.: Robotic pediatric urology. Exp. Rev. Med. Dev. 5(1), 59–64 (2008)

20. Kutikov, A., Nguyen, M., Guzzo, T., Canter, D., Casale, P.: Laparoscopic and robotic

complex upper-tract reconstruction in children with a duplex collecting system. J. Endourol.

21(6), 621–624 (2007)

21. Lendvay, T.S., Shnorhavorian, M., Grady, R.W.: Robotic-assisted laparoscopic Mitrofanoff

appendicovesicostomy and antegrade continent enema colon tube creation in a pediatric spina

bifida patient. J. Laparoendosc. Adv. Surg. Tech. A 18(2), 310–312 (2008)

22. Jemal, A., Siegel, R., Ward, E., et al.: Cancer statistics, 2009. CA Cancer J. Clin. 59, 225–249

(2009)

23. Roehl, K.A., Han, M., Ramos, C. G., et al.: Cancer progression and survival rates following

anatomical radical retropubic prostatectomy in 3,478 consecutive patients: long-term results.

J. Urol. 172, 910–914 (2004)

24. Hull, G.W., Rabbani, F., Abbas, F., et al.: Cancer control with radical prostatectomy alone in

1,000 consecutive patients. J. Urol. 167, 528–534 (2002)

25. Hu, J.C., Wang, Q., Pashos, C. L., et al.: Utilization and outcomes of minimally invasive

radical prostatectomy. J. Clin. Oncol. 26, 2278–2284 (2008)

26. Badani, K.K., Kaul, S., Menon, M.: Evolution of robotic radical prostatectomy: assessment

after 2766 procedures. Cancer 110, 1951–1958 (2007)

27. Grossfeld, G.D., Chang, J. J., Broering, J. M., et al.: Impact of positive surgical margins on

prostate cancer recurrence and the use of secondary cancer treatment: data from the CaPSURE

database. J. Urol. 163, 1171–1177 (2000); quiz 1295

28. Ficarra, V., Cavalleri, S., Novara, G., et al.: Evidence from robot-assisted laparoscopic radical

prostatectomy: a systematic review. Eur. Urol. 51, 45–55 (2007)

29. Ahlering, T.E., Woo, D., Eichel, L., et al.: Robot-assisted versus open radical prostatectomy:

a comparison of one surgeon’s outcomes. Urology 63, 819–822 (2004)

28 Robotic-Assisted Urologic Applications 697



30. Touijer, K., Kuroiwa, K., Eastham, J. A., et al.: Risk-adjusted analysis of positive surgical

margins following laparoscopic and retropubic radical prostatectomy. Eur. Urol.

52, 1090–1096 (2007)

31. Tewari, A., Srivasatava, A., Menon, M.: A prospective comparison of radical retropubic and

robot-assisted prostatectomy: experience in one institution. BJU Int. 92, 205–210 (2003)

32. Berryhill, R., Jr., Jhaveri, J., Yadav, R., et al.: Robotic prostatectomy: a review of outcomes

compared with laparoscopic and open approaches. Urology 72, 15–23 (2008)

33. Ficarra, V., Novara, G., Artibani, W., et al.: Retropubic, laparoscopic, and robot-assisted

radical prostatectomy: a systematic review and cumulative analysis of comparative studies.

Eur. Urol. (2009)

34. Miller, J., Smith, A., Kouba, E., et al.: Prospective evaluation of short-term impact and

recovery of health related quality of life in men undergoing robotic assisted laparoscopic

radical prostatectomy versus open radical prostatectomy. J. Urol. 178, 854–858 (2007);

discussion 859

35. Herrell, S.D., Smith, J. A., Jr.: Robotic-assisted laparoscopic prostatectomy: what is the

learning curve? Urology 66, 105–107 (2005)

36. Nelson, B., Kaufman, M., Broughton, G., et al.: Comparison of length of hospital stay between

radical retropubic prostatectomy and robotic assisted laparoscopic prostatectomy. J. Urol.

177, 929–31 (2007)

37. Schroeck, F.R., Krupski, T. L., Sun, L., et al.: Satisfaction and regret after open retropubic or

robot-assisted laparoscopic radical prostatectomy. Eur. Urol. 54, 785–93 (2008)

38. Konety, B.R., Joslyn, S. A., O’Donnell, M. A.: Extent of pelvic lymphadenectomy and its

impact on outcome in patients diagnosed with bladder cancer: analysis of data from the

surveillance, epidemiology and end results program data base. J. Urol. 169, 946–950 (2003)

39. Snyder, C., Harlan, L., Knopf, K., et al.: Patterns of care for the treatment of bladder cancer.

J. Urol. 169, 1697–1701 (2003)

40. Stein, J.P., Lieskovsky, G., Cote, R., et al.: Radical cystectomy in the treatment of invasive

bladder cancer: long-term results in 1,054 patients. J. Clin. Oncol. 19, 666–675 (2001)

41. Parra, R.O., Andrus, C. H., Jones, J. P., et al.: Laparoscopic cystectomy: initial report on a new

treatment for the retained bladder. J. Urol. 148, 1140–1144 (1992)

42. Hubert, J., Chammas, M., Larre, S., et al.: Initial experience with successful totally robotic

laparoscopic cystoprostatectomy and ileal conduit construction in tetraplegic patients: report

of two cases. J. Endourol. 20, 139–143 (2006)

43. Balaji, K.C., Yohannes, P., McBride, C. L., et al.: Feasibility of robot-assisted totally

intracorporeal laparoscopic ileal conduit urinary diversion: initial results of a single institu-

tional pilot study. Urology 63, 51–55 (2004)

44. Sala, L.G., Matsunaga, G. S., Corica, F. A., et al.: Robot-assisted laparoscopic radical

cystoprostatectomy and totally intracorporeal ileal neobladder. J. Endourol. 20, 233–235

(2006); discussion 236

45. Menon, M., Hemal, A. K., Tewari, A., et al.: Nerve-sparing robot-assisted radical cystopros-

tatectomy and urinary diversion. BJU Int. 92, 232–236 (2003)

46. Guru, K.A., Kim, H. L., Piacente, P. M., et al.: Robot-assisted radical cystectomy and pelvic

lymph node dissection: initial experience at Roswell Park Cancer Institute. Urology 69,

469–474 (2007)

47. Rhee, J.J., Lebeau, S., Smolkin, M., et al.: Radical cystectomy with ileal conduit diversion:

early prospective evaluation of the impact of robotic assistance. BJU Int. 98, 1059–1063

(2006)

48. Pruthi, R.S., Smith, A., Wallen, E. M.: Evaluating the learning curve for robot-assisted

laparoscopic radical cystectomy. J. Endourol. 22, 2469–2474 (2008)

49. Ng, C.K., Kauffman, E. C., Lee, M. M., et al.: A comparison of postoperative complications in

open versus robotic cystectomy. Eur. Urol. (2009)

698 T.S. Lendvay and R.S. Hsi



50. Pruthi, R.S., Wallen, E. M.: Is robotic radical cystectomy an appropriate treatment for bladder

cancer? Short-term oncologic and clinical follow-up in 50 consecutive patients. Urology

72, 617–620 (2008); discussion 620–622

51. Nguyen, M.M., Gill, I. S., Ellison, L. M.: The evolving presentation of renal carcinoma in the

United States: trends from the surveillance, epidemiology, and end results program. J. Urol.

176, 2397–2400 (2006); discussion 2400

52. Lane, B.R., Gill, I. S.: 5-Year outcomes of laparoscopic partial nephrectomy. J. Urol.

177, 70–74 (2007); discussion 74

53. Phillips, C.K., Taneja, S. S., Stifelman, M. D.: Robot-assisted laparoscopic partial nephrec-

tomy: the NYU technique. J. Endourol. 19, 441–445 (2005); discussion 445

54. Gettman, M.T., Blute, M. L., Chow, G. K., et al.: Robotic-assisted laparoscopic partial

nephrectomy: technique and initial clinical experience with DaVinci robotic system. Urology

64, 914–918 (2004)

55. Kaul, S., Laungani, R., Sarle, R., et al.: da Vinci-assisted robotic partial nephrectomy:

technique and results at a mean of 15 months of follow-up. Eur. Urol. 51, 186–191 (2007);

discussion 191–192

56. Rogers, C.G., Singh, A., Blatt, A. M., et al.: Robotic partial nephrectomy for complex renal

tumors: surgical technique. Eur. Urol. 53, 514–521 (2008)

57. Caruso, R.P., Phillips, C. K., Kau, E., et al.: Robot assisted laparoscopic partial nephrectomy:

initial experience. J. Urol. 176, 36–39 (2006)

58. Deane, L.A., Lee, H. J., Box, G. N., et al.: Robotic versus standard laparoscopic partial/wedge

nephrectomy: a comparison of intraoperative and perioperative results from a single institu-

tion. J. Endourol. 22, 947–952 (2008)

59. Lee, R.S., Sethi, A. S., Passerotti, C. C., et al.: Robot assisted laparoscopic partial nephrec-

tomy: a viable and safe option in children. J. Urol. 181, 823–828 (2009); discussion 828–829

60. Benway, B.M., Bhayani, S. B., Rogers, C. G., et al.: Robot assisted partial nephrectomy versus

laparoscopic partial nephrectomy for renal tumors: a multi-institutional analysis of periopera-

tive outcomes. J. Urol. (2009)

61. Rogers, C.G., Metwalli, A., Blatt, A. M., et al.: Robotic partial nephrectomy for renal hilar

tumors: a multi-institutional analysis. J. Urol. 180, 2353–2356 (2008); discussion 2356

62. Gautam, G., Benway, B. M., Bhayani, S. B., et al.: Robot-assisted partial nephrectomy:

current perspectives and future prospects. Urology (2009)

63. Carr, M.C., El-Ghoneimi, A.: Anomalies and Surgery of the Ureteropelvic Junction in

Children. Campbell-Walsh Urology, 9th edn., pp. 3359–3382. Saunders Elsevier, Philadel-

phia, PA (2007)

64. Peters, C.A.: Robotic assisted surgery in pediatric urology. Pediatr. Endosurg. Innov. Tech.

7, 403–413 (2003)

65. Thakre, A.A., Bailly, Y., Sun, L.W., Van Meer, F. Yeung, C.K.: Is smaller workspace a

limitation for robot performance in laparoscopy? J. Urol. 179(3), 1138–1142 (2008)

66. Anderson, J.C., Hynes, W.: Retrocaval ureter. A case diagnosed preoperatively and treated

successfully by a plastic operation. Br. J. Urol. 21, 209–212 (1949)

67. Hotaling, J.M., Shear, S., Lendvay, T. S.: 14-Gauge angiocatheter: the assist port. J. Lapar-

oendosc. Adv. Tech. 19(5) (2009)

68. Ginger, V., Lendvay, T. S.: Intraoperative ultrasound: application in pediatric pyeloplasty.

Urology 73(2), 377–379 (2008)

69. Kim, S., Canter, D., Leone, N., Patel, R., Casale, P.: A comparative study between laparo-

scopic and robotically assisted pyeloplasty in the pediatric population. In: Abstract #1037,

American Urological Association Meeting, Anaheim, CA, 17–22 May 2007

70. Lee, R.S., Retik, A. B., Borer, J. G., Peters, C. A.: Pediatric robot assisted laparoscopic

dismembered pyeloplasty: comparison with a cohort of open surgery. J. Urol. 175(2), 683–687

(2006)

71. Atala, A., Kavoussi, L.R., Goldstein, D.S., Retik, A.B., Peters, C.A.: Laparoscopic correction

of vesicoureteral reflux. J. Urol. 150(2 Pt 2), 748–751 (1993)

28 Robotic-Assisted Urologic Applications 699



72. Ehrlich, R.M., Gershman, A., Fuchs, G.: Laparoscopic vesicoureteroplasty in children: initial

case reports. Urology 43(2), 255–261 (1994)

73. Peters, C.A.: Robotically assisted surgery in pediatric urology. Urol. Clin. N. Am.

31(4), 743–752 (2004)

74. Lich, R., Jr., Howerton, L.W., Davis, L.A.: Childhood urosepsis. J. Kentucky Med. Assoc. 59,

1177 (1961)

75. Lendvay, T.: Robotic-assisted laparoscopic management of vesicoureteral reflux. Adv. Urol.

732942 (2008) (online)

76. Casale, P., Patel, R. P., Kolon, T.F.: Nerve sparing robotic extravesical ureteral reimplanta-

tion. J. Urol. 179(5), 1987–1989 (2008)

77. Blinman, T.: Trocar incision tensions do not sum. In: International Pediatric Endosurgical

Group Abstract S009, Buenos Aires, Sept 6–7, 2007.

78. Yeung, C.K., Sihoe, J.D.Y., Borzi, P.A., Endoscopic cross-trigonal ureteral reimplantation

under carbon dioxide bladder insufflation: a novel technique. J. Endourol. 19, 295–299 (2005)

79. Lendvay, T., Casale, P., Sweet, R., Peters, C.: Initial validation of a virtual-reality robotic

simulator. J. Robot. Surg. 2, 145–149 (2008).

700 T.S. Lendvay and R.S. Hsi



Chapter 29

Applications of Surgical Robotics

in Cardiac Surgery

E.J. Lehr, E. Rodriguez, and W. Rodolph Chitwood

Abstract Minimally invasive surgery has revolutionized many fields of surgery over

the last two decades. Robotic assisted surgery is the latest iteration towards less

invasive techniques. Cardiac surgeons have slowly adapted minimally invasive and

robotic techniques into their armamentarium. In particular, minimally invasive mitral

valve surgery has evolved over the last decade and become the preferred method of

mitral valve repair and replacement at certain specialized centers worldwide because

of excellent results.We have developed a robotic mitral valve surgery programwhich

utilizes the da Vinci® telemanipulation system allowing the surgeon to perform

complex mitral valve repairs through 5 mm port sites rather than a traditional median

sternotomy. In this rapidly evolving field, we review the evolution and clinical results

of robotically-assisted mitral valve surgery and review other cardiac surgical proce-

dures for which da Vinci® is currently being used.

Keywords Surgical Procedures � Minimally Invasive � Thoracic Surgery � Video-
assisted � Robotics � Telemedicine/Instrumentation � Mitral Valve Insufficiency

� TECAB

29.1 Introduction

Improvements in endoscopic technology and techniques during the past decade

have resulted in a substantial increase in the number of minimally invasive surgical

procedures being performed in specialties such as general surgery and urology.
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Cardiac surgeons were initially reluctant to adopt these new techniques as they

limited access to and exposure of the heart during complex and difficult cardiovas-

cular procedures but, in the mid-1990s, they began to recognize the significant

advantages of minimizing surgical trauma by reducing incision size.

Minimally invasive cardiac surgery has evolved through graded levels of diffi-

culty each with progressively less exposure and an increasing reliance on video

assistance. At East Carolina University, we have moved serially from using direct

vision limited incisions for mitral operations (Level I) to assistant-held video-

assistance (Level II), to video-directed voice-activated robotic techniques (Level

III) and, finally, to robotic mitral valve surgery using the da Vinci® system (Intui-

tive Surgical Inc., Mountain View, CA)(Level IV). Standard endoscopic instrumen-

tation was used for levels I to III but with only 4 degrees of freedom, dexterity was

limited. Additionally, when working through a fixed entry point the surgeon had to

reverse hand movements (fulcrum effect) and higher operator handle strain due to

instrument-shaft shear forces led to muscle fatigue. These limitations resulted in

deteriorating motor skills and disconnection between optimal visual-motor

synchrony, commonly associated with endoscopic surgery. Computer-assisted

robotic telemanipulation systems have provided a solution to these constraints.

Da Vinci® is the most widely used system in cardiac surgery and consists of three

components: a surgeon console, an instrument cart and a visioning platform. The

operative console allows the surgeon to immerse himself in a 3-dimensional high-

definition videoscopic image. Finger and wrist movements are registered through

sensors and then translated into scaled tremor-free movements with 7 degrees of

freedom. Wrist-like articulations at the end of microinstruments bring the pivoting

action of the instrument to the plane of the operative field improving dexterity in tight

spaces and allowing ambidextrous dissection and suture placement. Telesurgery

systems have facilitated totally endoscopic robotic cardiac surgery. In this article we

review the development and current state of robotic cardiac surgery.

29.2 History

Our surgical forefathers set very high standards by performing magnificent cardiac

operations with excellent long-lasting results. Contemporary cardiac surgeons

attempt to uphold those high standards while simultaneously trying to adapt to

modern pressures in an ever-evolving field. Demand for reduced complication

rates, accelerated recovery process, and improved patient satisfaction as well as

competition from competing minimally invasive procedures have been the driving

forces requiring cardiac surgeons to reproduce the same procedures and results

previously accomplished using less invasive techniques. Demand for minimally

invasive surgery first influenced other surgical specialties and now has spread to

cardiac surgery. Every surgical field has in one way or another introduced mini-

mally invasive techniques, the natural progression of which is robotic surgery.
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Cohn, Cosgrove, and Mohr introduced minimally invasive techniques to cardiac

surgery in the mid-1990s by modifying cardiopulmonary bypass (CPB) methods

and reducing incision sizes to enable safe and effective minimally invasive valve

surgery [1–3]. Concurrently, Port-access™ methods, using either an endoaortic

balloon occluder or a transthoracic aortic cross clamp, were developed and have

rapidly become popular [4, 5]. Assisted vision and advanced instrumentation were

paramount advancements for performing cardiac valve operations in restricted

spaces through tiny incisions. Minimally invasive techniques began as operations

performed under direct vision, through a limited sternotomy or thoracotomy inci-

sion [1–3, 6–15]. The evolvement of these techniques to either total or partial

videoscopic guidance, provided superior visualization and subsequently allowed

access incisions to be reduced in size [16–22]. Long shafted-instruments made it

possible to perform procedures at a distance; however, many maneuvers remained

ergonomically encumbered by innate tremor, inverted hand motion, and limited

access. The da Vinci® Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA)

was first applied to cardiac operations in 1998 and has overcome many of the

limitations by incorporating true three dimensional (3D) visualization with articu-

lating wrist instrumentation that provides 7 degrees of freedom at the instrument

tips. Natural wrist and finger movements are emulated accurately, making delicate

intracorporeal surgery possible in the most confined spaces.

Carpentier and colleagues performed the first truly endoscopic mitral valve

repair using a prototype of the da Vinci® Surgical System articulated “wrist” device

in May 1998 [16]. A week later, Mohr performed the first coronary anastomosis and

repaired five mitral valves with the device [23]. Grossi et al. of New York

University partially repaired a mitral valve using the Zeus™ system (Computer

Motion Inc.) but no annuloplasty ring was inserted. Four days later, in May 2000,

our group performed the first complete da Vinci® mitral repair in North America

[24]. Lange and colleagues in Munich were the first to perform a totally endoscopic

mitral valve repair using only 1 cm ports and the da Vinci® System [25].

Subsequently we performed 20 other mitral repairs as part of a Phase 1 Food and

Drug Administration (FDA) trial designed to determine the safety and efficacy of da

Vinci®[26]. These initial results were encouraging and prompted a phase II multi-

center FDA trial which was completed in 2002 [27]. A total of 112 patients were

enrolled at 10 different institutions and all types of repair were performed. At 1

month after surgery, 92% had either no or grade 1mitral regurgitation, 8% had grade

2 or higher and 5% subsequently required reoperation. Although the reoperative

number was high for the number of patients, failures were distributed evenly among

centers with some centers having performed fewer than 10 procedures. There were

no deaths, strokes or device-related complications. These results prompted FDA

approval of the da Vinci® system for mitral valve surgery in November 2002. Based

on the success of robotic mitral surgery, surgical telemanipulation has expanded to

other cardiac procedures, including coronary revascularization, arrhythmia opera-

tions, left ventricular lead placements, congenital heart surgery, and aortic valve

replacements.
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29.3 Anatomical and Physiological Considerations

The heart lies centrally within the mediastinum, protected by the fibrous

pericardium and a rigid superstructure that includes the sternum, ribs, and vertebral

column. Standard surgical access to the heart has been through a median sternotomy

providing safe access to all cardiac chambers, the great vessels, and the epicardial

coronary arteries. However, this approach can be associatedwith increased pain, risk

of wound infection, and/or mediastinitis, and requires prolonged time for complete

healing and patient mobility. Moreover, in women, the sternotomy usually does not

provide a satisfactory cosmetic result. The advent of coronary artery bypass (CABG)

surgery in the late 1960s secured the median sternotomy incision as the preferred

exposure of the heart. Interestingly, in the late 1940s, cardiac surgeons used either a

large left or right thoracotomy to perform closed mitral commisurotomies and atrial

septal defect repairs. This method of exposure continues to be used for reoperations

in many centers. Contemporary, minimally invasive, cardiac incisions try to mini-

mize collateral injury by exposing only that which is necessary to perform the

operation. The left atrium and mitral valve are located posteriorly and are easily

exposed through a right lateral fourth or fifth intercostal space thoracotomy. The

right atrium and tricuspid valve can also be exposed easily through this same

incision. An alternative approach to the mitral and tricuspid valves is through a

lower midline hemisternotomy. Aortic valve and ascending aorta procedures can be

approached through an upper hemisternotomy or right second intercostal space

thoracic incision. For minimally invasive CABG operations, the left and right

internal thoraic arteries (LIMA & RIMA) can be harvested from the left chest

using either thorascopic or robotic techniques. Subsequently, the left anterior des-

cending artery (LAD) is exposed via a fifth or sixth intercostal space, left anterior

mini-thoracotomy (5 cm) and the LIMA–LAD anastomosis constructed under direct

vision. The circumflex artery and its branches can be exposed through a more lateral

left thoracotomy using cardiac positioning devices to mobilize coronary artery graft

target sites into the incision. Total endoscopic techniques using Da Vinci® further

minimize the required incisions for CABG.

Minimally invasive cardiac surgery is performed utilizing the same general

principles as for open cardiac surgery. These parameters include myocardial pro-

tection, cardiac drainage, maintenance of systemic perfusion pressure, and physio-

logic maintenance of myocardial and corporeal oxygen supply-demand ratios.

Cardiopulmonary bypass is used for all intracardiac procedures, including valvular

repair and reconstruction; however, “off-pump” techniques may be employed for

CABG operations. Cardiopulmonary bypass is most commonly initiated by periph-

eral arterial and venous cannulation. However, transthoracic aortic cannulation can

be performed, especially in patients with peripheral atherosclerosis. Aortic occlu-

sion techniques, including the transthoracic aortic cross clamp and endoaortic

balloon occlusion, are used to induce cardiac arrest. Hypothermic ventricular

fibrillation can be used when aortic access is limited, such as in reoperations.
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29.4 Anesthetic Considerations

While the underlying anesthetic principles for open cardiac surgery procedures also

apply to robotic cardiac surgery cases, some modifications are key to ensuring the

success and safety of robotic cases. It is important to consider that most robotic

patients can be fast-tracked when planning the anesthetic technique.

Large bore intravenous access is required and usually accomplished by periph-

eral intravenous catheters and a right internal jugular venous cordis. Often a 17

French right internal jugular venous cannula is used to augment venous drainage.

A Swan-Ganz catheter may be required for monitoring. In certain cases, and in

particular, when the PORTACCESS platform is employed, a pulmonary artery vent

and coronary sinus cardioplegia catheter are also secured by the anesthesiologist via

the right internal jugular vein that may prevent the use of a right internal jugular

venous cannula. If an endoaortic occlusion device is to be used, bilateral radial

arterial catheters are required to monitor correct balloon placement. We also utilize

bispectral analysis to monitor depth of anesthesia to assist in fast-tracking patients,

aiming for a target of less than 60. Near infrared spectral analysis aids in ensuring

adequate brain protection with alternative cannulation strageties. Defibrillator pads

are required as internal paddles cannot be applied through limited incisions.

Single lung ventilation is usually preferred for robotic cardiac surgery and may

be achieved by either a double lumen tube or occasionally a single lumen tube with

a bronchial blocker. Single lung ventilation may reduce cardiac output, and result in

hypoxia and hypercapnia thereby increasing pulmonary artery resistance. During

robotic IMA harvesting, carbon dioxide insufflation is required which may exacer-

bate hypercapnia and impede venous return and cardiac filling. The double lumen

tube may be exchanged over a tube changer to a single lumen tube prior to transfer

to the intensive care unit. If a patient does not tolerate single lung ventilation, CPB

may be established prior to entering the chest. Echocardiography has become

mandatory for mitral valve repair and forms the roadmap for advanced repair

techniques.

29.5 Vascular Access and Perfusion Techniques

29.5.1 Clamp

We expose the anterior surface of the femoral vessels through a 2 cm horizontal

groin incision. To facilitate closure of the arteriotomy and venotomy without

stenosis, 4-0 polypropylene longitudinal pursestring sutures are secured prior to

cannulation. Without encircling the vessles, we routinely cannulate the right femo-

ral artery (17F to 19F) and vein (21F) using Bio-Medicus thin-wall cannulas using a

modified Seldinger guide wire technique under transesophageal echocardiography
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(TEE) guidance, A long antegrade cardioplegia/aortic root vent needle (Medtronic,

Minneapolis, MN) is placed in the ascending aorta after CPB has been established

and is secured by a 2-0 Goretex pursestring suture. Alternatively, it can be placed

through the lateral chest wall via a 12 mm port to provide a less crowded working

area. Kinetic assisted venous drainage is used in every case. To assist with deairing,

the surgical field is flooded with CO2 via a 14F angiocatheter, introduced through

the right chest wall. The transthoracic Chitwood clamp (Scanlan International,

Minneapolis, MN) is used to directly clamp the aorta and is applied across the

aorta in the transverse sinus, taking care not to injure the pulmonary artery or the

left atrial appendage [28]. Visualization (direct or videoscopic) of the transthoracic

clamp tip and position is imperative (Fig. 29.1). Generally, we place the clamp tip

pointing cephalad to provide better aortic occlusion and avoid left atrial appendage

injury. The clamping method has achieved standardization in most minimally

invasive cardiac surgery centers worldwide.

29.5.2 Endoballoon

Alternatively, some surgeons prefer the Port-Access endovascular balloon occlu-

sion system. This platform includes a pulmonary artery vent and retrograde coro-

nary sinus cardioplegia cannula as well as an endoaortic balloon occlusion catheter

with an antegrade cardioplegia perfusion port. The endoballoon is advanced

through the side arm of a 21 F or 23 F femoral arterial perfusion catheter. Under

TEE and/or fluoroscopic guidance, the balloon occlusion device is advanced to 1

cm above the sinotubular junction. Balloon pressure is gradually increased to

between 250 and 340 mmHg to occlude the aorta and the heart is arrested with

antegrade cardioplegia. Delivery pressure of antegrade cardioplegia must not

exceed the aortic perfusion pressure so as not to displace the balloon clamp. Proper

placement of the endoballoon is assessed throughout the case by monitoring

bilateral radial artery pressures. Reichenspurner et al. demonstrated an increase in

morbidity and cost, as well as total operative and cross clamp times when the

balloon technique was used compared with the transthoracic clamp [29].

Vascular injuries from femoral cannulation include arterial occlusions, localized

arterial injuries, and aortic dissections. Major aortic dissection is rare but devastating,

and occurs in 1 to 2% of patients [27, 30–32]. To avoid these complications, preoper-

ative screening for peripheral vascular diseasemay include, in addition to a history and

physical examination, noninvasive plethsmography, computed tomography, or selec-

tive angiography. Intraoperative arterial inspection and palpation give one a good idea

of the relative arterial condition. Both venous and arterial cannula deployments should

be done using the Seldinger guide wire technique. Guide wire position must be

confirmed by TEE prior to dilator or cannula insertion. Any resistance encountered

during cannulation should prompt selection of an alternative site. In this circumstance

we cannulate the contralateral femoral artery, the aortic arch directly through the chest

wall, or the axillary artery. Mobile atheromatous plaque in the descending aorta and
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peripheral arterial disease are relative contraindications to peripheral cannulation.

Retrograde arterial perfusion potentially increases the risk of emboli and strokes in

the presence of detachable atheroma. Aortic dissection is more common with the

endoaortic balloon technique [38]. We have had no aortic injuries from the transtho-

racic clamp in over 1,000 minimally invasive patients. In the event of severe mobile

atheroma being noticed in the descending or abdominal aorta or in the presence on an

abdominal aortic aneurysm, antegrade perfusion techniques should be considered. In

redo cardiac surgery or in cases when the ascending aorta is unsuitable for clamping,

fibrillatory arrest is an effective myocardial protective strategy to facilitate robotic

cardiac surgery.

Fig. 29.1 Application of the Chitwood aortic crossclamp. A cross clamp is applied across the

aorta in the transverse sinus through a separate stab incision in the third intercostal space in the

posterior axillary line. The clamp is applied under visualization to avoid injury to the pulmonary

artery and left atrial appendage

29 Applications of Surgical Robotics in Cardiac Surgery 707



29.6 Robotic Setup and Surgical Technique

29.6.1 Mitral Valve and Atrial Fibrillation Surgery

Our standard setup for mitral valve, tricuspid valve, maze and other atrial proce-

dures is shown in Fig. 29.2. A double-lumen endotracheal intubation is preferred to

allow deflation of the right lung. After placement of a Swan Ganz catheter, a 17F

Bio-Medicus venous return cannula (Medtronic Bio-Medicus, Eden Prairie, MN) is

introduced via the right internal jugular vein using the Seldinger technique. Trans-

esophageal echocardiography is used to ensure proper positioning of the venous

cannula at the superior vena caval–right atrial junction. Patients are placed in a

slight left lateral decubitus position (30�). Positioning the right arm along the side

with gentle elbow flexion has reduced conflict with robotic arms and decreased

risks of a brachial plexopathy. A 3 to 4 cm access incision is made in the right

inframammary crease, and the chest is entered through the fourth intercostal space.

Rib spreading is minimized by deploying a soft tissue retractor (Cardiovations

Ethicon Inc., Somerville, NJ). The pericardium is opened 3 to 4 cm anterior to

Fig. 29.2 Setup for most robotic procedures from the right
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the phrenic nerve to prevent transient phrenic nerve traction injuries. After estab-

lishing CPB and cardiac arrest, a left atriotomy is made in Sondergaard’s groove

(Fig. 29.3).

The four-armed da Vinci® S™ and Si™ Systems, enable deployment of the

robotic EndoWrist® left atrial retractor, allowing excellent mitral valve visualiza-

tion and enhancing exposure of the anterior annulus and both trigones (Fig. 29.4).

Releasing the left atrial retractor minimizes displacement of the aortic root which

limits aortic insufficiency during administration of cardioplegia and entrainment of

aortic root air. Generally, we use conventional mitral valve repair techniques,

including posterior leaflet resections, sliding plasties, chordal transfers, and neo-

chord placement. However, our focus has been on limited resections and leaflet

Fig. 29.3 Access to the

mitral valve, left atrial

appendage and pulmonary

veins is achieved by an

incision in Sondergaard’s

groove

Fig. 29.4 Excellent

visualization of all left atrial

structures is provided by the

right-sided robotic approach
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conservation. Most recently we are using methods that reduce posterior leaflet

width and still provide leaflet-annular continuity. In these circumstances, less

annular compression is required and sliding-plasties are performed less frequently.

Robotic visualization is particularly advantageous when working deep within the

left ventricle as during neochordal replacements or papillary muscle reconstruc-

tions. Repairs are supported with an annuloplasty band or ring. We prefer to secure

the Cosgrove annuloplasty bands (Edwards Life Science, Irvine, CA) with inter-

rupted mattress 2-0 Cardioflon sutures (Peters, Inc., Paris). ATS annulplasty bands

are secure with running 2-0 Cardioflon suture (Peters, Inc., Paris). Each part of the

mitral operation is performed through robotic telemanipulation, including leaflet

and chordal resections, suturing, and knot tying. The left atriotomy is closed from

the operating console with a running 3-0 Gore-Tex® suture. A temporary right

ventricular pacing wire should be placed robotically before the transthoracic aortic

cross clamp is removed. At this point, the robotic arms are removed, the da Vinci®

system secured, and the patient weaned from CPB. After hemodynamic stabiliza-

tion, TEE is performed to assess repair quality and left ventricular function.

Reoperation for bleeding is infrequent, but generally is related to transthoracic

instrumentation and usually arises from the chest wall. Videoscopic inspection of

the chest wall with a 30 degree endoscope prior to closure is critical. Occasionally,

a dental mirror is useful to inspect some areas of the chest wall close to the incision.

Full Cox-Maze III right and left lesion sets can be made with robotic assistance

that significantly enhances visualization of the lesions to minimize the risk of gaps

which may result in failures. Generally, we perform the right sided lesions on CPB.

The left sided lesions are performed after opening the left atrium. We previously

published our cryolesion set [33].

29.6.2 Aortic Valve Surgery

Experience with robotic aortic valve surgery is limited to a number of case reports

and still requires significant portions of the procedure to be performed without

robotic assistance. After instituting CPB as described above, a limited anterior

thoracotomy is made in the third or fourth interspace as determined by preoperative

gated CT scan. The 30o endoscope is inserted through the thoracotomy and two

additional ports for the robot arms are established in the second and either the fourth

or fifth intercostals space in the mid axillary line. After applying the transthoracic

aortic crossclamp, the heart is arrested with antegrade cardioplegia and additional

myocardial protection is achieved by circulating cold saline in the pericardium. An

aortotomy is made and the aorta is retracted with commissural stitches. The valve is

excised and 2/0 pledgeted polyester sutures are placed around the annulus using the

da Vinci system. Sutures are brought through the sewing cuff of the valve which is

brought into position after irrigating the aortic root. Sutures are tied using a knot

pusher and the aortomy is closed after deairing the heart [34].
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29.6.3 Coronary Revascularization

Robotic coronary surgery exists as a spectrum from robotic left internal mammary

artery (LIMA) harvesting followed by full sternotomy and standard on-pump

CABG techniques to robot-assisted total endoscopic, off pump multivessel revas-

cularization. Patient setup varies according to the exact procedure and vessels that

require bypass. Herein we describe the setup for arrested heart robotic assisted total

endoscopic LIMA to left anterior descending artery (LAD) grafting.

Following the establishment of general anesthesia with double lumen endotra-

cheal intubation, central venous access, bilateral radial arterial lines, defibrillator

pads and TEE probe, the patient is placed in a 30 degree right lateral decubitus

position. Dissection is carried out in the left groin to expose the femoral vessels.

After administering 10,000 units of heparin, the femoral artery and vein are

cannulated and the endoballoon is positioned under echocardiographic guidance

in the ascending aorta. With the da Vinci® patient cart positioned on the patient’s

right side, the camera port in placed in the fourth or fifth left intercostal space

in the anterior axillary line and carbon dioxide is insufllated to approximately

10 mmHg. Under visualization with the camera, ports for the left and right robot

arms are inserted two interspaces caudal and cranial to the camera port respec-

tively, about 2 cm medial to the anterior axillary line and the robot is deployed

(Fig. 29.5).

Fig. 29.5 Port placement for robotic total endoscopic coronary artery bypass grafting. Left (sixth

intercostal space) and right (second intercostal space) arm ports are on either side of and slightly

anterior to the camera port (fourth intercostal space). The stabilizer port is placed subcostal in the

left mid-axillary line. An assistance port in the fourth intercostal space just lateral to the sternum

facilitates bringing materials in and out of the chest. For beating heart , we routinely cannulate the

left axillary artery with an 8 mm Dacron tube graft with percutaneous femoral venous cannulation

in the event that cardiopulmonary bypass assistance is required during the procedure
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LIMA harvesting is performed using a skeletonized technique to provide

enhanced visualization of the artery, to increase length of the graft and to facilitate

multi-arterial Y grafting and flow measurements. After identifying the LIMA, the

endothoracic fascia is removed along its entire length. Starting in the midpoint of

the artery, the artery is teased from the chest wall using a combination of cautery

and clips to occlude the side branches. Dissection is carried out first proximally and

then distally. Following systemic heparinization (300 units/kg) a bulldog is placed

proximally on the graft and two clips are applied distally. The graft is spatulated and

flow assessed prior to fully dividing the artery which is then clipped to the chest

wall in preparation for the anastomosis.

Excision of the pericardial fat pad and incision of the pericardium follows.

Careful inspection of the epicardial coronary arteries is undertaken to identify the

LAD. Two additional ports are then placed, one in the fourth left intercostals space

for the assistant and on in the mid-clavicular line at the costal margin for the

endostablizer which is then inserted and deployed. The endoballoon is then inflated

monitoring bilateral radial artery pressures and the heart is arrested with antegrade

blood cardioplegia.

Exposure of the LAD is achieved with the endostablizer and silastic tapes and the

robotic I-knife is used tomake an arteriotomy which is lengthened with Potts scissors.

The anastomosis is completed with a 7 cm 7-0 Pronova (Ethicon) (Fig. 29.6) and

hemostasis and patency is assessed using transit-time flow measurements.

The endoballoon is deflated and a stable rhythm is established. Cardiopulmonary

bypass is weaned, protamine administered and decannulation ensues. Two chest

tubes are secured through port sites and pacing wire are generally not utilized [35].

Fig. 29.6 Suturing internal mammary artery anastomoses to the coronary arteries is completed with

6-O Poly (hexafluoropropylene-VDF) in an end-to-side fashion. The back wall is completed counter-

clockwise sewing outside-in on the coronary artery around the heel of the anastomosis. Needles are

exchanged and the toe of the anastomosis is sutured inside-out on the coronary artery
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29.7 Surgical Results

29.7.1 Mitral Valve

29.7.1.1 East Carolina Heart Institute Experience

Our experience included 300 patients undergoing robotic mitral valve repair

between May 2000 and November 2006 having echocardiographic and survival

follow-up in 93 and 100% of patients, respectively [36]. There were 2 (0.7%)

30-day mortalities and 6 (2.0%) late mortalities. No sternotomy conversions or

mitral valve replacements were required. Immediate post repair echocardiograms

showed the following degrees of MR: none/trivial, 294 (98%); mild, 3 (1.0%);

moderate, 3 (1.0%); and severe, 0 (0.0%). Complications included 2 (0.7%) strokes,

2 transient ischemic attacks, 3 (1.0%) myocardial infarctions, and 7 (2.3%) reopera-

tions for bleeding. The mean hospital stay was 5.2 � 4.2 (standard deviation) days.

Sixteen (5.3%) patients required a reoperation. Echocardiographic follow-up demon-

strated the following degrees of MR: none/trivial, 192 (68.8%); mild, 66 (23.6%);

moderate, 15 (5.4%); and severe, 6 (2.2%).

29.7.1.2 Additional Experience

Other early robotic assisted mitral valve surgery reports included:

1. Tatooles et al. reported their experience with 25 patients and demonstrated

excellent results with no mortality, device-related complications, strokes or

reoperations for bleeding. One patient had a transient ischemic attack 7 days

after surgery. The cardiopulmonary bypass and aortic crossclamp times were

126.6 � 25.7 min and 87.7 � 20.9 min, respectively. Eighty-four percent were

extubated in the operating room, 8 were discharged home within 24 h and the

mean hospital stay was 2.7 days. However, there was a 28% rate of readmission

using this aggressive discharge policy and two patients required interval mitral

valve replacement [34].

2. Jones et al. reported their series of 32 patients at a community hospital [6].

They performed concomitant procedures in five patients (tricuspid valve repair

n ¼ 3 and MAZE procedure n ¼ 2). There were two deaths in this series where

neither was reported as a device-related complication. Complications included

reoperations for repair failure (n¼ 3), stroke (n¼ 1), groin lymphocoele (n¼ 1)

and pulmonary embolism (n ¼ 1) [37].

3. In a nonrandomized single surgeon experience from the University of Pennsyl-

vania, Woo et al. demonstrated that robotic surgery patients had a significant

reduction in blood transfusion and length of stay compared to sternotomy

patients [38].
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4. Folliguet et al. compared patients undergoing robotically-assisted mitral valve

repair to a matched cohort undergoing sternotomy (n ¼ 25 each). The robotic

group had a shorter hospital stay (7 days vs. 9 days, p ¼ 0.05), but there were no

other differences between the two groups [39].

More recent and larger series include:

1. Murphy et al. reported their experience in 127 patients undergoing robotic MV

surgery of which five were converted to median sternotomy and one to thora-

cotomy; seven patients had valve replacement and 114 had repair. There was 1

in-hospital death, 1 late death, 2 strokes and 22 patients developed new onset of

atrial fibrillation. Blood product transfusion was required in 31% of patients and

two (1.7%) patients required reoperation. Post-discharge echocardiograms were

available in 98 patients at a mean follow-up of 8.4 months with no more than

1+ residual MR in 96.2%[40].

Taken together, these series validate the results of previous reports demonst-

rating that robotic mitral valve surgery is safe and has excellent early- and mid-term

results. The introduction of newer robotic instrumentation such as the dynamic left

atrial retractor and simpler mitral valve repair techniques including the “Haircut

Posterior Leaflet-Plasty” [41] and the “American Correction” [42] will facilitate the

use of robotic mitral valve techniques by a larger number of cardiac surgeons.

29.7.2 Atrial Fibrillation Surgery

There have been a few case reports of patients undergoing combined robotic

mitral valve and atrial fibrillation (MV/AF) surgery demonstrating that these

procedures are safe [43–46]. One small (n ¼ 16) series of patients undergoing

robotic MV/AF surgery using the Flex-10 microwave catheter (Guidant, Indiana-

polis, IN) from our own institution has been reported [47]. The ablative procedure

added 42 � 16 min to the mitral valve repair and 1.3 days to hospitalization. At 6

months follow-up, 73% were in sinus rhythm, 20% were paced and 7% were in

atrial fibrillation.

Roberts et al. recently reported their robotic endoscopic Cox-Cryomaze technique.

Using a warm beating heart strategy they are able to perform a full set of left atrial

argon-based cryolesions and closure of the left atrial appendage [48].

29.7.3 Coronary Revascularization

The range of robot-assisted coronary operations ranges from IMA harvest with a

hand-sewn anastomosis, performed either on or off-pump through a minithoracotomy
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or median sternotomy, to totally endoscopic coronary artery bypass grafting

(TECAB). Early reports demonstrated the feasibility and safety of harvesting the

IMA with the da Vinci® system with harvest times <0 min achievable once the

learning curve had been negotiated [49–51].

In 1998 Loulmet et al. demonstrated the feasibility of TECAB on an arrested

heart by using da Vinci® to harvest the LIMA and to perform a LIMA to LAD

coronary anastomosis in two patients [52]. In 2000, Falk et al. reported TECAB on

22 patients of which 4 were converted to minithoracotomy for anastomotic bleeding

or graft issues [53]. In the remaining 18 patients, grafts were widely patent at 3

months with no major complications. The same group subsequently reported the

first off-pump TECAB using an endoscopic stabilizing device [54]. Dogan et al.
reported 45 arrested heart TECAB procedures in 2002, of which eight patients

underwent double vessel revascularization with both IMAs [55]. The initial con-

version rate of 22% dropped to 5% in the last 20 patients. The procedural time for

single-vessel TECAB was 4.2 � 0.4 h, CPB time was 136 +/� 11 minutes and

aortic crossclamp time was 61 � 5 min.

Subramanian et al. achieved multivessel revascularization (mean number of

grafts, 2.6) in 30 patients using robotically-harvested IMAs [56]. Depending on

the specific target, either a minithoracotomy or transabdominal approach was

employed. Twenty-nine (97%) patients were extubated on the operating table,

77% were discharged within 48 h and only two patients needed readmission. In

addition, only one patient needed conversion to sternotomy and there was no

mortality. However, the largest single institution series comes from Srivastava

et al. with 150 patients undergoing robotic-assisted bilateral IMA harvesting and

off-pump CABG via minithoracotomy [57]. Two patients presented with chest pain

after discharge secondary to graft occlusion; in both cases, treatment using percu-

taneous intervention was successful. In 55 patients undergoing computed tomogra-

phy angiography at 3 months, all 136 grafts were patent.

A multicentre Investigational Device Exemption trial was reported by Argen-

ziano et al. in 2006 [58]. Ninety-eight patients requiring single-vessel LAD revas-

cularization were enrolled at 12 centers; 13 patients (13%) were excluded

intraoperatively (e.g., failed femoral cannulation, inadequate working space).

In the remaining 85 patients who underwent TECAB, CPB time was 117 � 44

min, aortic crossclamp time was 71 � 26 min and hospital length of stay was 5.1

� 3.4 days. There were five (6%) conversions to open techniques. There were no

deaths or strokes, one early reintervention and one myocardial infarction. Three-

month angiography was performed in 76 patients, revealing significant anastomotic

stenoses (>50%) or occlusions in six patients. Overall freedom from reintervention

or angiographic failure was 91% at 3 months. United States FDA approval of use of

da Vinci® for coronary revascularization was largely based on this study.

Reports of robotically-assisted coronary surgery have mostly involved highly-

selected patient populations which require limited revascularization, usually of the

anterior wall [59]. In these circumstances, surgeons have been able to achieve

totally endoscopic LIMA-LAD grafting with high success rates after the initial

learning curve. Combining robotic TECAB of the LAD with stenting of a second
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coronary target, so-called hybrid revascularization, effectively combines a mini-

mally invasive approach with the proven long-term benefits of LIMA-LAD grafting

and is likely to increase particularly with advances in robotic instrumentation.

Recent work by Katz et al. has demonstrated that this approach can be accom-

plished with no mortality, low perioperative morbidity and excellent 3-month

angiographic LIMA patency (96.3%) [48]. More recently, these results have been

corroborated by Gao et al. in their series of 42 patients undergoing hybrid revascu-

larization [60]. Irrespective of the method, long-term follow-up of these grafts is

needed to determine if they have the same excellent patency (>90% at 10 years) as

those performed through a median sternotomy.

29.7.4 Left Ventricular Lead Placement

Numerous prospective studies have demonstrated that cardiac resynchronization

therapy with or without implantable cardioverter-defibrillator capability improves

ventricular function, exercise capacity and quality of life, as well as reducing

mortality and heart failure hospitalizations in patients with symptomatic heart

failure and delayed intraventricular conduction despite optimal medical therapy

[61]. Left ventricular lead placement is usually accomplished percutaneously

through coronary sinus cannulation, advancing the lead into a major cardiac

vein. This technique is associated with long fluoroscopy times and is not applica-

ble to all patients because of anatomical limitations in coronary venous anatomy.

Early and late failures occur in approximately 12% and 10% of procedures,

respectively [62]. Surgical epicardial lead placement is often a rescue therapy

for these patients.

Early reports by DeRose et al. demonstrated the efficacy of robot-assisted left

ventricular lead implantation [63]. They reported results for 13 patients, 6 of whom

had previous CABG, with no complications or technical failures. Navia’s series of

minithoracotomy or robotic/endoscopic left ventricular lead placement included 41

patients without mortality, intraoperative complications or implantation failures

[64]. A minimally invasive surgical approach is very attractive as it allows surgeons

to determine the best epicardial site for implantation by mapped stimulation and

may therefore entail greater success rates than transvenous implantation. A rando-

mized study comparing both techniques is in progress.

29.7.5 Intracardiac Tumor Resection

Cardiac tumors, although relatively uncommon and mostly benign, almost always

should be resected to prevent thromboembolic complications. Murphy et al.

recently reported endoscopic excision of three left atrial myxomas using either a
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left atriotomy or right atriotomy with trans-septal approach. Autologous pericardial

patches were used to repair septal defects following excision [65]. The mean CPB

and aortic crossclamp times were 103 � 40 min and 64 � 2 min, respectively.

Impressive results were reported with all patients being discharged on day 4 and

resuming normal activity 3 weeks after surgery. Similarly, Woo et al. used robotic

techniques to excise an aortic valve papillary fibroelastoma with the patient being

discharged on the third postoperative day and back to work within 1 month [66].

29.7.6 Congenital Surgery

A few congenital cardiac conditions in both children and adults lend themselves to a

minimally invasive approach. Del Nido’s group from the Boston Children’s Hospi-

tal published their 2-year experience with 15 patients undergoing patent ductus

arteriosus (PDA) closure (n ¼ 9) or vascular ring repair (n ¼ 6) utilizing the da

Vinci® system [67]. The patients were aged 3–18 years old and only one was

converted to a thoracotomy because of pleural adhesions. The total operative

times were a little prolonged at 170 � 46 min (PDA) and 167 � 48 min (vascular

ring). Nevertheless, all were extubated in the operating room and were discharged

after a median of 1.5 days. Bonaros et al. showed that the learning curve is steep and

associated with a rapid decrease in operative times [68].

In a US FDA Investigational Device Exemption trial, Argenziano et al. demon-

strated that atrial septal defects (ASDs) in adults can be closed safely and effectively

using totally endoscopic robotic approaches with a median aortic crossclamp time of

32min [69]. One of 17 patients had a residual shunt across the atrial septumwhichwas

repaired via minithoracotomy on post-operative day 5. The reoperative finding was

that the atrial septal primary suture linewas intact but therewas a tearmedial to it. This

failurewas therefore likely related to use of a direct closure technique rather than using

a patch repair and therefore not a failure of the robotic technique per se. Morgan et al.

subsequently demonstrated that robotic ASD closure hastens postoperative recovery

and improves quality of life compared to either a mini-thoracotomy or median

sternotomy approach [70].

29.8 Future of Robotic Cardiac Surgery

Robotic applications to cardiac surgery are gaining momentum. Mitral valve repair

and cryomaze procedures are well established particularly at specialized centers.

Results for these procedures match are equivalent to standard mitral valve repair

and cryomaze techniques, but are associated with shorter recovery periods and

enhanced patient satisfaction. As imaging modalities continue to improve the future

of robotic mitral valve repair may incorporate 3D mathematical modeling to guide

leaftlet resection and optimal annuloplasty ring placement.
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Limited centers perform coronary revascularizaiton with robotic techniques.

Robotic IMA harvesting and LIMA to LAD grafting can be performed safely. As

experience grows we can expect that robotic TECAB will continue to become more

widespread. Improvement of anastomotic connectors would made this this surgery

more expeditious.

Robotic experience in aortic valve surgery is currently limited. A few case

reports are described in the literature but with limited space around the aortic

root, the procedures are technically challenging with current technology. The

development of rapid deployment valves may make robotic aortic valve replace-

ment more attractive.

Training is the connerstone of the successful future of robotic cardiac surgery.

Learning curves for robotic procedures are steeper than for open techniques and

consequently require dedication from surgeons and their teams. As the collective

experience grows and the technology develops robotic procedures will become

more efficient.

29.9 Conclusion

Although robotic cardiac surgery is in a state of evolution, the early results are

encouraging with evidence demonstrating fewer blood transfusions, shorter hospital

stay, faster return to preoperative function levels and improved quality of life

compared to those having a sternotomy. This translates into improved utilization

of limited healthcare resources. It is clear that the continued evolution of totally

endoscopic cardiac surgery depends on the development of new adjunctive tech-

nology, such as retraction systems, perfusion catheters and sutureless anastomotic

devices. Thus, although the surgical robot allows unprecedented closed chest surgi-

cal access to the heart, it is only one of many new tools that are prerequisite for

successful minimally invasive cardiac surgery. It will require a combined effort of

physicians with our industry partners to fill in these technological gaps that are

present in our current armamentarium of minimally invasive tools. Surgical scien-

tists must continue to critically evaluate this technology and despite enthusiasm,

caution cannot be overemphasized. Traditional cardiac operations still enjoy proven

long-term success and ever-decreasing morbidity and mortality and remain our

measure for comparison. To determine if robotic techniques could become the

new standard in cardiac surgery, long-term results are needed.
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Chapter 30

Robotics in Neurosurgery

L.N. Sekhar, D. Ramanathan, J. Rosen, L.J. Kim, D. Friedman,

D. Glozman, K. Moe, T. Lendvay, and B. Hannaford

“Concern for man and his fate must always form the chief
interest of all technical endeavors. Never forget this in the
midst of your diagrams and equations”

– Albert Einstein.

Use of robots in surgery, especially in neurosurgery, has been a fascinating idea since

the development of industrial robots. Using the advantages of a robot to comple-

ment human limitations could potentially enhance surgical possibilities, other than

making it easier and safer. Over the last few decades, much progress has beenmade in

this direction across various disciplines of neurosurgery such as cranial surgery,

spinal surgery and radiation therapy. This chapter details the necessity, principles

and the future directions of robotics in neurosurgery. Also, the concept of curvilinear

robotic surgery and associated instrumentation is discussed.

The idea of using robots in surgery has fascinated surgeons since the making of

the first robots for industrial and military use. The first robots were developed in the

late fifties for use in industry mainly as transfer machines, used for transporting

objects across a few feet. Further design modifications with articulated multi axial

arms helped in the making of robots such as Stanford Arm and Programmable

Universal Machines for Assembly (PUMA), which were used for automation of

manufacturing processes.

Robotics in surgery has made giant strides in recent years with its increasing

use in certain specialties like urology and gynecology. Use of the robot da Vinci

(Intuitive Surgical, Sunnyvale, CA) for surgeries such as prostatectomy and hyster-

ectomy, has come a long way from hype to hope, creating new benchmarks for

surgical care [1]. Robots are also being researched and developed for use in other

specialties like neurosurgery, cardiothoracic surgery, etc. The first instance of use

of a robot in neurosurgery was in 1985 for stereotaxy, where an industrial robot

(PUMA) was used for holding and orienting a biopsy needle (Kwoh et al. [20]).
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Since then, robotic applications have developed in safety and functionality. They

have been tested and some practiced in neurosurgical procedures such as brain

irradiation (using the CyberKnife), pedicle screw placement, navigation in neu-

roendoscopy, robotic frameless stereotaxy and even robotic or robot assisted

microsurgery [2–4]. However, there still are a few large chasms that need to be

bridged, for this giant technological leap to be seen as a standard of patient care in

neurosurgery. This chapter focuses on the current state of robotic applications in

neurosurgery, its current limitations, challenges in development and their future.

30.1 What is a Robot?

Robot is a programmable computer device with mechanical abilities to perform

tasks, generally by interacting with the environment. As defined by the Robotic

Institute of America, it is “a reprogrammable, multifunctional manipulator

designed to move materials, parts, tools, or other specialized devices though various

programmed motions for the performance of a variety of tasks.” Generally robots

used in medicine are made of multi-jointed links, which are controlled by a

computer device. The end-piece or the end link of such a construct is called an

“end-effector,” to which attaches various instruments for performance of any

desired activity. The end effector can have many degrees of freedom, which

translates to the degrees of dexterity of the device.

Robots are indefatigable, accurate and have the ability to process a large amount

of data simultaneously. They have the advantage of having near absolute 3-dimen-

sional geometric accuracy apart from being able to be fast in performing their tasks

with minimal or no tremor. Robots can reduce tremor of the surgeon’s hand, from

approximately 40 mm of the human hand to around 4 mm or less by dexterity

enhancement techniques [5]. They can also be tele-controlled, thereby giving the

advantage of remote operation. The disadvantages include lack of judgment and

decision-making capacity, inability to spontaneously react to new situations, and

poor spatial coordination, which are attributes of human performance.

30.2 Classification

There are many classifications of robots used in medicine. Broadly based on their

usage Taylor classified them into (1) intern replacements (2) telesurgical systems (3)

precise path systems (e.g. navigational systems) (4) precise positioning systems (e.g.

stereotaxy system). Based on the type of the control system it is broadly divided into

active and passive systems, thoughmany robots would fit somewhere in the middle of

this broad dichotomy. “Active” refers to the motion of the robotic device directed by a

non-human device usually aided by a computer. The robot performs a part or whole of

the surgical procedure autonomously. For example, ROBODOC (Integrated Surgical

Systems Inc, Fremont, CA), used for hip replacement surgery, is an active system.
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In a passive robotic system, the surgeon usually provides the input to move and

control the device. A master–slave robotic system is an example of a passive system

where the robot performs by constantly responding to the instructions of the

surgeon.

Robots can also be semi-active, meaning they can provide guidance to the

operator to provide the input for motion. For instance, navigational devices could

help guide the surgeon in performing a stereotactic procedure. When using the

NeuroMate, for example, the surgeon has complete control of the stereotactic

procedure, but is aided by the guidance of the robotic device. Most of the robots

used in neurosurgery are of this type wherein there is a “shared control system.”

The surgeon performs the procedure with the guidance of the robot.

30.3 Robots in Neurosurgery: What For?

Neurosurgery is a specialty which involves operating under a microscope for high

precision and careful tissue handling. The brain is a 3-dimensional structure

enclosed within the skull by rigid bone and easily damaged by even minor excur-

sions of surgical instruments [6]. Human limits to safe tissue handling are a few

hundred microns under the best of conditions, which is much more than the range of

visual recognition with new microscopes. Such a discrepancy is due to the physical

limitations of the human hand. Addressing this discrepancy with appropriate

technological breakthroughs and innovation would help perform better surgeries.

Currently, numerous studies have been reported on the use of robots for specific

surgical procedures, including robotic assisted pedicle screw placement, epilepsy

surgery, robot assisted stereotactic procedures, and robotic brain irradiation.

30.4 Construction of a Robot

The construction of a robot essentially involves sensors and an operator console for

acquiring information, a computer control system for processing information and

the manipulator (base, links, actuators and end effectors) for task performance

(Fig. 30.1).

The operator console is the interface between the robot and the input from the

surgeon. It can vary from joystick or a finger glove to a voice operated system

depending on the use of the robot and preference of the surgeon. Movements

performed by the surgeon on the console can be scaled and reproduced in the end

effector of the robot. By downscaling certain hand movements, the robotic arms can

essentially eliminate tremor, thereby delivering only purposeful, intended motion.

Sensors are the other source for information input to the robot. Sensors may be

vision or non-vision types [7, 9]. Vision sensors may be from optical fiber cameras

mounted at desired locations; they may be mobile or fixed to a certain part of the
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manipulator. When fixed to the finger (end-effector) or wrist joint they can function

as “eye-in-hand” devices. Non-vision sensors can process touch, pressure, temper-

ature and object proximity. They also can provide information about the 3D

positioning of the manipulator, thereby providing a feedback mechanism for the

function of actuators. Haptic systems (from hapto in Greek, meaning “to touch”) are

sensors attached to actuators that provide force feedback from environment or

virtual situations, thereby providing a real immersive physical feeling to the

operator.

The computer system receives information from the sensors and operator inter-

face (console) and processes it to direct the manipulator to perform the appropriate

action. Often this computer interacts with multiple other computers, a mechanism

that also allows for redundancy in the system in case of malfunction [7]. The

computer system’s ability to process vast amounts of data contributes to the ability

of the robot to be precise in its actions. The software design for processing the

Fig. 30.1 (a) Picture showing the console of NeuroArm with video screen shots of microscopic

view, external view of the head, and radiology images. (b) Structural design of NeuroArm with a

base, joints, links and end-effector. (c) NeuroArm in position for performing microsurgery.

Surgical microscope can be positioned adjacent to the robot’s base. (d) NeuroArm attached to

MRI machine for performing stereotactic procedures. (Pictures from Sutherland et. al. [7, 8])
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information is a critical component in the efficiency of the robot. Basing the

operating system of the robot on commercially available software packages may

be an easy and attractive solution, and is done with most medical robotics projects.

However, development of an original software tool based on the functional design of

the robot and surgeons’ need can also be a productive measure [10].

The manipulator is the mechanical component of a robot that consists of a base,

links, end-effector(s), and the actuators. The end-effector is the final distal link where

the action is performed. Actuators convert the signaling from the computer output

into mechanical movements to position and orient the links of the manipulator. In

image-guided surgeries like stereotactic procedures, the process of registration pro-

vides geometric inputs for the actuator (after being processed by the computer control

system). The base helps in positioning the robot in a required place. The links are

connected by joints, which in turn connect to the robot. The joints connecting the

links can be either prismatic (meaning translation between joints possible) or revolute

(able to rotate but not translate) [8]. Each joint denotes a degree of freedom. There

could be numerous (up to six) joints in the design of robot. In such cases, the proximal

three joints are usually the major joints, which determine the 3-D workspace (called

work envelope) and the position of the end effector in space. The distal three joints

determine the orientation of the object in space. The orientation is regulated by the

junction of pitch, roll and yaw at the wrist (penultimate joint) [8].

30.5 Current Trends with Robots

Since the advent of medical robotics, robots have passed through a few stages of

technological innovations. The first use of robots was for retraction purposes in

surgery. This was followed by the use of robot named NeuroMate in surgical

planning and for performing stereotactic procedures. However, these robots relied

on preoperative images for positioning and lacked proper safety mechanisms. The

first system to use real time guidance system was Minerva (University of Lausanne,

Switzerland) which had an inbuilt CT scanner in its robotic arm. Following this,

efforts to incorporate MRI robotic image guidance resulted in three different

groups, from Harvard University, University of Tokyo, and the University of

Calgary to develop them independently.

The development of individual robots has been targeted mostly to address

specific kinds of procedures. The majority of the initial robots developed were for

stereotactic surgeries, helping in positional 3D access accuracy. These include

NeuroMate, Minerva and IMARL for precise needle insertion and biopsy, instru-

ment holding and moving motion. Robots to help in open neurosurgery were

developed later including the Robot Assisted Microsurgery Systems (RAMS) and

the Steady hand system (Johns Hopkins University). RAMS was a master slave

robotic arm with six degrees of freedom and equipped with tremor reduction

technology such as motion scaling and tremor filters. Experiments to perform

microanastomosis with this robot were performed in rats; the main disadvantage
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noted was it took twice the time compared to performance with hands. Robots also

have been developed for radiosurgery for accurate delivery of radiation with out

frame fixation, such as the CyberKnife for tumor resection endoscopic neuro-

surgery. Recent development of NeuroArm is a significant milestone in combining

the abilities of stereotactic surgery and microsurgery in a single system with

intraoperative real-time MRI navigation.

30.6 Robots for Position or Stereotaxy Based Procedures

Stereotactic procedures employ robotic systems for their near perfect accuracy in

3-dimensional space. The robot is used for the process of registration with CT/MRI

images and trajectory planning to position a mechanical guide. Through the

mechanical guide a surgical tool such as an electrode probe can be passed. Neuro-

Mate is a standard robot used in stereotactic procedures that can reduce human error

and save time in performing biopsies. This is a passive robotic system that guides

the surgeon on the trajectory. It has five degrees of freedom and can hold tools such

as electrodes or needles. The main disadvantage of this device is that it is bulky and

occupies too much space in the operating room.

In patients with medically refractory epilepsy, surgical treatment with robots has

been experimented and found to be a technically safe, feasible and an efficient

procedure [11, 12]. For example, using SurgiScope, a handheld probe was jointly

used with a stereotactic guide to accurately place subdural monitoring electrodes

while the patients were undergoing craniotomy. Such accurate placement of the

electrodes for recording the epileptic focus in the brain reduces the necessity to

remove the frame or reposition the patient for further attempts [12]. Another robot

called PathFinder (Armstrong Healthcare Ltd, High Wycombe, UK) was used in

epilepsy surgery to locate the temporal horn and epileptic focus of the brain accu-

rately. The device had a proximal link rotating in a horizontal axis and two links

rotating in a vertical axis. An instrument holder that can rotate 180� is attached to the
end of the arm (Fig. 30.2a). The system is registered to an MRI scan superimposed

onto a CT scan with fiducials, and then attached to the Mayfield head holder [11].

After craniotomy, electrodes are passed into the hippocampus by the robotic device

and a catheter is introduced into the temporal horn under image guidance from the

robot. This system was found to be more accurate and less time consuming when

compared to using a navigation system alone for such procedures [11].

A robotic stereotactic gamma radiation system named CyberKnife (Accuray,

Sunnyvale, CA) has been used for precise irradiation of some brain and spinal

pathologies such as tumors and arteriovenous malformation. This system, with the

MRI registration of the patients head, avoids the frame usage in conventional

gamma knife radiation techniques.

Robot assisted spine surgery studies for placement of pedicle screws (including

trans-laminar facet screws, kyphoplasty and vertebroplasty) have been described

[13, 14]. A commercially available system called SpineAssist (Mazor Surgical
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Technologies, Caesarea, Israel) was used for these procedures. This is a miniature

robot that mounts to the bony anatomy or to the patient’s spine. After the mounting

of the robot, pre-operative CT scan images are merged with intraoperative fluoros-

copy images and registered to the operating field, with which the robot guides and

assists the surgeon to execute a pre-planned procedure. Numerous cohort studies

using this robot for minimally invasive spine surgeries have been reported with

excellent results on safety and accuracy. Consensus of these experiments is that the

robot is “helpful but not a conditio sine qua non” for performing these surgeries

(Hardenbrook and Dominique et al. [14]). Controlled, head to head studies com-

paring the use of robots and freehand/fluoronavigation procedures by the surgeons,

for efficacy and cost might help to clarify the relative benefit of a robot as compared

to human operators. Having established its accuracy and safety, some design related

modifications for better planning of surgical windows, graphical representation of

virtual anatomy, and better connections of the end-effector to the bony anatomy are

being advocated for further improvement of this system [14].

30.7 Robots for Microsurgery

Developing robotic devices for microsurgery is more challenging than for stereo-

tactic procedures, as there are more functional parameters to be considered for

design and construct of such a device. Microsurgical robots can be endoscopic

robots, which can perform through a keyhole, or open microsurgical robots, which

can operate by an open, larger incision and craniotomy.

The endoscopic tools for the brain have been useful for observing and

performing minor operative actions like biting, penetrating, or dilating a hole

with a balloon (for ventriculostomies). Angled rigid and flexible endoscopes espe-

cially help in observing around critical structures [15]. However, due to non-

availability of working channels in a rigid endoscope and just one working

channel in flexible endoscopes, much of any necessary surgical procedure might

Fig. 30.2 (a, b) PathFinder and the instrument holder attachment inserting the electrode (adopted

from Eljamel et al. [11])
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not be possible to be performed. NeuRobot, a telecontrolled micromanipulator

system was developed to address these inadequacies [9]. This essentially consists

of a manipulator with diameter of around a centimeter, which houses a 3D endo-

scope and three micromanipulators (each 1 mm in diameter) (see Fig. 30.3). This

setup is mounted on a manipulator-supporting device, which has six degrees of

freedom, and each micromanipulator has three degrees of freedom (up and down,

rotational, flexion from 0 to 90�). Basic surgical procedures like dissecting, cutting,
coagulating, stitching and tying sutures can all be performed by the surgeon, with

visual feedback provided via 3D monitors. Haptic feedback is also provided to help

with movement.

This device was used in cadaver experiments to perform surgery through

endoscopic and a larger regular incision (pterional approach). This device is

reportedly able to reach out to structures around a point to a limited extent.

Robot assisted surgical planning for tumor resection, craniotomy and reconstruc-

tion have been performed. The reconstruction of the bony part can be performed

after the primary surgery for tumor resection by computer-aided design and

planning of the implant size and shape that would be needed for a reconstructive

surgery. This helps to avoid the time delay to design an implant and schedule a

second cranioplasty, as is done currently in most cases [16].

NeuroArm is a comprehensive robotic system developed at the University of

Calgary (Sutherland et al.) with intraoperative MRI ability and the ability to

perform both image-guided procedures (stereotaxy) and motion scaled fine open

micro-neurosurgery. This is a master slave robotic system, which consists of a

robot, a controller, and a workstation or console. The robot’s design is adaptable to

the kind of procedure performed and based on surgeons’ dual arm (ambidextrous)

design. The robot has two arms, each with seven degrees of freedom and one degree

of freedom for tool actuation, attached to each end effector (see Table 30.1). This,

along with the intraoperative imaging, is considered a crucial design feat that can

benefit in bringing dexterity and accuracy to the procedures performed. The tools

attached to the arms can be either standard tools such as bipolar forceps, needle

drivers and dissectors, or stereotactic instruments such as electrodes. The end

effectors have a haptic feedback mechanism in place that helps in precise controlled

movements by the operator.

Real time MRI is an important addition to NeuroArm over previous generation

of robots. It helps in navigation of the tools with improved tool positioning and

adequate tissue sampling during stereotaxy. For the microsurgery, MRI hasn’t been

clearly examined, nevertheless it is supposed that having constant intraoperative

MRI would help monitor the position of the tool tips and help avoid a “no-entry”

zone before and during the surgery, adding a safety mechanism [7].

The workstation is designed to provide an immersive environment for the

surgeon. It has tactile, audio and visual feedback with binocular display providing

three-dimensional vision of the operative site (see Table 30.2). Other than this there

are desk-mounted displays of MRI, a robot operative parameters display and

multidirectional surgical site views. The tools, attached to end effectors, can be

superimposed on the MRI to provide navigation to the surgeon.
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Other than performing surgery with NeuroArm, image processing and integra-

tion with the robot helps by providing simulations of surgery before the actual

surgery. These virtual surgery trials could possibly help neurosurgeons practice,

Fig. 30.3 (a, b, c) Design of the NeuRobot manipulator and associated instruments – endoscope,

micromanipulators and a laser source (from Hongo et al. [9])
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compare and analyze difficult techniques to arrive at an optimal solution for

complex problems. By combining image processing with brain biophysical prop-

erty modeling and with data on tool–tissue interactions, realistic projections of

hemorrhage will help eliminate the gap between virtuality and reality.

Robots have also been used to enhance surgeon presence in neurocritical care

units. With camera and video screen mounted on a remotely controlled mobile

robot called the RP-6 (In Touch Health Inc, Santa Barbara, CA), the surgeon is

able to be virtually present near the patient to observe and verbally respond [17].

Table 30.2 NeuroArm workstation specifications*

Parameters Specification

Hand controller 6-DOF position sensing

3-DOF translational force feedback using direct current motors

Workspace (tool tip) x � y � z (ellipsoid) 40 � 25 � 50 cm

Pitch, � 130 degrees, � 150 degrees, roll, � 168 degrees

Microscope Counterbalanced microscope equipped with motorized and

high-quality optics

Beam splitter with two high-resolution IVC camera

High-definition format

Visual display Binoculars using miniature display technology

XGA resolution

Voice communication Simultaneous talk/listen voice communication

Wireless digital headset

*DOF, degrees of freedom, XGA, extended graphic array.

Table 30.1 NeuroArm mechanical specifications

Parameters Specification

Degrees of freedom 8 (including tool actuation) for each arm; 16 total

Payload 0.5 kg

Force (static) 10 N

Tool tip speed Surgery: 0.5–50 mm/s

Tool change: 200 mm/s

Positional accuracy

Payload < 100 g � 1 mm absolute

100 mm resolution

Payload > 100 g � 2 mm absolute

1 mm resolution

Optical force sensors Sensitivity: 0.02–5 N

Dynamic range: 450:1

Continuous operation time > 10 h
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30.8 Surgical Robotics Research at the University

of Washington: Perspective of a Research Group

Raven is a surgical robot developed at the University of Washington. The main

advantages of Raven is its relatively smaller size and design features for being

operated remotely. The other advantage is a spherical design of the effectors that

limits the range of motion at the surgical port location. This mechanical safety

design is fail safe with respect to a software-based control in other robotic systems.

This robot was initially developed for general surgical and urologic procedures.

Later, it was adapted to perform suctioning in micro anastomotic procedures with a

surgical suction tool attached to the end effector. It was used to experiment in micro

anastomotic procedures in chicken wings. The Raven is a robot with master slave

control system, with the movements of the surgical assistant on a console being

downscaled and reproduced in the surgical field.

30.9 Roboscope in Neurosurgery: Minimal Access

Curvilinear Surgery in the Brain

Currently minimal access surgery in neurosurgery is in its initial stages. A few

endoscopic procedures like endoscopic ventriculostomies and transnasal transphe-

noidal procedures to the median anterior skull base have recently been introduced

to mainstream neurosurgery, albeit with reservations. Minimal access surgery in its

current form is performed with instruments that can work only along a straight line

of access. The ability to work along a curved line will confer better surgical range

and more applications for endoscopic procedures. Nevertheless, a whole new array

of surgical tools will be required to operate along a curved access pathways. Robots

in neurosurgery can aid in performing surgery through minimal access curvilinear

approach similar to that being performed in Natural Orifice Transluminal Endo-

scopic Surgery (NOTES). Pre-operative planning, instrument navigation and

advancement can all benefit with the superior geometric accuracy of a robotic

device (Figs. 30.4 and 30.5).

Our team is pursuing the idea of minimal access neurosurgery with the design

and development of a flexible robotic sheath called Roboscope (in collaboration

with SPI Surgical, Seattle, WA, USA). This robotic device is a multi-jointed

flexible tube with multiple degrees of freedom through which various operating

instruments like dissectors, suction tubes, scopes, etc. pass through. The advantage

of a flexible design is to take a curvilinear approach to the site of surgery, along the

path of safe entry zones. This robotic device is computer guided, which helps direct

through the required turns at specific anatomic points (Fig. 30.6). A CT or MRI

guidance can be used for this purpose. Such image guided flexible robotic systems

may provide endoscopic surgical options for conditions that are currently treated

with open microsurgery.
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This device can be compositely used with other technologies being developed

for minimal access surgery. Nanotechnology based tumor treatments, cryoablation,

and high frequency ultrasound for tumors can all be performed though this device.

30.10 Design of Roboscope’s Main Flexible

Access Port System

The access port system is a flexible construct, with multi jointed links connected

in a serial fashion. This serves the purpose of a maneuverable channel though

which surgical instruments can pass to the site of surgery. The jointed links are

connected and mechanically operated through cables or wires running along the

circumference, at certain points in association with wheels (pulley wheel mecha-

nism). Depending on the design of two cables or four cables, the device can bend in

one plane or have biplanar bending ability (Fig. 30.6). This movement is controlled

through the external robotic device. The movement of the cables provides up to two

degrees of freedom for the movement of the robotic scope (Fig. 30.6). The cables at

the instrument end however, have articulations with a sphere, which provides

additional rotational degrees of freedom along with axial movement (Fig. 30.7).

Depending on the nature of the design employed at the end articulation of instru-

ment, it can have different degrees of freedom and movement at the working end

(Figs. 30.9–30.12).

Fig. 30.4 This conceptual figure shows the need for a curvilinear pathway to negotiate obstacles

when the entrance site must be in one area (entrance point 1) vs another (entrance point 2)
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For the advancement of Roboscope through the brain, the Roboscope at the

functional end has two movable curved plaves which oppose each other to form a

pointed surface. The pointed surface can help pierce through planes, by separating

tissues on either side, thereby making a plane for advancement of robotic scope in a

planned trajectory.

Fig. 30.5 (a, b and c) MRI image showing a pituitary tumor extending laterally that cannot be

operated via a transnasal endoscopic approach. A curvilinear approach with the Roboscope would

make such an approach possible. (d) Posterior fossa meningioma which can be approached and

removed by a standard retrosigmoid craniotomy. In order to access and remove this tumor,

however, a minimal access approach through the retrosigmoid area will require curvilinear

instrumentation. This is a case for performing an endoscopic surgery where open microsurgery

would normally be done
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30.11 Instruments Passing Through the Roboscope

This robotic port system will house atleast two working channels through which

surgical instruments can pass, including a modified bipolar instrument (Fig. 30.8).

The flexible scope can have a cross section of a circle or oval design. The instru-

ments inside the Roboscope are actually held in a sheath, which can be either fixed

or freely movable within the scope. The sheaths, depending on the design, have an

axial or rotational movement capability (Figs. 30.9–30.12). The scope also houses

two camera heads providing for binocular vision. A suction device is located

radially, which could also be maneuvered directionally. This device also has the

ability to spray clean the endoscopic camera heads. A flexible CO2 laser tube can

also be used through this port, which holds the suction device.

The two working channels used in the robotic device will be designed to

accommodate cryoablation or thermo ablation devices, or future nanotechnology

instruments helping in advanced imaging or drug delivery.

Fig. 30.6 Illustrating the bendable design of the roboscope

Fig. 30.7 Illustration showing the degrees of freedom needed at the end of operating tools
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30.12 Future of Robotics in Neurosurgery

The future of robotics in neurosurgery will be based on the need for precision in

smaller operative spaces.

Robotic master slave robots take more time than a standard microsurgical

operation performed by a surgeon. This may limit the use of robots in long surgical

Fig. 30.8 Cross section of the Roboscope showing the arrangement of ports for intruments and the

degrees of freedom. Description of degrees of freedom: (1) Cable up/down, (2) Cable left/right, (3)

Tool in/out, and (4) Tools/rotation

Fig. 30.9 Illustration showing the possible movements and degrees of freedom of the end

operating instruments
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procedures. However, the operative time while using a robot can be decreased with

operator training and design optimization of the robot (as experienced in many of

our robotic experiments).

Incorporation of various preoperative images such as functional MRI, diffusion

tensor imaging, three dimensional angiography, and intelligent solutions to help get

the surgeon to the target site without the destruction of normal tissues will be key

reasons for using robotic devices. Smaller sized robotic machines (possibly micro

or nano) may help to create robots which can self assemble, and disassemble after

performing the required task. Such robots can find a place in endovascular surgery,

intraventricular surgery, and tumor surgery through a small space.

Fig. 30.10 Alternative design, with narrower field of access and radius of curvature

Fig. 30.11 Mechanism of “ wire and sphere”movements and description of the degrees of freedom
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Robots such as NeuroArm, despite being commercially available for more than a

year now, are not widely used in operative microsurgery. A system that confers on us

the ability to perform surgeries that can otherwise not be done with existing technol-

ogy will be readily tested and adopted. Curvilinear, minimal access surgery is one

such technology, which can help neurosurgeons reach beyond the current frontiers.

30.13 Teamwork

Creation of medical robots require a multidisciplinary team with close collaboration

between surgeons and engineers. The research group at the University of Calgary that

developedNeuroArmmay be a good example of a successful team effort. Our research

group at the University of Washington, working on Robo scope is based on similar

lines with collaborative effort involving surgeons, engineers and business associates

from industry. A typical teamwould consist of lead surgeons with expertise in surgical

specialties such as neurosurgery and ENT detailing the requirements of a proposed

device to a team of engineers and business associates. The team of engineers involves

professors and graduate students in electrical and mechanical engineering and

nanotechnology to translate the surgical requirements into a manufacturable design.

Business representatives help with financial plans and timelines for these processes.

30.14 Discussions

Despite the advances in the use of robots in neurosurgery, there are some down-

sides, some of which might be generalized to all surgical specialties. Robots, like

Fig. 30.12 This figure

illustrates the wide range of

movement of the surgical

devices at the end which can

be useful in dissecting larger

tumors/lesions without much

movement of the robotic

scope. Most of the range of

movement is conferred by the

flexibility of the sheath that

houses the surgical

instrument
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any other machine, would have the risk of technical failure. As seen with few

examples, initial stages of their development and use would have more of such risk

and failures, which may be corrected in course of time as with any new complex

technological application [3,18].

The issue of safety will be the primary concern that any new device needs to

address first. There are numerous mechanisms developed in robotics which prevent

the robot from a lock down, such as dual mechanisms or feedback loops for critical

steps. These would help avoid unexpected errors that could be potentially harmful.

Such safety features are also a necessity to help meet the standards of complex

regulations in place for medical device industry.

Secondly, robots, being bulky by design, could occupy a lot of operative space,

making it difficult for surgeons to operate with them. This is especially true in

neurosurgery with smaller operative exposures and deep location of actual field of

surgery. The issue of sterilization before use also needs to addressed in the design

of the robot.

Finally, the quality of work performed with robots needs to be superior or at least

equal to that of good surgeons, within reasonably similar cost brackets. Fulfilling this

criterion would be an absolute necessity for a robot to be embraced by the surgeons.

Currently, open micro-neurosurgery as performed by experienced neurosurgeons

meets or exceeds the expected standards for the procedure. Use of a robot to substitute

surgeons in this situation might be not be essential in performing or improving the

surgery, though it might help make performing the procedure easier for the surgeon.

Such redundancy can be an important determinant in wide acceptance or usage of

robots among surgeons. The da Vinci is a good example of this [1]. Though initially

designed for performing cardiac bypass surgeries, it is not being used for its intended

purpose, as cardiac surgeons are able to perform the procedures equally well or better

without the robot. However, it has found its place in bettering prostatic and gyneco-

logic surgeries, where surgeons were not traditionally microsurgery trained. On this

note, a definite case where robots can help neurosurgeons by providing valuable tools

is curvilinear endoscopic surgery. Such surgeries are beyond the scope of neurosur-

gery in its current form.

After the stage of the acceptance of robotic surgery as a standard of care, the

overall benefit to the population would largely depend on adequate training of

surgeons and complication avoidance. This brings the need to have a quantitative

evaluation system for assessing surgical skills in utilizing such technology, as with

several studies now being performed for the evaluation of minimally invasive

surgery techniques in general surgery [19].

One of the other major hurdles for such ambitious ventures is in getting research

funding [10]. The road from design and manufacture of the robot in the lab to the

operating room is a very long and tedious one. It is a difficult task to sustain the

economic means to pursue such endeavors, more so with the ongoing debate and

downsizing of federal health spending. Increasing government control of the health

care in many countries can impose limitations on the development and adoption of

new medical technology, especially in the neurosurgical market as it is smaller

campared to other specialties.
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30.15 Conclusion

For robots to be embraced in neurosurgery, it would need a fine complement

of human strengths such as judgment and ability to react to situations, with the

advantages of the robot. Reaching this fine balance is a function of advancing

technology and appropriate design. Design of robots that can contribute accuracy,

indefatigability and zero tremor to a surgeon’s judgement could possibly help

push the limits of human performance in microsurgery. Neurosurgery in the future,

especially with the minimal access techniques, requiring superlative technical and

fine motor skills would benefit from such a system. Much remains to be seen

whether the heights of engineering can appropriately complement the finesse of

the fingers, which has evolved over millions of years.
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Chapter 31

Applications of Surgical Robotics in Pediatric

General Surgery

John Meehan

31.1 Introduction

Robotic technology poses some distinct challenges in pediatric general surgery.

The biggest problem is simply a matter of size. The current robot is huge when

compared to a neonate and the instruments were not designed with small patients in

mind. In this chapter, we will present the areas where robotic surgery can excel

while also discussing the issues and problems with the current technology as it

pertains to the huge variety of congenital anomalies and patient sizes that a

pediatric general surgeon encounters.

31.2 Hurdles and Challenges

While pediatric urologists have rapidly expanded the use of robotic surgery,

pediatric general surgeons have been slow to embrace robotic technology. The

reasons are multifactorial and are related to cost, instrumentation size, equipment

size, and a level of comfort that has developed in the last 10–15 years with standard

hand held laparoscopic instrumentation. When the robotic surgical technology first

emerged, several pioneering pediatric centers selected the Zeus surgical system

manufactured by Computer Motion. The pediatric surgeons at these institutions

gravitated towards the Zeus because of the smaller instrumentation which, at

the time, was not available in the Da Vinci. Most of the initial assessments were

performed on animal models – such as piglets – a model which simulated the small

size of infants and neonates [1, 2]. As a result, the Zeus system gained mild

popularity with pediatric general surgeons from 2000 to 2003 with several pediatric

hospitals betting on this system as the future of robotic surgery. But the system was
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ergonomically more like a video game joystick and not all that similar to open

surgery. Meanwhile, the Da Vinci rapidly gained popularity in adult surgical

settings where instrument size was not such an issue. Computer Motion soon

found itself with significant financial difficulties and was eventually taken over

by Intuitive Surgical. The Zeus system was quickly abandoned by Intuitive with

equipment support and maintenance stopped almost immediately. Financially, this

hurt many pediatric hospitals that had purchased the Zeus and now had no support

for their investment. The abandonment of the Zeus left many children’s hospitals

and their surgeons bitter in regards to robotic surgery and this may have tarnished

its popularity amongst pediatric general surgeons. However, a few centers began

using robotic surgery on a regular basis. Small series and case reports began

to emerge over the next 2 years [3–5]. Finally, the first large pediatric general

surgery series consisting of 100 cases was presented at SAGES in 2006 [6].

This retrospective series highlighted the diversity of procedures possible with the

Da Vinci robot in both abdominal and thoracic procedures. Several procedure

specific series followed reporting outcomes and challenges using this new technol-

ogy in children [7–12].

Instrumentation design and manufacturing is based on necessity and frequency

of utilization. Since the dawn of modern surgery, development of pediatric specific

instrumentation has tremendously lagged behind the advances seen in adult surgery.

Much of this is due to the standard axiom that it’s a matter of supply and demand.

First, there are far fewer pediatric patients undergoing surgical procedures than

adults. Additionally, the huge variety of acquired and congenital conditions in

pediatric surgery mandate a variety of highly specialized instrumentation which

may have excellent utility for one procedure but little use in another. Therefore, the

business of making pediatric surgical instrumentation is not seen as a high return

investment for many equipment manufacturers. Therefore, pediatric surgeons have

often needed to settle on using instrumentation and equipment that was intended for

much larger patients. Robotic technology is certainly no exception to this ongoing

challenge.

31.3 Patient Size and General MIS Considerations

The varying size of pediatric patients requires relentless innovation from pediatric

surgeons as their patients are not simply “little adults.” The physical dimensions of

the abdominal cavity of a child cannot be calculated by a simple one to one

conversion factor from that of an adult. For example, the toddler’s abdomen is

much wider left to right proportionally than an adult whereas an adult abdomen is

usually longer from cranial to caudal. This is one of the main reasons why pediatric

surgeons make transverse incisions for an open case while adult surgeons generally

select vertical incisions. Beyond this simple illustration, every organ system is

different too with different characteristics. A good example of this phenomena is
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the neonatal liver. While the liver is a fairly sturdy regenerative organ in the adult,

the neonatal liver, particularly in a premature infant, is extremely fragile and the

premature baby can bleed to exsanguination with the slightest bit of trauma to the

liver capsule. Significant care must be taken by the pediatric surgeon regardless to

the method of approach. In dealing with MIS procedures, the size of the patients

small abdomen or chest become problematic for instruments that are either too wide

or have long articulating lengths. Moreover, the insulating subcutaneous fatty layer

common in adults can be negligible in the child. This layer helps maintain a

pneumoperitoneum as the fat collapses around the trocar. In kids with nearly no

fatty abdominal wall, the surgeon needs to make the trocar incision as small as

possible or significant pneumoperitoneal CO2 loss can occur. This loss is further

amplified with larger ports. A small amount of CO2 leakage can make the case very

frustrating as the neonatal abdomen deflates completely even with small to moder-

ate CO2 escape.

31.3.1 Robot Overview

The Da Vinci Standard, The DaVinci S, and the newDaVinci SI are the three robots

currently in use today. Although the robot has been streamlined somewhat over the

progression of newer versions, the large robot cart still poses an intimidating

challenge for the pediatric surgeon. The robot weights over 500 kg and stands nearly

6 feet in height. Placed over a small pediatric patient such as a neonate, the robot

appears daunting. However, there are simple maneuvers a surgeon can perform in

the positioning of the patient and the placement of the trocars in order to overcome

these hurdles, particularly for small children [13].

31.3.2 Patient Positioning

Patient positioning needs to be adjusted for pediatric patients. In a general sense, the

robotic instrument arms external to the patient must have enough room to move

without colliding with each other or with the OR table. These collision problems are

amplified as the patients get smaller. This can be solved by raising the smaller

pediatric patients above the OR table on foam padding (Fig. 31.1). This simple

maneuver helps on a number of levels. First, it allows for more lateral trocar

placement. With the instrument trocars more lateral, collisions between the instru-

ment arms and the camera arm are less likely and also allows the instruments to

come down to a near horizontal level without colliding with the table. Additionally,

the assistant can access the patient more easily. In general, our practice was to place

children less than 10 kg on two large egg crate foam pads and on one if they were

between 10 and 20 kg.
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31.3.3 Robot Cart Location and the OR Table Positioning

A number of issues must be considered in patient positioning. First, access to the

patient by both anesthesiologist as well as the surgical team is hindered by the

presence of the large Da Vinci robot hovering over the small patient. Careful

planning of lines, monitoring electrodes, and ventilator tubing are important para-

meters for the anesthesiologist to consider. Pediatric general surgery cases can vary

tremendously in regards to the anatomic location a procedure must occur. For

example, a fundoplication is performed in the upper abdomen requiring the robot

to come in over the patients head. An ovarian teratoma requires a pelvic approach

with the robot wheeled in to the patient from the feet. In our first few cases, the

patient and the OR table were kept in the same standard location no matter what

type of case we were doing. This required us to move the robotic console, the robot,

the video tower, back table, and all the support equipment such as cautery machine,

suction setup and many other items to different locations for each procedure. Every

day was a new floor plan depending on the type of case. Moreover, the anesthesiol-

ogist would also have to move their equipment. This became too taxing to orches-

trate every day. Our solution was relatively simple: instead of rearranging every

piece of equipment in the room except the patient, why not just move the patient

and essentially leave everything else in its usual location? The robot was left in one

corner of the room for every case. Then, after anesthetic induction, intubation, and

all their lines were set, we would unlock the OR table rotating the OR table and the

patient such that the anatomy of interest was in alignment with the robot.

For example, the feet would be rotated toward the robot for a case in the pelvis

Fig. 31.1 A 2.7 kg neonate positioned for a fundoplication. Foam padding elevates the patient off

of the table allowing better access to the patient by the bedside assistant and also reducing the

likelihood of robot arm interference with the OR table
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and the head would be rotated toward the robot for a case in the upper abdomen.

Once the trocars were placed, the robot wasmoved the final few feet up to theOR table

with minimal steering needed. Minimal movement of the rest of the OR equipment

was needed with this strategy and made the setup significantly simplified for our

nursing staff. Our anesthesiologist and the nursing team became very comfortable

with this strategy and our case efficiency improved dramatically. This was adopted for

all of our patients regardless of size, and – interestingly –was also adopted by our adult

robotic colleagues in urology, gynecology, and cardiothoracic surgery.

31.3.4 Trocar Positioning

Ideal robotic trocar locations may not necessarily correlate with ideal laparoscopic

trocar locations. In robotic surgery, a wider distance between trocar sites helps

avoid external arm collisions where such lateral positioning may prove ergonomi-

cally awkward for the laparoscopic surgeon holding the hand-held instruments. For

example, Fig. 31.2 demonstrates trocar placement for a robotic fundoplication for

an infant. Even travelling a short 1 cm laterally from the midline camera will

increase the angle between the camera and the external portion of the instrument

arm a significant amount on the convex shape of the rotund insufflated neonatal

abdomen. However, placing the trocar site too far laterally may lead to collisions

between the instrument arm and the operating table. Careful planning will help the

surgeon individualize the best trocar location for each patient based on size and type

of procedure performed.

Fig. 31.2 Robotic port placement for a fundoplication in a 2.7 kg infant. Notice the lateral trocar

placement which is significantly more lateral than the typical laparoscopic trocar location.

This adjustment avoids external collisions between the robotic instrument arms and the robot

camera arm
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31.3.5 Trocar Depth

One disadvantage of the current robotic instruments is the long length of the

articulations of the instrument when compared to the shorter length of the pivoting

jaws of standard hand held MIS instruments. If the entire articulating robotic length

is not inserted passed the end of the trocar, the Da Vinci software will not allow that

instrument to function. This means that a minimum length of each instrument must

be external to the trocar in order for the instrument to function. Next, a minimum

length of the trocar must be inside the patient simply to avoid trocar displacement

out the patient. Each robotic trocar has a thick band intended to aid the surgeon in

placing the remote center at the ideal location (Fig. 31.3). The remote center is the

location in 3 dimensional space that the robotic arm pivots around. The manufac-

turer recommends that the trocar’s remote center, demarcated by the thick black, be

placed just inside the patient. The remote center is a set length from the end of the

trocar and is measured at 2.90 cm. This means a trocar length of 2.90 cm is internal

before any instrument is even placed. If we select even the shortest 5 mm instru-

ment, the Da Vinci needle driver with an articulating length of 2.71 cm, a total of

2.71þ 2.90 cm, or 5.61 cm must be internal to the patient before the instrument can

even function. This requirement may use up all of the available space in the smallest

patients and these size limitations have been previously noted [13, 14].

Although there is nothing we can do about changing the articulating length of the

instrument, we can certainly adjust the trocar depth. What if we were to “cheat” the

trocar just outside the relatively thin neonatal body wall instead of just inside

(Fig. 31.4)? This simple maneuver can buy the surgeon an extra 1.0–1.5 cm of

maneuverability which we have found to make a significant difference. Although

this may sound like a small length, it can have dramatic results when attempting to

maneuver the robotic instruments in the small working space of a neonate. This

adjustment appears to place no untoward torque on the entry point yet has allowed

us to gain a significant advantage with available working domain.

31.3.6 Camera and Instrumentation

One obstacle to the growth of pediatric robotic surgery has been the relatively large

camera and instrument diameters. After being accustomed to 3 and 5 mm diameter

hand held laparoscopic instruments, pediatric surgeons viewed the Da Vinci 8 mm

Fig. 31.3 Robot trocar. The thick black band denotes the remote center of the robot (arrow), the
pivot point at which the robotic arm rotates in space
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instruments and 12 mm camera as simply too large for many procedures in small

children. Between 2000 and 2003, these large diameter devices were the only

hardware available. Fortunately, a number of equipment improvements have helped

open the door for robotic surgery in smaller patients. The first advancement was the

development of the 5 mm instruments initially released in December 2003. A recall

occurred shortly thereafter and they were re-released by the summer of 2004. The

smaller diameter advantage of the 5 mm instrument is somewhat offset by the

longer articulating length when compared to the 8 mm pitch-roll-yaw movement.

Meanwhile, engineers at Intuitive were also working on an alternative for the large

12 mm 3-D camera. Pediatric surgeons suggested that sacrificing the 3-D vision in a

12 mm diameter for a 2-D standard 5 mm laparoscope was an acceptable trade.

In early 2004, the 5 mm 2-D camera specific for the Da Vinci Surgical System was

introduced. The initial design of the Da Vinci robot camera arm anticipated a

specific size and weight for the camera. The 5 mm 2-D scope was markedly lighter

than the 12 mm 3-D camera making the camera robot arm movement unbalanced.

Therefore, a weight adaptation in the form of a docking collar was added

(Fig. 31.5). These two changes in 2004 made robotic surgery using the Da Vinci

more practical in small children, and robotic surgery was finally available for the

smallest patients. The robotic experience at the University of Iowa Children’s

Hospital increased dramatically immediately after these advances with 50% of

their entire robotic patient list weighing less than 20 kg and 25% weighing less

than 10 kg. In 2008, a new 3-D 8.5 mm camera was released which allowed

pediatric surgeons to perform robotic procedures with 3-D vision in many more

small patients. However, this diameter is still too big for thoracic procedures in

children less than 7 or 8 kg because the camera will not fit into the narrow rib space

of smaller infants and neonates. Therefore, the 5 mm 2-D camera still has utility in

pediatric robotic surgery. Unfortunately, Intuitive Surgical decided to end support

Fig. 31.4 Robot trocar adjustment. By “cheating” the trocar a cm or so further outside the patient,

significant room can be achieved which will allow more maneuverability of articulating robotic

arm
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of the 5 mm 2-D camera in the fall of 2009 and this abandonment will significantly

limit the ability of pediatric surgeons to perform robotic procedures in the smaller

neonates.

31.4 Specific Procedures

31.4.1 Thoracic

One of the best applications for robotic surgery in children is thoracic surgery,

particularly the resection of mediastinal tumors. A variety of tumors, benign and

malignant, have been successfully removed using robotic technology in children

[10]. Consider the concept of removing such a rigid mediastinal mass trying to use

standard hand held instruments: the surgeon is trying to circumnavigate around a

rigid solid mass using rigid non-articulating instruments through the rigid chest

wall. Although small masses can be easily excised using this type of equipment,

larger tumors become problematic as the angles to safely excise such a mass

become difficult to approach. Articulating instrumentation can easily overcome

this obstacle while providing a 3-dimensional view of the surrounding mediastinal

structures. The general principles behind patient positioning and robot cart location

are fairly simple. With the patient in a decubitus position, camera port location

should be selected first and ideally placed in the most lateral position of the

hemithorax. Once the camera port is placed, a quick view with the camera to

confirm the location of the mass will help select the other port locations keeping

in mind that the Da Vinci robot needs to come in from the direction of the tumor

(Fig. 31.6). For a mass that is anterior and superior, the robot cart needs to be placed

Fig. 31.5 The docking collar for the 5 mm robotic camera. The weighted collar allowed for the

robotic camera arm to be properly balanced in the first version of the Da Vinci robot
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anteriorly and superiorly. If a tumor is posterior and inferior, the robot cart should

come in from a posterior and inferior location. Some of the benign masses and

anomalies that have been resected robotically include bronchogenic cyst, esopha-

geal duplication, ganglioneuroma, cystic hygroma, and teratoma (Fig. 31.7). Inter-

mediate lesions such as ganglioneuroblastoma along with higher grade

malignancies such as germ cell tumor and neuroblastoma have also been resected

(Fig. 31.8).

A number of congenital conditions and anomalies have been repaired robotically

including tracheoesophageal fistula, congenital diaphragmatic hernia, diaphragm

eventration, and partial and complete pulmonary lobectomies for congenital cystic

adenomatoid malformation and pulmonary sequestration [11].

31.4.2 Abdominal Procedures

The variety of general intra-abdominal procedures which have been accomplished

in children robotically is extensive (table). This is largely due to the wide range of

pediatric congenital anomalies and acquired diseases that exist in the general

population. A review of the literature suggests that a fundoplication is probably

the most commonly performed robotic procedure [4, 6, 8, 12]. Some papers suggest

that this procedure is not cost effective since it can be done laparoscopically with

similar results [12]. However, this claim should be also interpreted in terms of the

much longer learning curve of a laparoscopic fundoplication. Fundoplications

performed laparoscopically have historically taken the pediatric surgeon at least

25 cases before proficiency can be expected [15, 16]. Robotically performed

fundoplications may have a learning curve of less than five cases [8]. There has

been no financial analysis published in pediatric fundoplications regarding the cost

in regards to the amount of time required for learning a laparoscopic technique

Fig. 31.6 Ideal robot cart location and direction (E) for a mediastinal mass resection is dependent

on the location of the mass. (a) Posterior inferior tumor. (b) Anterior superior tumor.
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when compared to learning the robotic equivalent. Interestingly, resident teaching

has also been subjectively faster and more efficient with the robot [8]. These

attributes have left us to conclude that the pediatric fundoplication is an ideal

introductory teaching case when the inexperienced robotic surgeon is familiarizing

themselves with the robotic equipment. The concept of using the fundoplication as

the introductory robotic teaching case is further enhanced by the relatively fre-

quency of fundoplications with the opportunity for repetitive experience. There are

other advantages of using the robot for a fundoplication as well. Many pediatric

surgeons advocate the use of five ports for a standard laparoscopic fundoplication

[17]. It is this authors experience in over 100 pediatric fundoplications that only

four ports are required for any fundoplication which includes one camera port, one

Fig. 31.8 Resection of a neuroblastoma in an infant

Fig. 31.7 Resection of a mediastinal teratoma
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port for a liver retractor, and two instrument ports for the robotic arms. Moreover,

we have never been in a situation where we needed to takedown a pre-existing

gastrostomy tube in any robotic fundoplication. Many patients referred for fundo-

plication already have a gastrostomy tube tacking the stomach to the anterior

abdominal wall. This can be problematic for the pediatric laparoscopist using

standard rigid laparoscopic instruments as they have to steer around the g-tube site

which is in close alignment with the camera line-of-sight from the umbilicus to the

esophageal hiatus. The articulating robotic instruments make it quite easy to steer

around this problem. In over 50 cases performed robotically with a g-tube already in

place, we have never had to take the g-tube site down and have accomplished

fundoplications with minimal discernable change in operative time from those

cases without a previously placed G-tube.

Another commonly performed introductory case is the robotic cholecystectomy.

There is little advantage to performing a cholecystectomy robotically except that it

is helpful for training new personnel and residents, but it does provide the novice

robotic surgeon with a relatively easy and familiar minimally invasive case in order

to determine the nuances of the robot. Likewise, this is also an excellent case to

introduce the junior resident to the robot. However, additional procedures which

may be relatively common such as performing a cholangiogram or common duct

exploration pose certain challenges with the large robot hovering over the patient.

The possibility of needing these additional procedures as part of the cholecystec-

tomy need to be taken into consideration when planning a robot case. For example,

a surgeon may need to temporarily undock the robot and back it out of the way in

order to bring in ancillary equipment such as fluoroscopy for a cholangiogram. The

robot can be redocked after the cholangiogram is accomplished.

Other common MIS procedures include the splenectomy and adrenalectomy [6,

18]. The addition of the robotic Gyrus PK (Gyrus ACMI, Minneapolis, MN) to the

instrument list for the Da Vinci has allowed a greater variety of common abdominal

procedures as well as bowel resections to be performed more readily. The Gyrus PK

is a type of bipolar technology that will thermally seal vessels up to 7 mm in size.

This can greatly facilitate taking down mesenteric vessels in bowel resections and

short gastric or even splenic hilar vessels that are within the size parameters for this

instrument in splenectomies [19]. The Gyrus PK has also been used in pediatric

thoracic procedures such as pulmonary resections for congenital cystic adenoma-

toid malformation (CCAM) and pulmonary sequestration [11]. An intraoperative

photograph from a sequestration resection is shown in Fig. 31.9.

The great advantage of the robot is certainly in the most complicated pediatric

minimally invasive procedures requiring the high precision and fine suturing

capabilities afforded by robotic surgery. These procedures include complex hepa-

tobiliary procedures such as a Kasai portoenterostomy and the resection of the

choledochal cyst [7, 9]. The creation of a Kasai portoenterostomy is a highly

detailed and precise operation. At the annual IPEG scientific meeting in 2007, the

world’s top leaders in minimally invasive pediatric surgery recommended a mora-

torium on minimally invasive Kasai because of port results when compared to open

surgery. This is may not be as unexpected as some would like to believe. In reality,
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the backwards fulcrum effect hand movements of standard non-articulating laparo-

scopic instruments are less precise. Coupled with 2-dimensional imaging, this

operation may not be well suited for laparoscopy. Interestingly, the Kasai’s we

performed robotically at our institution worked well and we felt we saw the

anatomy far better robotically then we ever saw in an open procedure since it was

magnified 12 times in 3 dimensional viewing (Fig. 31.10). However, we had very

limited experience with this procedure as biliary atresia is somewhat rare. In fact,

we only had two patients with biliary atresia before the moratorium was put into

effect. Both of the robotic Kasai’s we performed worked well. One patient still had

a working Kasai at the time of this writing. The other underwent transplantation for

primary liver disease reasons unrelated to the Kasai which, incidentally, was

working well at the time of transplantation. However, we have agreed to the

moratorium in principle until a better understanding of the laparoscopic failure

can be investigated.

Complex procedures such as a choledochal cyst resection (Fig. 31.11) and the

lateral pancreaticojejunostomy (Fig. 31.12) are also more easily accomplished

robotically over the laparoscopic counterpart. We performed the first Puestow

robotically in 2008 and the case report is still pending publication. Although a

handful of pediatric surgeons have performed these procedures laparoscopically,

the grand majority of our colleagues are unlikely to attempt these operations

laparoscopically due to the challenges posed by rigid non-articulating instruments.

A number of other procedures involving congenital anomalies have been

reported. Among these reports are a few congenital diaphragmatic hernia (CDH)

repairs in both the Morgagni and Bochdalek varieties. The use of the robot for

repairing Bochdalek hernias may be of particular value as early reports of the

standard thoracoscopic results were sub-optimal [20]. Success for standard rigid

hand held instruments came at a price of a long learning curve of 20–40 cases [21,

Fig. 31.9 Sealing of the artery to a pulmonary sequestration (PS) using the Gyrus PK in an infant

754 J. Meehan



22]. The early robotic success for these repairs is documented in a number of case

reports and may prove to have a substantially shorter learning curve [14, 23–25].

Moreover, the benefit of the articulating robotic instruments may be of particular

benefit for reaching the most difficult to reach area of the repair, the posterior and

lateral aspect of the Bochdalek CDH (Fig. 31.13), an area where no diaphragm is

present on the lateral wall. This is the portion of the closure that poses significant

Fig. 31.10 Dissecting the portal vein in a Kasai portoentersotomy

Fig. 31.11 Dissection of the common bile duct (CBD) as it enters the duodenum during a

choledochal cyst (CDC) resection
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challenges for the standard laparoscopic instruments. The rarity of these proce-

dures, however, will make it difficult to ascertain outcomes in a scientific fashion.

Long term outcomes studies, even with open techniques, are small and add little

insight into the issues and problems these patients encounter. Other intraabdominal

congenital anomalies we have dealt with robotically include resections of congeni-

tal lymphangiomas and intestinal duplications and repair of a duodenal atresia [26].

The duodenal atresia repair is the youngest patient on record to ever undergo

robotic surgery and was less than 1 day of age with a weight of 2.4 kg at the time

of surgery. The smallest patient by weight was 6 days old but weighed only 2.2 kg

in size and had a Bochdalek CDH repair.

Size is an issue but not as limiting as we had originally imagined. In a review of

our first 5 years of robotic surgery, we discovered that 50% of our patients were

under 20 kg and 25% were under 10 kg. However, we also discovered that the Da

Vinci robot’s range of motion and operative utility becomes increasingly limited

when the patient’s size is less than 3 kg for an abdominal procedure and less than

4 kg for a thoracic procedure [13].

31.5 Recommendations and the Future

It is helpful to utilize the small tricks which make the large Da Vinci robot adapt to

small children. Careful attention to patient positioning, robot cart location, and

trocar placement will help pediatric surgeons perform even very complex MIS

procedures with relative ease. However, repetition is one of the hallmarks of

Fig. 31.12 Opening the chronically dilated pancreatic duct (PD) in preparation to construct a

lateral pancreaticojejunostomy (Puestow)
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successful surgery and robotics is no exception. Reserving the robot for only the

most complex procedures is a common pitfall that will doom any pediatric robotic

program. It is critical to maintain familiarity with the nuances of the robot by

keeping the OR team involved on a weekly basis. This includes performing routine

cases such as cholecystectomies and fundoplications using the robot on a regular

basis in order to make things go smoothly when the rare choledochal cyst, medias-

tinal mass, or diaphragmatic hernia suddenly come in.

The biggest problem facing children’s hospitals is the cost. When laparoscopy

emerged in pediatric surgery in the mid 1990s, the equipment cost – while increased

over open surgery – was within reach ofmost children’s hospitals.Many initial papers

condemned laparoscopic surgery due to the cost and increased operative time. But

persistent pediatric surgeons thwarted these early criticisms and laparoscopy is the

standard of care for many basic pediatric operations. The shorter hospital stays,

decreased pain, and improved cosmesis over an open procedure eventually won out,

even without definitive prospective randomized proof that laparoscopy was either

safer or provided better outcomes. Soon, the increased operating room cost was

justified by the lower cost of shorter hospital length of stay and faster return to full

activity. A new pediatric surgical society – the International Pediatric Endo-

scopic Group or IPEG – was formed. As the years passed, MIS became mainstream

and has replaced open surgery for many procedures, once again without any proof

that laparoscopy was better. Interestingly, the surgeons who made their careers by

pushing the envelope in laparoscopic surgery, and were so heavily criticized during

those early days, are now the loudest critics of pediatric robotic surgery.

But the technology is making progress at an amazing rate. With the rigid and

fulcrum/opposite movement of laparoscopic instruments coupled with 2-dimensional

Fig. 31.13 Closing the lateral most aspect of a foramen of Bochdalek CDH with interrupted

horizontal mattress stitches
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one-eyed view, it’s hard to imagine how such limitations can be justified over more

precise filtered articulating real time hand movements that mimic the exact motion of

the wrist and hand, all utilizing 3-D vision with depth perception. As laparoscopy has

been around for 20 years, it can be compared to the experienced golfer who took just a

few lessons and has a wicked slice. This golfer has played the same course so many

times, and he knows his own wicked slice really well, that he can still get it on the

fairway from time to time even though the swing isn’t pretty. Robotic surgery puts the

precision and accuracy back into pediatricMIS.But the exorbitant cost of theDaVinci

robot has clearly overshadowed its opportunity for growth in general pediatric surgery.

The cost of one Da Vinci robot can nearly wipe out the surgical capital budget of any

children’s hospital for an entire year. This makes purchasing such a device extremely

problematic for most pediatric hospitals.
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Chapter 32

Applications of Surgical Robotics

in Gynecologic Surgery

Rabbie K. Hanna and John F. Boggess

32.1 Introduction

Surgeons strive tominimize surgical complications and newprocedures are developed

with this goal in mind. It is critical when evaluating new innovations that their be no

compromise in overall surgical technique and treatment goals. The emergence of

minimal invasive surgery (MIS) has led to a significant reduction in perioperative

morbidity,mortality and length of hospital stay as compared to traditional laparotomy.

However, current conventional laparoscopy has seen limited application in many

complex pelvic procedures due to the pelvis’s limited space and complex anatomy.

The introduction of robotic assisted MIS has overcome many of these limitations

by providing superior dexterity, intuitive movement, 3-D vision, ergonomics and

autonomy. The use of the da Vinci surgical system has now become an integral

surgical tool in gynecologic surgeries. This chapter will review the current robotic

platform’s development and use in the field of gynecology and gynecologic oncology

since 2005 demonstrating its feasibility and safety.

32.2 Applications in Gynecologic Oncology

Approximately 78,490 women were diagnosed and 28,490 women died from their

disease in the United States in 2008 with gynecologic malignancies [1]. The three

most common cancers affecting these women are uterine, ovarian and cervical

cancers. Treatment often includes major abdominal surgery to remove the primary

cancer, usually a hysterectomy and/or bilateral salpingo-oophorectomy, combined

with surgical and pathologic assessment of regional lymph nodes to exclude the

presence of metastatic disease. Adjuvant treatment with chemotherapy and
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radiation therapy is then prescribed based upon surgical staging. Gynecologic

oncology patients are often elderly and have medical co-morbidities that increase

their surgical risk. Efforts to reduce surgical morbidity are needed to improve

outcomes in this patient population [2].

Minimal invasive surgery (MIS), specifically laparoscopic surgical procedures

have gained wide acceptance in the evaluation and treatment of gynecologic cancer

patients over the past 10–15 years. Feasibility studies have shown that MIS allows

for a quicker postoperative recovery, less postoperative pain, and lower blood loss

for most patients. These benefits translate into potential cost savings for the health

care system. The use of MIS in gynecologic oncology procedures does not appear to

compromise oncologic outcomes [3]. Laparoscopic endometrial cancer staging,

including hysterectomy with pelvic and para-aortic lymphadenectomy [4], laparo-

scopic radical hysterectomy [5–7], and laparoscopic staging of early ovarian cancer

[8], have shown improvements with regards to blood loss and recovery compared to

laparotomy [8–10]. There are inherent limitations in conventional laparoscopic

tools, however. These limitations include a 2-dimensional imaging format, which

lacks depth perception, instruments with limited range of motion, poor ergonomics

for the surgical team, counter-intuitive surgical movements, and picture and instru-

ment instability secondary to a hand tremor. These limitations have restricted (MIS)

utilization in complex pelvic surgical procedures. The introduction of the da Vinci

robotic system (Intuitive Surgical Corporation, Sunnyvale, California, USA) has

enhanced laparoscopic surgery by introducing 3-D vision, instrument dexterity and

precision due to seven degrees of freedom and tremor reduction. The da Vinci

surgical system was approved by the FDA in 2005 for use in gynecologic surgery.

The three-dimensional image provided by the camera gives the surgeon a life-like

view of the surgical field with the added benefit of magnification. The surgeon

manipulates instruments equipped with ‘endowrist’ movements that duplicate the

movements of the hand and computer assistance filters tremor and scales movement

at the surgeon’s discretion [11].

32.2.1 Endometrial Cancer

One significant application of robotics in gynecologic oncology has been in the

management of endometrial cancer, the most common gynecologic malignancy [1].

The foundation of endometrial cancer treatment is surgical staging, which begins

with hysterectomy and removal of the ovaries and in most cases includes pelvic and

para-aortic node dissection. Appropriate evaluation of the regional lymph nodes

directs adjuvant therapy with chemotherapy and/or radiation therapy [12]. Staging

endometrial cancer, therefore is both a pelvic and abdominal procedure (Fig. 32.1).

While endometrial cancer staging can be performed with the first generation or

“Standard” da Vinci robotic system, limited range of arm motion can preclude

appropriate para-aortic lymph node evaluation in some patients. Even with placing

the robotic ports very high on the abdomen, proper range of motion to reach high on
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the aorta and still operate to the pelvic floor can be difficult. Some surgeons have

overcome this problem by docking the robot twice, once oriented to pelvic surgery

and a second time over the patient’s head to complete the high para-aortic node

dissection. This method works well, but does add to the complexity of the proce-

dure and adds the number of surgical ports required to complete the operation.

The second generation da Vinci robotic system, with its wider range of arm motion

and longer instruments improves the range of motion of the platform to sufficiently

perform both the pelvic and abdominal components of the surgery with a single

docking procedure [13]. The da Vinci S system has allowed a single docking set-up

to be utilized for both portions of the staging without re-docking the system.

This allows for a simplified surgical technique with fewer surgical ports.

As mentioned, endometrial carcinoma is the most common gynecologic malig-

nancy in the United States and it is estimated that in 2008 that 40,100 women

were diagnosed with endometrial cancer and 7,470 died of their disease [1].

Fig. 32.1 Surgical staging of endometrial cancer involves a total hysterectomy with bilateral

salpingo-oophorectomy (a), bilateral pelvic (b) and paraaortic lymph node dissection (c). Copy-

right 2009 Intuitive surgical, Inc. Used with permission
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Because women with uterine cancer are often obese, diabetic and hypertensive,

laparotomy is associated with a high operative morbidity and long postoperative

recovery [13, 14]. MIS has decreased complications and shortened recovery for

women with endometrial cancer compared with laparotomy [13]. However, con-

ventional laparoscopy has been associated with long operative times and high

conversion rates [15]. The role of robotic surgery in the surgical management of

endometrial cancer has been gaining a slow but definite acceptance among gyneco-

logic oncology surgeons. Table 32.1 demonstrates the various studies published in

the field of robotic surgeries and endometrial cancer. Marchal et al. [16] were the

first to publish their initial experience in utilizing the Da Vinci Robotic system in

gynecologic malignancies. They reported on five patients who underwent robotic

assisted surgical treatment of endometrial cancer. The authors did not provide

details on demographics or operative data for the patients treated. This early report

was followed by the initial experience of Reynolds et al. [17] and the use of robotic

assisted laparoscopy in gynecologic malignancies. The authors reported their data

of four endometrial cancer patients, two of whom had a diagnosis of endometrial

cancer found by prior hysterectomy and underwent a surgical staging procedure and

two patients who underwent total robotic assisted hysterectomies, bilateral sal-

pingo-oophorectomy and lymph node dissections. The authors concluded that the

mechanical-wristed instruments of the da Vinci Surgical System allowed improved

dexterity that readily overcame the difficulties imposed by the scarring from prior

surgical procedures and the complexity of the surgical staging itself. The limita-

tions recognized by this group were the lack of tactile feedback for the operating

surgeon, which can be partially overcome as the surgeon learns to recognize force

applied by visual cues, such as tissue blanching or deflection of soft tissue struc-

tures. Veljovich and colleagues [18] reported a comparison of 25 patients who

underwent robotic surgical staging to 131 patients undergoing the procedure though

conventional laparotomy. This group found a longer operative time (283 vs 139

min, p < 0.0001) significantly less blood loss and shorter hospital stay in favor of

robotic surgery. The lymph node count was comparable (17.5 vs. 13.1). They

documented the feasibility of robotic surgery in the field of gynecologic oncology

as its use in their practice has facilitated a dramatic expansion of their MIS practice.

In a study to compare the operative and peri-operative outcomes, complications,

adequacy of staging, and cost in hysterectomy and lymphadenectomy completed

via robotic assistance, laparotomy, and laparoscopy for endometrial cancer staging,

Bell et al. [19] reported on a total of 110 patients who’s surgeries were performed

by a single surgeon at a single institution. In Bell’s series, operative time did not

differ between the robotic and laparoscopic approaches (184 vs. 171 min) but was

longer than laparotomy (108.6 min). Lymph node retrieval was similar in all three

groups (14–17 lymph nodes). Boggess et al. [13] published their experience of

robotic assisted endometrial cancer staging as compared to a historical cohort

of surgical staging performed via the laparotomy and conventional laparoscopic

approaches. In their series, a total of 322 women underwent endometrial

cancer staging: 138 by laparotomy; 81 patients by laparoscopy and 103 by

utilizing the robotic platform. The robotic surgery cohort had the highest lymph
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node count, shortest hospital stay and the least blood loss among the three groups.

Conversion-to-laparotomy rates were lower in the robotic group (2.9%) than the

laparoscopic group (4.9%). Boggess et al. [13] concluded that robotic assistance

may allow for an easier and more comprehensive MIS technique than laparoscopy.

Additionally, they also echoed the feasibility and safety of the utilization of the

robotic platform in the surgical staging of endometrial cancer. In a follow-up study

from this group of patients Gerhig et al. [14] analyzed the efficacy of each surgical

method in obese patients. The role of obesity in the development of endometrial

cancer has been well established and approximately 70–90% of estrogen dependent

endometrial cancer patients are obese [20]. Furthermore, endometrial cancer

patients with a BMI more then 40 kg/m2 were found to have a higher relative risk

of death at 6.25 [21]. Thus, it would be important to establish a surgical approach

that minimizes surgical morbidity in this high-risk population. Gehrig et al. [14]

found in a cohort of 36 obese and 13 morbidly obese women who underwent

surgery with the da Vinci robotic system compared with 25 obese and seven

morbidly obese women who underwent traditional laparoscopy that more women

were successfully staged in the robotic cohort (92% vs. 84%). While there was not a

significant difference in surgical complications between the two groups, none of the

planned robotic procedures as compared to two of the latter were converted to

laparotomy. Furthermore, a shorter operative period of 26 min was noted in the

robotic group [14]. Based on these findings, it is suggested that robotic assisted

surgery is the treatment of choice for obese endometrial cancer patients.

DeNardis et al. compared the operative performance, pathology, and morbidity

between robotic assisted laparoscopy and laparotomy for endometrial cancer

staging in a retrospective study [22]. The patients selected for the robotic platform

were significantly thinner and younger with less co-morbidities than the laparotomy

group. The findings of their study were not surprising and echoed the findings of

other studies in terms of less blood less, hospital stay and peri-operative complica-

tions. The conversion rate was 5.4% and the operative time for the robotic group

was 177 vs 79 min of the laparotomy group.

Seamon et al. [23] reported the Ohio State University experience in attempting a

robotic assisted comprehensive surgical staging in 105 patients with a conversion

rate of 12.4%. Seventy-nine of the 92 patients who had the robotic assisted

procedure had a comprehensive staging procedure (total hysterectomy, bilateral

salpingo-oophorectomy, pelvic and para-aortic lymph node dissection) [23]. In a

study to show the effect of robotic surgery on the surgical approach in patients with

endometrial cancer, Peiretti et al. [24], out of Italy, reported on 80 consecutive

patients with endometrial cancer. They reported a mean BMI of 25.2, a mean

operative time of 181 min, and a mean hospital stay of 2.5 days. The conversion

rate in this series was 3.7% (three patients).

The only study to date to evaluate survival was conducted by Mendivil et al.

[25]. They reported on a 3 year interim survival analysis of patients who had

undergone the surgical staging via robotic assisted laparoscopy. This data was

compared to the progression free (PFS) and overall survival (OS) of endometrial

cancer cohorts who were surgically staged via laparotomy or laparoscopy cohorts.
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One hundred and forty-one women had undergone robotic assisted comprehensive

surgical staging during the study period of May 2005 to June 2008. At 40 months of

follow up, the PFS for the TRH cohort was 95% and the OS was 94%. This was not

significantly different amongst the three groups [25].

32.2.1.1 Recurrent Endometrial Cancer

In a systemic literature review [26], recurrent endometrial cancer occurs in approx-

imately 13% of patients. Recurrences are pelvic in 39% vs. distant in the remainder

61% of patients. The different treatment modalities for recurrent endometrial

cancer are surgical resection, radiotherapy or systemic agents consisting of chemo-

therapy or hormonal therapy. The use of surgical resection is the first choice in

patients with local recurrence in an irradiated area [27]. Although no defined patient

selection criteria exist for surgical resection, several authors have published their

experience in this matter [28–31], none of whom were performed by robotic

assisted laparoscopy.

The use of robotic assisted laparoscopic resection for recurrent endometrial

cancer has been performed at our institution. An otherwise healthy patient with a

localized recurrence of endometrial cancer with a prior incomplete surgical staging

5 years prior to presentation was evaluated and was found to have a left pelvic

sidewall isolated recurrence measuring 6 � 8 cm with no radiologic evidence of

distant metastasis, in addition to complaints of left lower limb venous congestion

and negative Doppler findings of venous thromboembolism. An optimal cytoreduc-

tion was successfully achieved. In this case, partial resection of the external iliac

vein was required due to tumor involvement and the venous defect was repaired

robotically by the primary surgeon. The patient was discharged 2 days later, and has

received three cycles of carboplatin and Taxol and remains without evidence of

disease (unpublished data).

32.2.1.2 Patient Evaluation for Robotic Endometrial Surgical Staging

After an appropriate diagnosis of endometrial with an endometrial biopsy and/or a

diagnostic dilation and curettage, patients should be evaluated for a comprehensive

surgical staging. As many of these patients have associated co-morbidities, an

appropriate evaluation in preparation for operative management is emphasized.

Otherwise, other modalities of management (primary radiation or chemotherapy)

are applied to those who cannot undergo surgical intervention. An anesthesia

evaluation for patient tolerability to general anesthesia and surgical positioning in

a steep Trendelenberg fashion as both are essential requirements for a successful

robotic assisted comprehensive staging for endometrial cancer.

For patients with a diagnosis of a grade 1 endometrial cancer (the most indolent

form of this malignancy) only a comprehensive physical examination and a chest

radiograph are required [12]. Although some authorities do not recommend
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preoperative imaging for higher grade endometrial cancer [12], it is our practice to

obtain preoperative computer tomography scans to assist in surgical planning or

changing the overall plan of management if necessary. When there is confirmed

cervical involvement, the plan of surgical management changes from a simple

hysterectomy to that of a radical hysterectomy in most of the patients and at

times, primary radiation is offered. Preoperative CA-125 levels, in patients with

endometrial cancers of high grades, may assist in predicting treatment response or

in post-treatment surveillance [12]. In patients who are suspected to have a large

uterus on physical examination or those whose examination is limited by their body

habitus, a pelvic sonogram to assess for uterine size assists in counseling these

patients for a possible mini-laparotomy for specimen removal rather than morcel-

lating it.

In our practice, almost all patients are eligible for surgical management of

endometrial cancer are candidates for robotic-assisted surgery; we do not have

specific age, weight, or body mass index (BMI) limits. For those who have large

uteri due to fibroids, a mini-laparotomy is performed for removal of the uterus after

completion of the full surgical staging. This has not affected the overall morbidity

and length of hospitalization for these patients.

Operative Technique

A comprehensive endometrial surgical staging includes a hysterectomy, bilateral

salpingo-oophorectomy, and para-aortic and pelvic lymph node dissection according

to the International Federation of Gynecology and Obstetrics staging system [32]. The

senior author has described this surgical procedure [13, 33] and an archived demon-

stration can be accessed at the National Library of Congress at http://www.nlm.nih.

gov/medlineplus/surgeryvideos.html [34]. Other descriptions can be found within

feasibility papers of robotic assisted surgeries for uterine cancer [19, 20].

32.2.2 Cervical Cancer

Radical hysterectomy (Fig. 32.2) is the gold standard surgical treatment of cervical

cancer and is considered the most elegant and complex pelvic procedure by many

gynecologic oncology surgeons. The robotic platform has emerged as an essential

surgical tool in performing this procedure as it allows excellent surgical maneuver-

ability, especially around the great vessels and ureters in the pelvis.

Cervical cancer is the second most common female malignancy worldwide

with 11,070 new cases diagnosed and 3,870 deaths in the USA alone in 2008

[1]. The treatment of early cervical cancer often includes surgical management.

The treatment of stage 1A-1 is accomplished by a cone biopsy or simple hysterec-

tomy, while Stage 1A-2 and 1B-1 are treated with radical hysterectomy. Radical

hysterectomy differs from simple hysterectomy in that it includes removal of the
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parametrial tissues, pelvic lymph nodes and upper third of the vagina. Women who

develop cervical cancer during their reproductive years can be treated with radical

trachelectomy, a technique that preserves the proximal cervix and uterus in an effort

to preserve fertility options (Fig. 32.3) rather than a radical hysterectomy without

impairing their survival [35, 36].

Fig. 32.2 A radical hysterectomy involves removal of the uterus in addition to the parametrial

tissue and a larger portion of the upper vagina. The ureters are dissected laterally and the uterine

arteries are divided close to their origins. Copyright 2009 Intuitive surgical, Inc. Used with

permission

Fig. 32.3 A radical trachelectomy involves removal of the distal portion of the cervix and

proximal vagina in addition to preservation of the ascending branch of the uterine artery.

Copyright 2009 Intuitive surgical, Inc. Used with permission
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32.2.2.1 Radical Hysterectomy

Operative Technique

Various authors have described the surgical technique in performing a robotic

assisted radical hysterectomy [37–42]. The senior author demonstrated the current

technique performed at The University of North Carolina during a worldwide

webcast in February 2006. A full-narrated version can be accessed at http://www.

nlm.nih.gov/medlineplus/cervicalcancer.html#cat63 [43].

The development of (MIS) has allowed an appropriate and comparable surgical

treatment option for cervical cancer patients as compared to that of laparotomy.

Since the earliest publications of laparoscopic radical hysterectomy [44, 45], the

feasibility and safety of this procedure have been demonstrated.

The first feasibility study employing the robotic platform in the treatment of

stage Ib1 cervical cancer to determine whether type III radical hysterectomy and

pelvic node dissection could be performed with acceptable surgical outcomes was

presented by the senior author and his colleagues [46] at the 37th annual meeting of

the Society of Gynecologic Oncologists in 2006. Seven consecutive modified type

III radical hysterectomies with pelvic lymph node dissection for stage Ib1 cervical

cancer were performed using the da Vinci Robotic System. An oophoropexy was

performed when indicated. The average patient age was 41 years old, and the

average BMI was 27.1 (18.6–31.8). The largest lesion was 4 cm. A type III radical

hysterectomy with pelvic node dissection was successfully performed in all seven

patients without any intra-operative complications. The mean blood loss was 143

(25–300) cc, and operative time was 252 (187–290) min. All patients were dis-

charged on postoperative day 1, none received intravenous pain medication, and

none required a blood transfusion. The only postoperative complication was that of

a vaginal cuff abscess 2 weeks postoperatively. All patients passed their voiding

trial within 1 week. All surgical margins were negative, and the average number of

pelvic nodes recovered was 35 (25–55). The authors concluded that robotic mod-

ified type III radical hysterectomy with pelvic node dissection is feasible in patients

with stage Ib1 cervical cancer. Surgical margins and lymph node retrieval were at

least comparable to those of open surgery. When indicated, oophoropexy is facili-

tated by the robotic suturing advantage. The operative time in this initial series was

comparable to published times for open and laparoscopic radical hysterectomy,

with significantly lower blood loss and hospital stay.

The first published RRH was that Marchal et al. [16], seven of the 30 patients

described had cervical cancer. Details pertinent to the operative outcomes for the

RRH are not detailed in their publication. This publication was followed by that of

Sert et al. [47], these authors published a case report describing a RRH and bilateral

pelvic lymph node dissection for a patient with Stage Ib1 cervical carcinoma

concluding that the radical dissection is much more precise than the conventional

laparoscopic radical hysterectomy [47]. The same authors evaluated the feasibility

and efficacy of RRH and bilateral pelvic lymph node dissection for early cervical

carcinoma as compared to LRH [48]. Fifteen patients with early-stage cervical
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carcinoma were involved in this pilot case-control study. One patient from the

conventional laparoscopic cohort was excluded from the analysis due to equipment

failure necessitating conversion to laparotomy. There were no conversions

observed. The median operative time, blood loss and hospital stay were in favor

of the robotic group.

Several authors have published their series of robotic radical hysterectomies and

have shown the advantages of robotic assisted laparoscopy as compared to laparotomy

and conventional laparoscopy. Table 32.2 represents a summary of the various

published studies of robotic radical hysterectomies for cervical cancer. Magrina

et al. [49] published their initial cohort of 27 RRH and compared it to two matched

groups of patients who underwent a radical hysterectomy via the laparoscopic and

laparotomy approaches. Amixture of cervical and endometrial cancer was involved in

all three cohorts of Magrina’s comparison. Both laparoscopic approaches took longer

but were associated with less blood loss and hospital stay as compared to the laparo-

tomy group, there was no difference in the number of lymph node yield nor in the

intra- and postoperative complication rates. Kim et al. [38] described ten patients with

early stage cervical cancer who had a RRH concluding the feasibility of this surgical

approach. Fanning et al. [50] reported a series of RRH procedures in 20 consecutive

stage IB1–IIA cervical cancer patients confirming a better anatomic dissection and

operative maneuverability. Nezhat et al. [40] compared two cohorts of patients with

early cervical cancer. Thirteen RRH were compared to 21 patients who had a

conventional laparoscopic radical hysterectomy LRH. This group concluded that

both approaches are equivalent with respect to operative time, blood loss, hospital

stay and oncologic outcome.

The group of the University of North Carolina published their experience [37] of

51 RRH and compared them to a historical cohort of 49 ARH. In this comparison,

significant differences were found in operative times, blood loss, lymph node yield,

and hospital stay, all in favor of the RRH group concluding the superiority of RRH

over ARH. Ko and colleagues [51] reported a cohort of 48 patients with early stage

cervical cancer including 16 patients who underwent a RRH and 32 had an ARH.

Their conclusions reinforced those cited above.

A multi-institutional experience of RRH among five different gynecologic

oncologists without prior experience of laparoscopic radical hysterectomy was

reported by Lowe et al. [52]. They reported on 42 patients with early stage cervical

cancer (1A1–1B2). The median BMI was 25.1. The median operative time was 215

min and a median EBL of 50 cc. The median hospital stay was 1 day. From an

operative complication standpoint, there was one ureteral injury repaired via the

robot and one bladder injury near the trigone requiring conversion to laparotomy for

repair. They echoed the feasibility of the robotic platform and added that it

represents a tremendous technological advancement offering the potential to rede-

fine the surgical options for the gynecologic oncologists.

Another multi-surgeon experience of three different surgeons was reported by

Persson et al. [41] in which 64 patients with cervical cancer patients underwent

RRH were included. Sixty-four had cervical cancer and 16 had stage II endometrial

cancer. The reported operative time reduced as the number of procedures performed
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reached 176 and 132 min after 9 and 34 procedures respectively. Additionally, the

rate of preoperative complications reduced significantly as more procedures were

performed. Their findings were consistent with other reports in terms of feasibility

of this procedure in addition to recommending nerve-sparing techniques to be

developed. In a study to add to the growing body of literature of robotics feasibility

in gynecologic oncology, Estape et al. [42] reported 32 consecutive patients with

RRH for cervical cancer and compared them to a historical cohort of 17 patients

with LRH and 14 patients with RAH. In this series, the laparoscopic intra-operative

complications were significantly decreased with the introduction of robotic assisted

laparoscopy from 11.8 to 3.1%. Additionally, they favored the robotic platform

over conventional laparoscopy even during the surgeon’s learning phase.

32.2.2.2 Radical Trachelectomy (Fig. 32.3)

In patients with early cervical cancer, preservation of fertility is an option for which

a radical trachelectomy is offered. This procedure consists of removal of the uterine

cervix with its associated parametria in addition to an upper vaginectomy and a

regional lymphadenectomy.

The patient must meet the following criteria before offering a fertility preserving

radical procedure [53]:

1. Desire to preserve fertility

2. No clinical evidence of impaired fertility

3. Stage IA2 to IB (International Federation of Gynecology and Obstetrics)

4. Lesion size <2.0 cm

5. Limited endocervical involvement at colposcopic evaluation

6. No evidence of pelvic node metastasis

This procedure has been approached through traditional laparotomy [54], vagi-

nally [55] as well as laparoscopically [53, 56, 57]. Most procedures are started with

a laparoscopic lymph node dissection and the radical trachelectomy is completed

through the vaginal route, a pure laparoscopic approach is not favored secondary to

the complexity of the procedure. The first reported cases of robotic radical trache-

lectomy were by Persson et al. [58]. Two patients with early stage cervical cancer

(1A1 and a small 1B1) were reported. The operative times were 359 and 387 min

with an estimated blood loss (EBL) was 100–150. The prolonged operative time

was attributed to performing a sentinel lymph node biopsy and to the time waiting

for frozen section results. No peri-operative complications were reported. They

concluded that the robotic approach for this surgical procedure is a safe and feasible

alternative to its combined laparoscopic and vaginal counterparts [59].

Another report of a radical trachelectomy for a cervical adenosarcoma via

robotic assistance was reported by Geisler et al. [59]. The operative time was 172

min with an EBL of 100 ml. Chuang et al. [60] reported a case report of a robotic

assisted radical trachelectomy with a detailed description of the surgical procedure.

The operative time was 345 min, an EBL of 200 ml and a lymph node yield of 43.
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To date, we have performed a total of six robotic assisted fertility-sparing

surgeries at The University of North Carolina (unpublished data). The median

age was 27.3 yo (19.6–33.4 yo), and a median BMI of 23.49 kg/m2

(16.61–31.73). All the patients had stage 1B-1 cervical cancer except for one who

had a 3 mm II-A lesion. The ability to preserve the ascending branch of the uterine

artery was successful in nine out of ten arteries among the last five patients in whom

the original plan was uterine artery preservation. The median console time was 193

min (range, 177–277) with an improvement of 70–90 min after the first two cases.

The median estimated blood loss was 63 ml (range 25–100) and the mean hospital-

ization was 1 day (range 1–2). There were no laparotomy conversions, nor any

blood transfusions. Two minor complications were observed; slight left thigh

numbness and a vaginal apex cellulitis treated with antibiotics. One patient pre-

sented with pelvic pain and radiologic imaging suspicious for a large lymphocyst

which was managed via laparoscopic drainage. Experience performing robotic

assisted radical trachelectomy is early, but it appears that the advantages of an

abdominal approach, such as a greater parametrial dissection combined with the

patient advantages of a laparoscopic/vaginal approach may make this an attractive

procedure for fertility preservation in young women with cervical cancer.

32.2.2.3 Radical Parametrectomy

An occasional diagnosis of cervical cancer is made after a simple hysterectomy for

benign indications; such patients are offered a radical parametrectomy that includes

an upper vaginectomy, removal of the parametria and a regional lymph node

dissection or adjuvant radiation therapy. Daniel and Brunschwig were the first to

describe this procedure [61]. It was routinely performed via a laparotomy approach

but with the development of laparoscopic techniques, several authors have

described this procedure utilizing conventional laparoscopy [62–65].

Ramirez and colleagues [66] reported the first series of robotic assisted parame-

trectomy and pelvic lymphadenectomy. Five patients with squamous cell cervical

carcinoma were described, with no conversions to laparotomy. The median opera-

tive time was 365min, an estimated blood loss of 100ml and a hospital stay of 1 day.

There was one intra-operative complication, a cystotomy. Two postoperative com-

plications were reported which occurred in the same patient; a vesicovaginal fistula

and a lymphocyst. They concluded that a robotic radical parametrectomy is a

feasible and safe procedure.

The senior author has performed a series of radical parametrectomy, upper

vaginectomy with bilateral pelvic lymph node dissection utilizing the robotic

platform on five patients with incidental 1B-1 cervical carcinomas from prior

simple hysterectomies (unpublished data). The route of prior hysterectomies: two

total vaginal hysterectomies and bilateral salpingo-oophorectomy (BSO), two via a

laparotomy and one via a robotic hysterectomy and BSO. The mean console time

was 208 min (170–270), EBL 75 (50–250 ml) and length of stay was 1 day (1–2).

The mean lymph node count was 29 (18–41). Two intra-operative cystotomies were
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encountered and repaired with any residual dysfunction. There was one mild right

genitofemoral nerve dysfunction. Robotic assistance for this complex procedure

allows for better surgical technique in the face of adhesions from the preceding

hysterectomy andmay become the procedure of choice in womenwho choose surgery

over radiation when an occult cervical cancer is diagnosed post hysterectomy.

32.2.2.4 Retroperitoneal Lymph Node Dissection

In patients with advanced cervical cancer (IB2–IIIB) the incidence of para-aortic

lymph node metastasis despite a negative FDG-PET/CT imaging is 8–11% [67, 68].

Thus many authors have reported on surgically staging advanced cervical cancer

with retro-peritoneal para-aortic lymphadenectomy to help design the radiation

fields. To eliminate or decrease the amount of postoperative intestinal adhesions

that occur after a transperitoneal approach, a retroperitoneal (extraperitoneal)

approach has been developed [69–75]. Because the robotic platform provides a

significant advantage over conventional laparoscopy, authors have developed and

reported their techniques in robotic assisted extraperitoneal para-aortic lymphade-

nectomy [76, 77]. Vergote et al. [77] from Belgium reported the first description of

this technique as it was applied to five patients (four with IIB and one with IIIB

squamous cervical carcinoma) after having negative preoperative staging Positron

Emission Tomography – Computed Tomography (PET-CT) scans for para-aortic

lymph node involvement. There was one operative complication: damage to the

right ureter that was repaired robotically with a stent placement and appropriate

suturing. There were no conversions to laparotomy. An EBL of less than 50 ml was

reported. The operative times decreased as each procedure was performed from 139

to 60 min. The authors concluded that the robotic platform offers advantages due to

the steady 3-D visualization, instrumentation with articulating tips that allow for 7

degrees of movement surpassing the human hands mobility, and in addition if

needed a downscaling of the surgeons movements (without tremor) increasing the

accuracy and precision. They emphasize certain technical aspects of the procedure

that can be found in their publication [77].

Magrina et al. [76] of the Mayo Clinic described a case report of a 32 yo female

with IB2 cervical with CT scan findings of a few enlarged aortic lymph nodes. They

performed a retro-peritoneal robotic assisted node dissection with an operative time

of 155 min and an EBL of 30 ml. Both groups concluded the needs for further

evaluation of the techniques as the robotic platform offers significant advantages

over conventional laparoscopy.

Narducci et al. [78] reported their robotic experience performing extraperitoneal

para-aortic lymphadenectomy in six patients (a male with germ of the testicle, four

women with locally advance cervical cancer and another woman with bulky cancer

of the vaginal cuff). A complete para-aortic lymphadenectomy was performed in

one patient complicated by a lymphocele with moderate hematoma managed by

drainage via CT scan guidance. A left para-aortic lymphadenectomy was performed

in the other five patients without complications. They reported an operative time of

32 Applications of Surgical Robotics in Gynecologic Surgery 777



130–240 min and an EBL of <50–200 cc. The lymph node yield was 3–20.They

concluded that a para-aortic lymphadenectomy up to the left renal vein is feasible

with the robotic platform.

32.2.3 Ovarian and Fallopian Tube Cancer

Ovarian cancer was the seventh most common malignancy affecting women in the

USA in 2008 with an estimated 21,650 new cases and 15,520 deaths [1]. Survival is

favorable for early stage ovarian cancer; i.e. stage Ia–Ic granted that an appropriate

surgical staging is performed. A comprehensive surgical staging procedure for

epithelial ovarian and fallopian tube cancers includes a total abdominal hysterec-

tomy, bilateral salpingo-oophorectomy, cytologic washings, biopsies of adhesions

and peritoneal surfaces, omentectomy, and retroperitoneal lymph node sampling

from the pelvic and para-aortic regions [79]. Patients with a suspected early stage

ovarian or fallopian tube cancer can be comprehensively staged via laparoscopy

when performed by experienced gynecologic oncologists [80]. Laparoscopy offers

many advantages over laparotomy including avoidance of an abdominal incision,

shorter hospital stay, and a more rapid recovery time.

32.2.3.1 Initial Surgical Staging Procedure

As with other laparoscopic surgical procedures in gynecologic oncology, surgeons

have proven the feasibility of robotics in performing a comprehensive ovarian or

fallopian cancer staging. Three patients included in the series reported by Reynolds

et al. [17] in describing their initial experience with the robotic platform in

gynecologic oncology had ovarian and fallopian tube cancers. They were all

comprehensively staged.

Although no published studies or reports exist for the role of robotics in the

surgical management of advanced ovarian cancer, Bandera and Magrina point out

in their review of robotic surgery in gynecologic oncology [11] their unpublished

experience in 12 primary robotic debulking and five secondary debulking proce-

dures for ovarian cancer. Included in these procedures were a rectosigmoid resec-

tion, small bowel resection, diaphragmatic resection and hepatic tumor resection.

The upper abdominal procedures were achieved by undocking the robot and

rotating the table to enable re-docking the robot at the patient’s head [11].

Debulking advanced ovarian cancer is not feasible, due to the uncertainty of the

tumor’s extent in the abdomen and the complexity of the surgical procedures

required for an effective debulking surgery. The limitations of the current robotic

platform in exploring the upper abdomen thoroughly prohibit an adequate surgical

management of advanced ovarian cancer.
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32.2.3.2 Recurrent Ovarian Cancer

Although no published reports exist for either conventional or robotic assisted

laparoscopy for secondary cytoreduction in recurrent ovarian cancer setting, Ban-

dera and Magrina [11] have performed five robotic procedures for secondary

cytoreduction with plans to publish their data. We advocate for the use of the

robotic platform if the recurrence is localized and resectable. In general, any

procedure that can be approached with conventional laparoscopy can be, at the

least, equally performed robotically.

32.2.4 Pelvic Exenteration

Pelvic exenteration, an en-bloc resection of pelvic organs of multiple subtypes, is

offered to patients with persistent or central mobile recurrence in the pelvis (i.e. with

no pelvic sidewall extension and resectable disease) in a field of prior radiation.

Reports of laparoscopic exenteration have been published in the gynecologic and

urologic oncology literatures [81–83]. Randell and Eun presented a live webcast of a

robotic assisted anterior exenteration performed for a woman with recurrent cervical

cancer in the pelviswith a 20-year history of pelvic radiation as primary treatment (this

can be accessed through the following web link: http://www.or-live.com/daVinci/

2271/). These surgeons concluded that in experienced hands, such an extensive

morbid procedure could be performed robotically safely. No other reports have been

published on pelvic exenteration in the gynecologic literature. Pruthi et al. [84]

reported a case series of 12 patients who underwent robotic assisted anterior pelvic

exenteration and extracorporeal urinary diversion for clinically localized bladder

cancer concluding that this approach appears to achieve the clinical and oncologic

goals of radical cystectomy in the female patient. There are no reported robotic

assisted exenteration procedures in the gynecologic oncology literature. We have

performed a robotic assisted total pelvic exenteration on a 70 yo female with recurrent

IIB cervical cancer after 4.5 years of remission. The procedure included a total pelvic

exenteration with end colostomy, and an incontinent ileal conduit. The total operating

room time was approximately 11 h with an EBL of 800 ml. The final pathology

demonstrated widely negative margins.

32.3 Applications in Benign Gynecologic Diseases

Following early reports on the use of the da Vinci robotic system in gynecologic

procedures by Diaz Arrastia et al. [85] and Marchal et al. [16], Advincula et al. [86],

provided feasibility and safety data allowing the food and drug administration to

approve the use of da Vinci robotic platform for gynecologic surgical procedures in

April 2005.
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32.3.1 Simple Hysterectomy with or Without
Salpingo-Oophorectomy

Over 600,000 hysterectomies are performed on annual basis in the United States

[87] and a small proportion are performed with minimal invasive surgery [88].

Several case series and surgeons’ experiences have been published in the literature

confirming the advantages of the robotic platform as compared to the conventional

platform [89–91].

In a retrospective review of 200 hysterectomies performed before and after

implementing a robotic program, Payne et al. [90] reported 100 hysterectomies

performed mainly via standard laparoscopy and another 100 procedures performed

robotically. Significant decreases in blood loss, conversion rates (9% vs 4% in

standard and robotic laparoscopic procedures respectively), and hospital stay were

observed. Additionally, it was also noted that 11% of all hysterectomies were

performed via traditional laparotomy in the pre-robotic period whereas none existed

after implementation of a robotics program [90].

We have demonstrated our robotic experience in performing hysterectomies for

benign cases with complex pathology in 152 patients [92]. Obese patients com-

prised 64.4% (98 patients of the cohort). Uterine weight was 250–500 g in 33

patients (21.7%) and more than 500 g in 29 patients (19.1%). Seventy-one patients

had one prior abdominal or pelvic surgery while 23 patients had two or more prior

surgeries. The overall operative time of 122.9 min (43–325 min), with the observa-

tion that two variables contributed to longer operating times; uteri greater than 250

g (due to morcellation time) and resident/fellow involvement in performing the

procedure. There were three intra-operative complications (2.1%) and no perioper-

ative blood transfusions nor any conversions to laparotomy. The robotic platform

appears to facilitate MIS for complex hysterectomy [92].

32.3.2 Myomectomy

A myomectomy is offered to women with uterine fibroids who wish to retain their

fertility or in whom it is thought that the fibroids are a mechanical hindrance to

appropriate transportation of the gametes within the genital tract. This procedure is

usually offered through an abdominal approach for subserous and intramural

myomas, and occasionally by the utilization of a hysteroscopic approach for

submucosal myomas. The use of laparoscopic myomectomy has proven to cause

less postoperative pain, a shorter hospital stay, and faster postoperative recovery

but does not allow for a standard multi-layer uterine closure [93].

The first case series in the literature was reported by Advincula et al. [86] in

which 35 patients who underwent a robotic assisted myomectomy were reported

underscoring that this platform is promising and may overcome conventional

laparoscopy’s surgical limitations. The same group out of the University of
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Michigan reported a second case matched series of 58 women treated via robotic

assistance or the standard laparotomy approach [94]. This series represents the

largest comparative study to date. The results demonstrated less blood loss, hospital

stay and a lower complication rate (all of which bore statistical significance) in

favor of robotic assistance. The operative time was longer, however, in the robotic

group (with a mean of 231.38 vs 154.41 for the laparotomy group, p < 0.05). The

operative technique was described in detail in this study [94].

32.4 Applications in Reproductive Endocrinology

and Infertility

32.4.1 Uterine Anomalies

Malformations of the genitourinary tract are rare with an overall occurrence of

0.16% and may remain silent until incidental detection in evaluation and treatment

of other pathologies during adulthood. Laparoscopic management of genital

anomalies have been describe in the gynecologic literature [95–97]. Although

there are no reported robotic assisted repair of these congenital anomalies, it is

our belief that the robotic platform offers an effective minimally invasive tool and

increased precision during these complex surgical procedures.

32.4.2 Tubal Anastomosis

Tubal anastomosis is offered to women of reproductive age who desire reversal of

their tubal ligature. Tubal anastomosis is a delicate surgical procedure that requires

precise suturing and excellent visualization of the tubal lumen. In an attempt to

minimize the inferior properties offered by conventional laparoscopy, Falcone et al.

[98] reported the first successful case report of bilateral tubal anastomosis in 1999

using the Zeus surgical system. The authors pointed out the significant advantages

of a robotic platform for this delicate surgical operation. The tremor that is noted by

many authors in conventional laparoscopy is filtered through computer enhance-

ment, the stability of the camera allows scaling movements, and enabling an

unwavering view of the surgical site to be maintained [98]. Ergonomically, the

surgeon is in a sitting comfortable position rather than moving his body in an anti-

ergonomic fashion as noticed in conventional laparoscopic procedures which could

affect surgical efficiency [99]. Following their first case report, Falcone et al. [100]

performed a pilot study on ten patients with previous tubal ligations. A tubal

ligation reversal was performed using a Zeus robotic suturing device. No conver-

sions to laparotomy were required, chromotubation at the end of the procedure

showed patency in all tubes anastomosed, and in 17 of 19 tubes when performed 6
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weeks postoperatively. There were five pregnancies without any complications at

the time of the publication.

The first anastomosis with the da Vinci robotic system was published by

Degueldre et al. [101]. The authors of this study proved the feasibility of the current

robotic platform for tubal anastomosis in a series of eight women. This was

followed by and an evaluation of 28 women by the same group [101] concluding

that the robot with its three-dimensional vision, allows ultra-precise manipulations

with intra-abdominal articulated instruments while providing the necessary degrees

of freedom required to perform the microscopic technique.

32.4.3 Endometriosis

Minimally invasive techniques are of paramount importance in the in the diagnosis,

and treatment of endometriosis as these techniques offer a lower rate of adhesions

which improve the clinical outcomes in patients with endometriosis. The reports of

robotic assisted surgery for endometriosis are limited. Nezhat et al. [102] described

their experience of robotic use in various gynecologic indications including the

treatment of endometriosis and have demonstrated the feasibility of this platform

when excising infiltrating endometriotic lesions in the pelvis.

32.5 Applications in Urogynecology

The rate of pelvic prolapse is steadily increasing as our population is aging. With

an approximate 200,000 procedures performed for surgical prolapse annually

[103], a minimal invasive procedure will significantly decreased the peri-operative

morbidity associated with the procedure as it is performed in elderly patients

utilizing the traditional abdominal approach in most instances.

32.5.1 Pelvic Organ Prolapse

The most effective surgical correction of vaginal vault prolapse is an abdominal

sacrocolpopexy [103]. Laparoscopic sacrocolpopexy has not gained widespread

acceptance secondary to the difficulty suturing. The robotic platform has made this

surgical procedure feasible as it allows for better maneuvering in the narrow pelvic

cavity and the ability to suture.

The first experience published was that of Elliott et al. of the Mayo clinic [104]

in which 30 patients with post-hysterectomy vaginal vault prolapse underwent

robotic assisted laparoscopic sacrocolpopexy with a mean follow-up of 24 months

and a minimum of 12 months after surgery. Patients had a mean age of 67 years
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(47–83). The mean operative time was 3.1 h (range 2.15–4.75). All patients were

discharged on postoperative day 1 and the other on postoperative day 2. Regarding

the outcomes, there was one grade 3 rectocele recurrence, one recurrent vault

prolapse and two with vaginal extrusion of mesh. All patients were satisfied with

outcome. These authors concluded that the robotic platform combines the advan-

tages of open sacrocolpopexy with the decreased morbidity of laparoscopy.

Daneshgari et al. [105] reported feasibility and short-term outcome of 15 cases of

robotic abdominal sacrocolpopexy and sacrouteropexy for advanced pelvic organ

prolapse, concluding that the technique is safe and its outcomes compare favorably

with open or laparoscopic abdominal sacrocolpopexy. One patient was converted to

a laparoscopic assisted sacrocolpopexy, another one to laparotomy and a third to

transvaginal repair. The mean (range) patient age was 64 (50–79) years. The mean

(range) estimated blood loss was 81 (50–150) ml. The mean hospital stay was 2.4

(1–7) days.

The largest comparative study of robotic vs. abdominal sacrocolpopexy, for

vaginal vault prolapse, was that published by Geller at al [103] in which the short

term outcome of these two modalities were compared. There were 73 patients in

the robotic cohort and 105 in the abdominal cohort. The two groups were similar

from a demographic standpoint. Robotic sacrocolpopexy was associated with less

blood loss (103 � 96 ml compared with 255 � 155 ml), longer total operative time

(328 � 55 compared with 225 � 61 min), shorter length of stay (1.3 � 0.8

compared with 2.7 � 1.4 days), and a higher incidence of postoperative fever

(4.1% compared with 0%). Robotic sacrocolpopexy demonstrated similar short-

term vaginal vault support compared with abdominal sacrocolpopexy, with less

blood loss and shorter length of stay. These authors suggested the long-term data

are needed to assess the durability of this new minimally invasive procedure.

32.6 Advantages and Disadvantages

As with any other technological innovation, the advantages the robotic platform

offers are faced with some disadvantages that are offset by its superiority over

conventional laparoscopy. The da Vinci robotic system offers: (1) a better and

stable 3-D operative visual picture with the ability of digital zooming, (2) greater

degrees of freedom of articulation and improved dexterity with the elimination of

the fulcrum effect, (3) better ergonomics, (4) motion scaling and filtration of

physiologic tremor [106].

32.7 Conclusion

The utilization of the robotic platform for laparoscopic procedures has augmented

the surgeon’s superiority during any of the abovementioned surgical procedures
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without sacrificing surgical technique. Additionally, robotic assisted procedures

have made MIS surgery more generalizable for more procedures and diseases. The

learning curves for robotic assisted procedures are faster when compared to those of

conventional laparoscopy, which is reflected in the rapid adoption of this tool set by

gynecologists and gynecologic oncologists. While there has been great success with

the current robotic platform, there is a desire for future systems. In addition, better

level data is necessary to ensure that the outcomes reported are generalizable to all

surgeons and that clinical long-term outcomes are satisfactory.
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Chapter 33

Applications of Surgical Robotics

in General Surgery

Ozanan Meireles and Santiago Horgan

33.1 Introduction

From the first laparoscopic cholecystectomy performed in 1985 to the introduction

of robotic surgical telemanipulators in general surgery in the early 2000s, the field

of general surgery has changed tremendously, to the point that isn’t general

anymore; indeed this concept barely exists as a surgical discipline outside rural

areas. It has however evolved into the last subspecialty of what was once known as

general surgery, and it called Gastrointestinal or Alimentary Tract surgery. The

factor the influenced the most on this change was the adoption of Minimally

Invasive Surgery in the late 1980s, which selected the General Surgeons that

were interested on the abdominal cavity and the gastrointestinal tract. Furthermore,

the success and wide spread acceptance of the Laparoscopic Cholecystectomy,

brought this field to the spotlight. Nowadays laparoscopic anti-reflux surgical

procedures, esophagectomies, colectomies and bariatric surgery are done routinely

in major centers across the United States, Europe and many parts of the world.

Minimally Invasive Surgery has benefited patients with small incisions, less

traumatic operations, and improved cosmesis [1]. However these procedures

requires long instruments that are introduced into the abdominal cavity, and use

the abdominal wall as a fulcrum at point of insertion requiring to execute hand

movements that are directed to the opposite direction to the instruments tip,

furthermore they amplify motion tremors, impair tactile sensation, and limit the

degrees of freedom; additionally the TV monitors used in laparoscopy imposes loss

of stereoscopic view [2, 3].

Robotic assisted surgery debuted in 2000, aiming to return to the Minimally

Invasive Surgical field the benefits of open surgery, such as three-dimensional

vision, and wrist action with seven degrees of freedom at the surgical site [4].

Robotic surgical systems are capable to generate duplication of the surgeon’s hand

movements [5]; moreover, they add unique advantages during laparoscopy, by
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eliminating tremor, enhancing precision, and reducing fatigue due to comfortable

ergonomics [6]. However still some drawbacks with the current generation of

robots, which include the operational cost and the absolutely lack of haptics [7, 8].

The introduction of robots in general surgery for human application started in

1993 with the use of automated camera positioning robots to maneuver the laparo-

scope with a hands-free approach, and therefore eliminate the need for the assistant

to hold the camera; these systems were the EndoAssist (Armstrong Health care,

High Wycombe, UK) and the AESOP (Computer Motion, Goleta, California). The

EndoAssist used infrared sensors to detect the movements of the surgeon’s head in

order to maneuver the camera, and the AESOP which was initially maneuvered by a

foot-pedal interface, and later by a voice-controlled [9].

From camera holders, the surgical robotic systems evolved to offer surgeons the

ability to perform tele-manipulation with active and total control of the robotic arms

equipped with surgical tools, such as graspers, scissors, dissectors and needle

holders in a master–slave fashion, where the robotic arms act only when the surgeon

at the master control performs an action [10].

Currently there are two available robotic systems with tele-manipulation cap-

abilities adopted for gastrointestinal surgery and approved by the FDA for clinical

use. They are the ZEUS robot (Computer Motion, Goleta, California) and the da

Vinci Surgical System (Intuitive Surgical, Sunny Valle, California). Intuitive Sur-

gical now owns both systems, and since the acquisition of Computer Motion by

Intuitive Surgical, only the da Vinci system still commercially available; yet both

systems continue to be used in clinical settings. Both robots are designed to function

in a master–slave fashion with several robotic arms managed by a surgeon from a

computerized console remotely located from the surgical table.

The Zeus robotic system has a control console where the surgeon visualizes the

operative field via high resolution monitors and operates the master controls, which

communicate with three robotic arms mounted to the surgical table. The central

robotic arm is an AESOP, which allows the surgeon to manage the laparoscopic

camera using voice-controlled commands; peripherally, two tele-manipulator

robotic arms are located to the right and left of the central robotic arm and are

controlled by the master controls [11, 12].

Feasibility studies for the use of the Zeus robotic system for abdominal surgeries

were initially conducted with experimental models using swines, and in 2001, the

FDA granted clinical approval for limited application of the Zeus system for

abdominal operations in the USA. However, in Europe, Mareschaux et al. were

already performing robot-assisted laparoscopic cholecystectomies, and performed

the first transatlantic cholecystectomy, with the patient located in Strasbourg,

France and the robot’s console in New York, USA [13]. The Zeus’ application in

remote telesurgery was then further explored in rural Canada by Anvari [14].

The da Vinci Surgical System has a large console where the surgeon receives

binocular image from the surgical field and operates the robotic arms through a

computerized system using master controls. In this system, depending on the model,

there are three or four robotic arms assembled on a movable single unit, with the

central arm supporting two parallel cameras and the lateral arms serving as instrument
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arms. The image are acquired and delivered simultaneously to the console’s two

monitors who are observed in a parallel binocular fashion by the surgeon’s eyes,

allowing stereoscopic view. The tips of the instruments have seven degrees of freedom

andwrist action that are remarkably similar to themechanics of open surgery, allowing

more complex and delicate tasks than standard laparoscopic instruments [15].

Since the Zeus was discontinued, the great majority of scientific research and

clinical data using robotic systems have been done with the Da Vinci. The main

advantages of surgical robotic systems over standard laparoscopy are the elimina-

tion of the counter intuitive motion of standard laparoscopy and the alignment of

the surgeon’s eyes and hands over the area of interest, while positioned on a

comfortable console, therefore improving ergonomics. They mimic open surgery

due to the wristed action movements, which add more degrees of freedom than

laparoscopic instruments and allow more precision in the surgical field. Moreover,

those systems filter and eliminate the surgeon’s natural tremors and are capable to

scale the movements to millimetric precision, making them ideal to work in small

working spaces such as the male pelvis and hiatus.

By offering three-dimensional stereoscopic vision with its dual camera technology

the daVinci system returns to the surgeon the depth of perception, which was lost with

the use of standard laparoscopicmonitors. Furthermore, with the addition of the fourth

arm, surgeons are now able to perform certain operations without the need of an

assistant. In bariatric surgery the use of surgical robotic systems also helps to decrease

the surgeon’s fatigue caused by the abdominal wall torque in morbidly obese patients.

Lastly, those platforms offer unique and astonishing capability of performing remote

telesurgery. However there are some disadvantages of the current commercially

available platforms, which are the high operational cost, the suboptimal application

for multi-quadrant operations and the absence of tactile feedback requiring the

surgeon to depend on visual cues instead of tactile cues.

33.2 Specific Applications

33.2.1 Esophagectomy

Nowadays the major indication for esophagectomy is the Carcinoma of the Esoph-

agus, with has an incidence of 5 per 100,000 people and is responsible for about

12,000 related deaths per year in the United States [16]. Currently, adenocarcinoma

accounts for about 50% of all new cases of esophageal cancer in the US. It is usually

located in the lower esophagus or gastroesophageal junction, and the most impor-

tant risk factor associated with esophageal adenocarcinoma is gastroesophageal

reflux disease (GERD). Approximately 15% of patients with GERD will develop

intestinal metaplasia and 1% of these will develop esophageal cancer. Conse-

quently, when the diagnosis of high-grade dysplasia (HGD) is confirmed,
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esophagectomy should be considered as the first line of treatment, since up to 60%

of high-grade dysplastic mucosa harbors unsuspected adenocarcinoma [17].

Esophagectomy is one of the most complex and traumatic operations in

gastrointestinal surgery and is associated with significant postoperative morbidity

and mortality [18]. The esophagus spans from the neck to the abdominal cavity,

passing through the posterior mediastinum in close proximity to the great vessels.

The first successful esophagectomy with anastomosis was performed through the

left chest in 1933 [19]. Since then several surgical approaches have been developed

including the Ivor Lewis procedure with esophageal resection through separate

laparotomy and right thoracotomy with an intra-thoracic anastomosis. In 1972,

McKeown described a modified Ivor–Lewis procedure with esophagogastric anas-

tomosis in the neck through a separate cervical incision. Furthermore in 1978,

Orringer proposed the transhiatal transcervical esophagectomy technique without a

thoracotomy.

With the introduction of Minimally Invasive Surgery and in an effort to lessen

the invasiveness of the open approach, laparoscopic and thoracoscopic minimally

invasive techniques have been proposed and validated for esophageal resection

[20, 21]. In the mid 1990s De Paula [22] and Swanstrom [23] reported laparoscopic

techniques where through a trans-hiatal approach, the stomach and esophagus were

mobilized with excellent visualization up to the level of the inferior pulmonary

veins, with the indisputable advantages of a minimized blood loss, shorter operative

times and hospital stay [24].

Nevertheless, the shortcoming of laparoscopy, such as lack of stereoscopic

view, unstable camera platform, straight and short laparoscopic instruments with

limited degrees of freedom, and poor ergonomics, made it difficult to perform

an adequate middle and upper esophageal and mediastinal nodal dissection [25].

For this reason, some surgeons advocated performing a combined laparoscopic

and thoracoscopic approach; consequently, imposing the need of one lung venti-

lation, patient repositioning during surgery, and the associated perioperative

morbidities of violating the thoracic cavity [26]. Hence, to date the most benefi-

cial approach has not been established yet and no surgical technique has prevailed

over the others [27]. Robotic technology has the promise of changing this

paradigm by offering to the surgeon the benefits that are lacking in standard

laparoscopic surgery.

The robotic system allows the surgeon to work in the narrow space of the

mediastinum, therefore overcoming spatial limitations experienced during standard

laparoscopy. It offers stereoscopic view and utilizes instruments that are 7.5 cm

longer than standard laparoscopic instruments, allowing more proximal mobiliza-

tion, sometimes reaching beyond the level of the carina. Also, the dissection in the

vicinity of the pulmonary veins, aorta, and parietal pleura can be accomplished

safely due to the articulated instruments tips, three dimensional view and the

magnification of the operative field. It has also been shown that robotic THE offers

a potential added benefit of maintain the oncological principles without the need of

concomitant thoracoscopic approach when compared with standard laparoscopic

THE [28–30].
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In 2003, we described the very first robotic assisted trans-hiatal esophagectomy

[31], which was followed by several reports that confirmed the feasibility and safety

of this technique. The goal of this operation is to resect the specimen and perform

lymphadenectomy when indicated, create a gastric conduit and perform a cervical

anastomosis. The steps are the following: after proper positioning the patient and

obtaining peritoneum access, the exposure of the Crura and mobilization of the

Stomach is accomplished with standard laparoscopic instrumentation, then the

robot is docked to perform the mediastinal esophageal dissection, followed by

open cervical dissection where the cervical and transhiatal dissection are

connected; the gastric tube formation is then performed with standard laparoscopic

instruments and the gastric tube is pulled up into the mediastinum and out through

the cervical incision. And finally the anastomosis between the esophagus and the

stomach is performed at the cervical level.

When compared with standard laparoscopy the daVinci robotic system enhances

dexterity by nearly 50% [32]. The abovementioned benefits of the daVinci robotic

system allow the surgeon to minimize intraoperative complications during critical

portions of the esophageal dissection, especially near the pulmonary veins, aorta,

and parietal pleura, resulting in minimal cardiac and pulmonary complications, as

well as significant decrease in blood loss [33]. Although still controversial whether

the application of minimally invasive techniques for the treatment of esophageal

malignancy, the three-dimensional visualization and the magnification of the oper-

ative field associated with the articulated wristed instruments allow precise dissec-

tion with optimal proximal and distal resection margins and a mean number of

lymph nodes harvested comparable to series of thoracoscopic esophageal mobili-

zation [34–36].

In conclusion, the use of robotic surgical systems during THE, enhance the

surgeon’s ability to perform fine and precise dissection in a very narrow field with

the benefits of Minimally Invasive Surgery. Still, the high cost of the equipment and

the necessity of a highly trained Minimally Invasive esophageal surgeon to operate

a machine that lacks in tactile feedback, an important drawback for this application.

And certainly, long-term survival and regional recurrence need to be determined to

assess if robotic THE has comparable long-term outcomes with open transhiatal or

transthoracic techniques.

33.2.2 Re-do Nissen Fundoplication

Gastroesophageal reflux disease (GERD) has a high prevalence in the western world;

and it is estimated that approximately 20% of the population in the United States

experience characteristic symptoms of this disease once a week [11]. GERD is

a multifactorial disease, where the size, location and tonicity of the lower esoph-

ageal sphincter (LES), and the presence of a hiatal hernia are implicated on its

pathophysiology. If not treated, this disease can lead to complications such as

esophagitis, strictures, intestinal metaplasia, and adenocarcinoma.
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Before the advent the minimally invasive surgery and a better understanding of

the pathophysiology of GERD, surgery was only indicated for patient who failed

medical management. However after laparoscopic fundoplications were proven

feasible, safe and with comparable results of open surgery, the ideal candidate for

surgery became the patient who responds well to PPIs, presents with typical

symptoms and has a positive 24-h pH study [12]. Additionally, patients with

GERD that were diagnosed early in their life, patients that are not willing to receive

long-term medical treatment, patients at high risk of developing complications or

with Barrett’s esophagus should also be consider as candidates for laparoscopic

fundoplication.

Since Dallemagne and colleagues [37] described the first laparoscopic Nissen

fundoplication in 1991, the technique became well accepted and has revolutionized

antireflux surgery. From 1993 to 2002 the numbers of fundoplications performed in

the United States increased from 22,000 to 41,000 [38]. The success rate of

laparoscopic fundoplication is around 90–95%, with 2.8% of reoperations due to

recurrence in specialized centers [39]. Laparoscopic revisional fundoplication

procedures although feasible and with comparable results to open surgery, are

extremely challenging cases [40–42]; mostly due to the well-known disadvantages

and limitations of standard laparoscopic surgery. These limitations however, can be

overcome with the robotic assisted surgery, which allows surgeons to perform these

complex procedures with more accuracy.

Laparoscopic revisions of Nissen Fundoplication consist on the identification

of the wrap and the esophageal hiatus, the assessment of the intactness of the

fundoplication and crurorrhaphy and as well their relation. In the majority of the

times the wrap needs to be undone to identify the structures; moreover the reduction

of a herniated stomach needs to be performed in at least half of the cases [43, 44].

When trying to accomplish those tasks the surgeon may injures the liver, spleen,

gastric wall, pleura, esophagus, inferior vena cava or aorta, due to the fibrotic

adhesions created around the wrap and at the previous site of the hiatal hernia

repair. In this hostile environment standard laparoscopic surgery exposes its short-

comings, due to the loss of stereoscopic view and the limitation of the rigid

instruments movements in the narrow operative field around the thoracic esopha-

gus, consequently limiting the surgeon’s ability to perform these procedures in the

safest possible manner.

Robotic surgery technology has the potential to overcome some pitfalls of

standard laparoscopic surgery. In 1999 Candire performed the first robotic assisted

fundoplication [45], and since then, clinical trials comparing robotic-assisted

Nissen fundoplication vs. laparoscopic Nissen fundoplication have been reported

in the literature [46–48]. These investigators not only demonstrated that robotic

approaches were feasible and safe; but also noted that they added the benefits of

three-dimensional view and precise dissection at the narrow mediastinum space,

therefore avoiding the drawbacks associated with standard laparoscopic approaches

[49–51].

Although robust supportive literature is available for primary Robotic Nissen

fundoplication, to date there is no published scientific data that compares robotic
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assisted redo fundoplication with purely laparoscopic redo fundoplication, or even

a compilation of case series on the former. There is, however, significant anecdotal

and extrapolated data from the overall robotic Nissen literature and from personal

experience of esophageal surgeons who perform these procedures with assistance

of the robot.

On these premises, experienced surgeons have observed and reported that the

employment of robotic assistance in revisional fundoplication has some clear

advantages over standard laparoscopy. Among those advantages is the utilization

of 3D visualization, which allows a better identification of the Vagus nerve and the

differentiation of muscle fibers from fibrosis, avoiding inadvertent gastric or esoph-

ageal perforation. Overall, the robotic design augments the surgeon’s capability

to maneuver instruments in the narrow space of the hiatus and allows fine and

precise dissection of the warp and esophagus from vital structures such as the aorta,

vena cava, pleura and pericardium; therefore providing a safer operation in

skillful hands.

Conversely, from the same source of unpublished experience, there are reports

of the noticeable increased operation room time and cost. It was also noted that the

lack of tactile feedback can too predispose to iatrogenic injuries to the surrounding

structures in inexperienced hands.

Robotic assisted redo fundoplication procedures are certainly a promising alter-

native for laparoscopic treatment of failed anti-reflux surgery, and despites the

increased operative time and cost, they have the promise of improving individual

surgical outcomes when wisely employed. Nevertheless prospective randomized

data still needed before we can justify a more liberal utilization of this device in the

routine surgical practice.

33.2.3 Heller Myotomy

Achalasia is the most common dysmotility of the esophagus, with annual incidence

of approximately one in 100,000 individuals in North America. Its etiology is

unknown and the treatment is mainly palliative, intended to decrease the intra-

luminal pressure at the level of the lower esophageal sphincter (LES). With the

advent of less invasive techniques [52, 53] and their well established long-term

results [54], the initial treatment pathway shifted toward operative procedures

instead of endoscopic dilatation or Botulinum toxin injections.

Laparoscopic Heller myotomy (LHM) has become the procedure of choice for

the treatment of Achalasia, with satisfactory results in 85–90% of patients [55].

LHM can be safely performed on hands of skillful laparoscopic surgeons; however

the average incidence of esophageal perforation reported is about 5–8% [56–58].

The goal of this operation is to perform complete myotomy of the esophagus at

12 o’clock position at least 6 cm proximal to the gastroesophageal junction (GEJ)

and 2 cm distally into the stomach, exposing the submucosal plane and preserving
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the Vagus nerve. During standard laparoscopy, surgeons rely on monoscopy view,

instruments with limited degrees of freedom and use the abdominal wall as a

swivel, making the movements contra intuitive and augmenting the surgeon’s

natural tremors. This could justify limited or incomplete myotomies and iatrogenic

mucosal perforations.

Heller Myotomy, is probably the gastrointestinal procedure where robotic sur-

gery finds one of its best application. The first case of robotically assisted Heller

myotomy (RAHM) was performed by our group in 2001, with was compiled with

eight other cases and published on the same year. Our experience demonstrated that

the robotic system allowed to complete the myotomy in about half the time spent

with the standard laparoscopic approach (17 vs 33 min), with greater comfort and

precision for the operating surgeon [59]. By adding stereoscopic view, instruments

with seven degrees of freedom, elimination of inherited tremors and fine motion

scaling, RAHM has established itself as a safer alternative to LHM [60]

In a multi-institution trial assessing efficacy and safety of RAHM compared with

LHM for treatment of achalasia, a total of 121 patients underwent (RAHM) or (LHM),

and where followed at 18 and 22 months, with 92% and 90% of patients having

persistent relief of their dysphagia respectively. There was no difference between the

two approaches regarding alleviation of symptoms or postoperative heartburn, there-

fore demonstrating the comparable efficacy of RAHM to LHM. Conversely, there

were more intra-operative complications with LHM, resulting in esophageal perfora-

tion (16%), whereas RAHM had zero complication (0%). There was however, a

shorter operative time for LHM (141 � 49 vs 122 � 44 min, P < 0.05), which was

observed only in the first half of the trial. As the surgical team learning curve achieved

its pinnacle, there was no more difference between the operative times between the

groups.

Although RAHM is more expensive and may add extra operating room time in

less experienced hands, when compared with LHM; studies suggest that RAHM has

at least the same efficacy and is safer than LHM, because it achieves comparable

results and sharply decreases the incidence of esophageal perforation to 0%, even

on patients who had previous endoscopic treatment.

33.2.4 Robotic Assisted Gastric Bypass

Obesity has become an endemic problem in the United States. In 2007 was

estimated that 34% of U.S. adults aged 20 and over, were obese and 13% of the

entire population were morbidly obese. Long-term weight loss with diet and

exercise are in general unsatisfactory. For about two decades the National Institute

of Health (NIH) have been pointing obesity as an epidemic problem, and proce-

dures such the vertical-banded gastroplasty (VBG) back on 1990s and gastric

bypass were considered suitable treatments for long term results [61]. The number

of bariatric procedures performed in the USA in 2007 was estimated in 180,000

cases. Initially those procedures were performed in an open fashion, indisputably
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adding short and long term morbidity due to the laparotomy, which included

lengthen hospital stay, and diseases associated to the short term immobility such

as pneumonia and pulmonary embolism; additionally incision related complica-

tions such as wound infections and high incidence of incisional hernias were quite

frequently observed [62]. With introduction of minimally invasive bariatric sur-

gery, and its well proven decreased morbidity compared with open surgery, the

number of laparoscopic bariatric operations has grown tremendously in the last

decade.

Laparoscopic adjustable gastric band placement and laparoscopic Roux-en-Y

gastric bypass (LRYGBP) are the most common bariatric procedures performed

these days. Adjustable gastric band procedures can be safely done laparoscopically,

as they don’t require major advanced laparoscopic skills and have a short learning

curve; on the other hand LRYGBP is one of the most complex and challenging

minimally invasive procedures in gastrointestinal surgery. LRYGBP requires very

advanced laparoscopic surgical skills, such as suturing, intra-corporeal knot tying,

stapling, two-handed tissue manipulation, and the ability to operate in multiple

quadrants of the abdomen; consequently the learning curve is very steep [63, 64].

Moreover, some additional challenges may be present during Laparoscopic

RYGBP, particularly on super morbidly obese patients, where the abdominal wall

torque induces surgeon’s fatigue and decreases the ability of fine tissue manipula-

tion. Those impeding factors led some surgeons not to adopt this technique, which

is now mainly confined to Minimally Invasive Surgery fellowship trained bariatric

surgeons [65].

The first report series of robotic-assisted cases concluded that the use of robots

is most beneficial when fine manipulation is required, such as when working at the

hiatus [66]. As discussed on this chapter, the first generation of the da Vinci’s

design is best suited to work in single quadrant operations and confined spaces, and

is capable to perform fine tissue manipulation and precise suturing tasks. Therefore

for procedures such as LRYGBP, that requires multiquadrant manipulation, the

robotic equipment is either used for only a portion of the entire procedure or

requires extensively repositioning throughout the case if more than one quadrant

needs to be accessed with the robot, which adds considerable extra time to the

operation. Consequently, most of the bariatric applications involve the utilization of

the robot for only one step of the procedure; usually involving the gastrojejunal

anastomosis. Some centers however were able to use the robot for the entire

operation by using a customized port placement with median operative time of

140 min (80–312 min) [67].

33.2.4.1 Adjustable Gastric Banding

The laparoscopic adjustable gastric banding is a purely restrictive procedure, which

allows a creation of a gastric pouch by applying extraluminal restriction to the

stomach. It has become increasingly popular due to its simplicity, lower morbidity
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and potential reversibility. Nowadays, laparoscopic adjustable gastric banding

accounts for a large number of the bariatric cases performed every year [68].

Cadiere and colleagues performed the first robotically assisted laparoscopic

gastric banding procedure in 1998, using the Mona robotic surgical system (Intui-

tive Surgical, Mountain View, CA), with an operating time of 90 min [69].

Following this case, others have reported that robotic assisted gastric banding has

comparable clinical outcomes to traditional laparoscopic procedures, though

the operative times were significantly longer in the robotic procedures [70]. The

experience drawn from those studies demonstrated that the main advantage of

the robotic approach was noted in patients with BMIs greater than 60 kg/m2,

where abdominal wall torque was surpassed by the robotic system’s mechanics,

furthermore the ability of performing delicate and precise movements was helpful

in this tight space were a large liver and excess of intra-abdominal fat limit the

surgeons range of motion [71].

Still, many surgeons agree that robotically assisted adjustable gastric banding has

no major benefit due to the simplicity of the procedure, the increased setup time and

cost, and therefore does not justify its use in routine bases [72], restricting its

application to large BMI (>60 kg/m2), where it would benefit the surgeons ergonom-

ics and potentially save operating room time due to the enhanced dexterity.

33.2.4.2 Roux-en-Y Gastric Bypass

Laparoscopic Roux-en-Y gastric bypass is one of the most complex and challenging

minimally invasive procedure in gastrointestinal surgery; it is an ergonomically

demanding procedure, and requires performing precise anastomosis in confined

spaces using extra long instruments that traverse a thick abdominal wall, which

increases the instrument torque and augments the surgeon’s natural tremors and

therefore limiting dexterity. By acting as an interface between the surgeon and the

patient, the robotic system resolves several of those issues; as the surgeon can sit at a

comfortable and ergonomically designed console, where there is no noticeable

abdominal wall torque or tremor, and it makes the suturing tasks as natural as during

open surgery.

The laparoscopic Roux-en-Y gastric bypass was first described by Wittgrove and

colleagues in 1994 [73], and is a restrictive and malabsorptive procedure, where

certain crucial surgical steps must be properly accomplished. They include transab-

dominal liver retraction to expose the surgical field, serial transection of the stomach

using a linear cutting stapler angling toward the gastroesophageal fat pad, creation of a

residual gastric pouch distal to the gastroesophageal junction; transection of the small

bowel 50–100 cm distal to the ligament of Treitz, advancement of the Roux limb

toward the gastric pouch with a length of 100–150 cmmeasured from the point where

the small bowel was transected, creation of the side-to-side jejunojejunostomy,

closure of the mesenteric defect, and creation of the gastrojejunostomy by anastomos-

ing the gastric pouch and the Roux limb.
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Our group, performed the first robotically assisted LRYGBP in 2000, using

the da Vinci robotic surgical system (Intuitive Surgical, Sunnyvale, CA); this

along with six others cases, later on published in 2001, were performed in a

hybrid fashion where the initial part of the gastric mobilization was performed

laparoscopically and then the robot was docked and used to perform the gastro-

jejunostomy [74]. Following this sentinel case the literature on robotic assisted

Roux-en-Y gastric bypass has been populated with cases ranging from

hybrid laparoscopic and robotic procedures to purely robotic procedures; how-

ever in the great majority, it still limited to performing a robotically sewn

gastrojejunostomy.

During RYGBP, the robotic system greatly improves ergonomics for the sur-

geon, avoiding fatigue and related orthopedics problems. It also provides a steady

robotic camera controlled by the surgeon, eliminating the assistant tremor and

sometimes inattention which can occur in long operations [75]. Multiple case series

have demonstrated the safety and efficacy of robotic gastric bypass [76, 77], but

some authors consider that well trained laparoscopic bariatric surgeons can accom-

plish this procedure with standard laparoscopic techniques without requiring

robotic assistance [78]. Still the robotic system offers important advantages, espe-

cially during surgery on super obese patients (BMI greater than 60 kg/m2), where it

facilitates the creation of the gastrojejunal anastomosis, by eliminating the abdom-

inal wall torque and operator’s tremor, which invariably occurs during standard

laparoscopy in this subset of patients. It has been reported that a robotically assisted

hand-sewn gastrojejunostomy is superior to other currently available minimally

invasive anastomotic techniques. Additionally, when a total robotic LRYGBP was

performed, the surgeons perceived that was technically easier to suture both the

gastrojejunostomy and the jejunojejunostomy robotically when compared to stan-

dard laparoscopy.

Although fellowship training is highly recommended to safely perform laparo-

scopic or robotic LRYGBP [79], it was observed that Robotic RYGBP has an

apparent shorter learning curve when compared with standard LRYGBP [80].

In some training Institutions that have been using the daVinci Surgical System

for cases such as Nissen and cholecystectomy, the learning curve on the system was

about 20 operations; which was noticed when the operating room times using the

robotic system were matched with those of the equivalent laparoscopic cases.

Additionally it was demonstrated that inexperienced laparoscopic surgeons were

able to perform Robotic LRYGBP an average of 29.6 min faster than traditional

LRYGB for patients with larger body mass indexes [81].

There are, however, some disadvantages of the robotic surgical systems in

bariatric surgery, including the system’s bulky size, the suboptimal multi-quadrant

range, the increase in operative time due to the set up procedures, and the increased

operative cost which is becoming a considerable issue in times where health care

expenditures are under scrutiny. Additionally, the absolute lack of tactile feedback

makes the surgeon to rely on visual cues to assess tissue and suture tension. Among

those issues, some are being overcome by the resourcefulness of talented operating

room staff, as was demonstrated that setup times decrease rapidly with experience
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[82]; others by the miniaturization of those robotic units and their adequacy for

multiquadrant operation, such promises the da Vinci S unit.

33.2.5 Colorectal

Since the first laparoscopic right hemicolectomy performed in 1991 by Jacobs,

Minimally Invasive Surgery has beneficially impacted colorectal surgery [83].

When compared with open colorectal surgery, laparoscopic colectomy has shown

an improvement in postoperative pain, better cosmesis, earlier return to normal

activities, resumption of bowel function, and decreased length of hospital stay

[84–89]. Among the COST [90] and CLASICC [91] trials, laparoscopic colorectal

operations have also shown to have superior postoperative outcomes and compara-

ble lymph node harvesting, surgical margins, local recurrence and survival rates

compared with open surgery. However, the limitations of laparoscopy in colorectal

surgery are exposed when addressing the extraperitoneum Rectum. The major

limitations for standard laparoscopic proctetomies reside on the anatomic charac-

teristics of the pelvis and the technological restraints of the laparoscopic instru-

ments. Although proven feasible, laparoscopic total mesorectal excision (TME) for

rectal malignancies is still technically challenging and has a very steep learning

curve. On this environment, robotic surgery offers a stable platform, with stereo-

scopic visualization, and is capable of fine and precise movements in the narrow

surgical fields, with tremor elimination, motion scaling, and increased dexterity,

which are tremendous advantages in narrow and limited working spaces, such as the

pelvic basin [92, 93].

Since its introduction, robotic assisted surgery has been shown safe and feasible

for colon surgery, however has not gain much popularity for hemicolectomies due

to their simplicity and ease accomplishment by skilled laparoscopic surgeons and

neither for total colectomies due to its multiquadrant dissection, which requires

frequent repositioning of the robotic platform during the operation, making it

cumbersome and adding valuable time to the operation. In the other hand Robotic

assisted Surgery techniques are especially suited for dissection in confined spaces,

where precise movements and fine tissue dissection offer great advantages.

33.2.5.1 Proctectomy

Early experiences with robotically assisted lower anterior resection (LAR), and

abdominal-perineal resection (APR) for malignancy including TME technique have

been demonstrated in the recent literature [94–96]. Those reports showed some

advantages over laparoscopic surgery and open surgery.

The fundamental oncologic principals for rectal cancer must be followed during

robotic proctetomies, therefore proper lymph node dissection and macroscopic
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completeness of the resected rectal specimen are crucial, and total mesorectal

excision (TME) is the surgical treatment of choice [97]. TME is a technically

demanding procedure and requires dissection of the avascular plane between the

presacral fascia and the fascia propria of the rectum without injuring the latter. The

working space for TME is very limited due to the narrow pelvis and the need of

macroscopic completeness of the resected specimen, especially in obese male.

On this environment, robotic surgery facilitates the preservation of the pelvic

autonomic nerve and ensures the completeness of resection.

In general for both LAR and APR the mobilization of the splenic flexure is

performed laparoscopically and the robot is then docked for the TME portion. The

reason is that when utilizing the first-generation da Vinci system for proctectomy,

which requires access to two quadrants of the abdomen, (the left upper quadrant and

the pelvis) it is necessary to either reposition the robot for each quadrant or perform

a laparoscopic robotic hybrid procedure for the splenic flexure mobilization [98].

It has been reported that with the utilization of the da Vinci S system, which has

smaller profile arms and increased instrument length allowing greater intracor-

poreal range of motion, a total robotic LAR including the mobilization of the

splenic flexure can be accomplished in non obese patients, without the need of

redocking the robot [99].

Similarly to prostatectomies, rectal surgery does benefits from robotic surgery

by enhancing pelvic autonomic nerve sparing, which is associated with preservation

of postoperative sexual and voiding functions, without compromising adequate

surgical margins and lymph node harvesting [100].

33.2.5.2 Rectopexy

Colorectal surgery for benign disease confined to the pelvis can also benefit from

robotic surgery, such as the surgical treatment of rectal prolapsed with abdominal

rectopexy.

Nowadays, several different techniques are available for the treatment of rectal

procidentia, and they need to be costumed to each patient needs and general health.

The trans-abdominal procedure generally has a greater success rate compared to

perineal procedures and should be considered in healthy patients [101–103].

Laparoscopic repair seems to be as effective as open surgery with potential advan-

tages such as faster recovery, less blood loss, lower medical costs, and less post-

operative pain and many authors have advocated this approach as the preferred

technique [104–108].

Likewise for intra-abdominal procedures for rectal prolapsed, rectopecxy com-

bined or not with sigmoidectomy can be performed laparoscopically and are well

suited for robotic assistance due to the narrow pelvis. Minimal anterior mobilization

of the rectum is usually necessary and the placement of sutures to fix the rectum or

any prosthetic material to the sacrum is straightforward with the da Vinci’s

enhanced dexterity, when compared with standard laparoscopic instrumentation.
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To date, there have been several reports of rectopexies using the da Vinci

Surgical System. A study comparing conventional laparoscopic, robot-assisted

rectopexy, and open rectopexy showed that open surgery seems to lead to fewer

recurrences [109]. The author speculated that the use of different fixation instru-

ments or techniques during standard laparoscopy, may had played a role on the less

encouraging results, although this was also observed in the robot-assisted rectopexy

group. Nevertheless it is valid to mention that the variation in results could be due to

the possibility that open surgery leads to more adhesions, therefore creating a better

fixation of the rectum to the promontory and as a result, less recurrences. Addition-

ally the author also commented that if recurrence rates were statistically stratified

by age, the differences in recurrence rate for the various operative techniques would

become statistically non-significant.

Robotic assistance in laparoscopic rectopexy is a safe and feasible procedure,

and even though demonstrating similar functional results compared with open

procedures, such as constipation and incontinence, still may be associated with

similar recurrence rates, lengthier operating time and higher operational costs

compared to conventional laparoscopy [110, 111].

33.2.6 Stricturoplasty

Stricturoplasty in gastrointestinal surgery is a surgical procedure intended to alle-

viate stenotic areas of the intestinal wall which are caused by ischemia, infection,

previous surgery or by chronic inflammatory bowel pathologies such as Crohn’s

disease. The procedure consists in transversely incising the involved segment of

bowel at the anti-mesenteric portion, and then suturing the edges longitudinally,

causing a shortening and widening the bowel segment thus resolving the stricture.

This procedure can be preferable in those who have already had bowel resections

and are at risk for short bowel syndrome.

Standard laparoscopic surgery has a strong reliance on surgical staplers to

perform bowel anostomosis and resections. However one of the limitations of

surgical staplers is when the target tissue has different thickness; on those situations

the stapler devices tend to adjust the height of the staples to the thickness of the

thickest portion of the entire tissue where staples are being applied, therefore

leaving the thinner portions of tissue at the staple line with staples heights wider

than the tissue thickness, predisposing staple line leaks [112].

Pathologies such as Crohn’s disease that require stricturoplaties as part of

the surgical treatment invariable present with irregular tissue thickness at the

site of the stricture due to the inflammatory nature of the disease, therefore

making suboptimal the utilization of surgical staplers to accomplish stricturo-

plasty. On those instances where stapler devices cannot be utilized safely,

the surgeons has to either perform a laborious laparoscopic instrument-sewn

stricturoplasty with all the inherited limitation of standard laparoscopy or to
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exteriorize the segment of bowel that needs to be treated to then perform open

hand-sewn stricturoplasty.

Robotic surgical systems can also be employed on tasks where surgical staplers

would reach their limitations. It has been previously discussed on this chapter that

robotic hand-sewn anastomosis for gastrojejunostomies and jejunojejunostomies

during LRYGBP are superior to other currently available minimally invasive

anastomotic techniques and are also technically easier to be accomplished. There-

fore robotic assisted hand-sewn stricturoplasty can be utilized for tissues with

different thickness, since it mimics open surgery hand-sewn techniques which tailor

every individual stitch to the local tissue thickness.

It has been some reports on the scientific literature, although not particularly

focused on this subject, which demonstrated the feasibility and safety of robotic

stricturoplasty [113]. With the robotic system stereoscopic visualization and the

enhanced dexterity, stricturoplasty can be easily performed; nevertheless

specialized training is necessary since these systems lack in tactile feedback and

the surgeon has to rely on visual cues to avoid bowel injuries, especially when

dealing with inflamed tissue.

33.3 Future of Robotics in General Surgery

Some of the new advancements in robotic surgery that will likely be implemented

in the next decades and would benefit gastrointestinal surgery are the miniat-

urization the units, utilization of multiple individual robotic arms, utilization of

multiple consoles, introduction of computer-interfaced proprioception for haptics

and a greater utilization of remote robotic telesurgery with telecollaboration.

33.3.1 Miniaturization

Some of the limitations of the current robotic system are the large size and the wide

rotational radius of the arms; those factors limit the number of robotic arms that can

be introduced into a specific body cavity. With miniaturization, the placement of

multiple robotic arms in restricted spaces would be reasonably accomplished.

33.3.2 Multiple Consoles

The utilization of dual or multiple consoles would make possible for the surgeon

and the assistant to manipulate multiple robotic arms at the same time. This would

also allow the incorporation of a “teaching console” and collaborative remote

telemanipulation.
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33.3.3 Haptics

Another very important limitation of the current robotic systems is the absolute lack

of tactile feedback. These systems lack in haptic feedback due to its reliance on

computer interface between the master console and the slave’s arms. In some

academic institutions this is a field of major research where tactile surrogates are

being added to the system, either by visual or auditory cues, or by computer-

interfaced proprioceptive instrument feedback.

33.3.4 Flexible Endoluminal Robotic Arms

Even though on its infancy, Natural Orifice Transluminal Endoscopic Surgery

(NOTES) has been employed on transgastric and transvaginal intraperitoneal

procedures, however stills some major limitations due to its rudimentary instru-

mentation [114]. With the creation of small flexible robotic arms operated by

telemanipulation that can be adopted for NOTES or endoluminal surgery, more

complex surgical tasks can be accomplished making possible to advance those

fields.

33.4 Conclusions

Although the future of robotics for gastrointestinal surgery seams pragmatically

structured on a famous quote from Jules Verne “Anything one man can imagine,

other men can make real”, it actually relies on collected scientific data, patient

demand, surgeon’s necessity and healthcare cost. Yet, like Verne, academic institu-

tions should think outside the box and push the envelope to create and identify new

technologies, and test them before proven beneficial for physicians and patients.

To date robotic surgery has been responsible for a major revolution in areas such

as urology and cardiac surgery, however its adoption in general surgery has been a

very slow a tedious process, mainly due to the nature of the gastrointestinal

operations. Furthermore the highly advanced laparoscopic skill set possessed by

minimally invasive surgeons, make them less dependent on robots than other

specialties.

The correct implementation of robotic assistance in laparoscopic surgery should

be based the on added benefits for surgeons and patients, and can be stratified on

necessity and feasibility. For the abdominal cavity, more simple operations can be

easily performed with standard laparoscopic instrumentation, therefore the use of

robots isn’t necessary; on the other hand more complex operations would benefit

the most form the use of robotic systems. Additionally, the robotic system is

designed for single or dual quadrant application; thus complex cases that would
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benefit from those systems but at the same time require multiquadrant manipulation

are not suited for the solo use of robots due to system limitations. Therefore,

following these premises, complex surgeries for the hiatus, mediastinum and pelvic

basin, plus necessity of precise hand-sewn anastomosis and need of stereoscopic

visualization are the procedures where the robots should be wisely employed.

The healthcare cost has limited the utilization of gastrointestinal robotic surgery

to academic institution. Perhaps the popularization and redistribution of old units to

regional hospitals and production cost reduction, would positively impact the

number of robotic cases performed for less complex operations. Lastly, it is very

important to emphasize that a major limitation of those systems still the absolute

lack of tactile feedback, which should be address with future prototypes.

Robotic surgical systems are in their infancy. For the next decades, they will

undergo evolutionary changes, with units miniaturization, incorporation of haptics,

implementation of integrated independent arms capable to perform multi-quadrant

surgery, deployable intra-abdominal multitask toolboxes, utilization of augmented

reality with the integration of computerized tomography and intra-operative ultra-

sound, and further utilization of remote telemanipulation. Hopefully all those

improvements will come with cost reduction and in this near future those changes

will make robotic surgical systems be part of the daily routine of the gastrointestinal

surgeons.

References

1. Jones, D.B., Soper, N.J.: Laparoscopic general surgery: current status and future potential.

AJR Am. J. Roentgenol. 163(6), 1295–1301 (1994)

2. Gallagher, A.G., McClure, N., McGuigan, J., Ritchie, K., Sheehy, N.P.: An ergonomic

analysis of the fulcrum effect in the acquisition of endoscopic skills. Endoscopy 30(7),

617–620 (1988)

3. Hanuschik, M.: The technology of robotic surgery, Chapter 2 in Robotic Surgery, Gharagozloo, F.

and Najam, F. (eds.), McGrawHill (2008)

4. Satava, R.M.: Future applications of robotics. Prob. Gen. Surg. 20(2), 79–85 (2003)

5. Sung, G.T., Gill, I.S.: Robotic laparoscopic surgery: a comparison of the da Vinci and ZEUS

systems. Urology 58(6), 893–898 (2001)

6. Stylopoulos, N., Rattner, D.: Robotics and ergonomics. Surg. Clin. N. Am. 83, 1321–1337

(2003)

7. MacFarlane, M., Rosen, J., Hannaford, B., et al.: Force feedback grasper helps restore the

sense of touch in minimal invasive surgery. J. Gastrointest. Surg. 3, 278–285 (1999)

8. Panait, L., Rafiq, A., Mohammed, A., Mora, F., Merrell, R.C.: Robotic assistant for laparos-

copy. J. Laparoendosc. Adv. Surg. Tech. A 16(2), 88–93 (2006)

9. Finlay, P.A., Ornstein, M.H.: Controlling the movement of a surgical laparoscope. IEEE

Eng. Med. Biol. Mag. 14, 289–291 (1995)

10. Gill, I.S., Sung, G.T., Hsu, T.H., Meraney, A.M.: Robotic remote laparoscopic nephrectomy

and adrenalectomy: the initial experience. J. Urol. 164, 2082–2085 (2000)

11. Locke, G.R., III, Talley, N.J., Fett, S.L., et al.: Prevalence and clinical spectrum of gastro-

esophageal reflux: a population-based study in Olmsted County, Minnesota. Gastroenterol-

ogy 112(5), 1448–1456 (1997)

33 Applications of Surgical Robotics in General Surgery 807



12. Campos, G.M., Peters, J.H., DeMeester, T.R., et al.: Multivariate analysis of factors predict-

ing outcome after laparoscopic Nissen fundoplication. J. Gastrointest. Surg. 3(3), 292–300

(1999)

13. Mareschaux, J., Smith, M.K., Folscher, D., Jamali, F., Malassagne, B., Leroy, J.: Telerobotic

laparoscopic cholecystectomy: initial clinical experience with 25 patients. Ann. Surg. 234,

1–7 (2001)

14. Anvari, M., McKinley, C., Stein, H.: Establishment of the world’s first telerobotic remote

surgical service: for provision of advanced laparoscopic surgery in a rural community. Ann.

Surg. 241(3), 460–464 (2005)

15. Kim, V.B., Chapman, W.H., Albrecht, R.J.: Early experience with telemanipulative robot-

assisted laparoscopic cholecystectomy using Da Vinci. Surg. Laparosc. Endosc. Percutan.

Tech. 12, 34–40

16. Ries, L.A.G., Eisner, M.P., Kosary, C.L., et al.: SEER Cancer Statistics Review, 1975–2001.

National Cancer Institute, Bethesda, MD (2004)

17. Korst, R.J., Altorki, N.K.: High grade dysplasia: surveillance, mucosal ablation, or resec-

tion? World J. Surg. 27, 1030–1034 (2003)

18. Birkmeyer, J.D., Siewers, A.E., Finlayson, E.V., et al.: Hospital volume and surgical

mortality in the United States. N. Engl. J. Med. 346, 1128–1137 (2002)

19. Ohsawa, T.: Esophageal surgery. J. Jpn. Surg. Soc. 34, 1318–1950 (1933)

20. Nguyen, N. T., Roberts, P., Follette, D.M., Rivers, R., Wolfe, B.M.: Thoracoscopic and

laparoscopic esophagectomy for benign and malignant disease: lessons learned from 46

consecutive procedures. J. Am. Coll. Surg. 197, 902–913 (2003)

21. Luketich, J.D., Schauer, P.R., Christie, N.A., Weigel, T.L., Raja, S., Fernando, H.C.,

Keenan, R.J., Nguyen, N.T.: Minimally invasive esophagectomy. Ann. Thorac. Surg. 70,

906–911 (2000); discussion 911–902

22. De Paula, A.L., Hashiba, K., Ferreira, E.A., de Paula, R.A., Grecco, E.: Laparoscopic

transhiatal esophagectomy with esophagogastroplasty. Surg. Laparosc. Endosc. 5, 1–5

(1995)

23. Swanstrom, L.L., Hansen, P.: Laparoscopic total esophagectomy. Arch. Surg. 132, 943–947

(1995); discussion 947–949

24. Nguyen, N.T., Roberts, P., Follette, D.M., Rivers, R., Wolfe, B.M.: Thoracoscopic and

laparoscopic esophagectomy for benign and malignant disease: lessons learned from 46

consecutive procedures. J. Am. Coll. Surg. 197, 902–913 (2003)

25. Espat, N.J., Jacobsen, G., Horgan, S., Donahue, P.: Minimally invasive treatment of esopha-

geal cancer: laparoscopic staging to robotic esophagectomy. Cancer J. 11, 10–17 (2005)

26. Law, S., Fok, M., Chu, K.M., Wong, J.: Thoracoscopic esophagectomy for esophageal

cancer. Surgery 122, 8–14 (1997)

27. Oelschlager, B.K., Pellegrini, C.A.: Role of laparoscopy and thoracoscopy in the treatment

of esophageal adenocarcinoma. Dis. Esophagus. 14, 91–94 (2001)

28. Luketich, J.D., Alvelo-Rivera, M., Buenaventura, P.O., Christie, N.A., McCaughan, J.S.,

Litle, V.R., Schauer, P.R., Close, J.M., Fernando, H.C.: Minimally invasive esophagectomy:

outcomes in 222 patients. Ann. Surg. 238, 486–494 (2003); discussion 494–485

29. Kawahara, K., Maekawa, T., Okabayashi, K., Hideshima, T., Shiraishi, T., Yoshinaga, Y.,

Shirakusa, T.: Video-assisted thoracoscopic esophagectomy for esophageal cancer. Surg.

Endosc. 13, 218–223 (1999)

30. Law, S., Wong, J.: Use of minimally invasive oesophagectomy for cancer of the oesophagus.

Lancet. Oncol. 3, 215–222 (2002)

31. Horgan, S., Berger, R.A., Elli, E.F., Espat, N.J.: Robotic-assisted minimally invasive

transhiatal esophagectomy. Am. Surg. 69(7), 624–626 (2003)

32. Moorthy, K., Munz, Y., Dosis, A., Hernandez, J., Martin, S., Bello, F., Rockall, T., Darzi, A.:

Dexterity enhancement with robotic surgery. Surg. Endosc. 18(5), 790–795 (2004)

808 O. Meireles and S. Horgan



33. Galvani, C.A., Gorodner, M. V., Moser, F., Jacobsen, G., Chretien, C., Espat, N. J., Donahue,

P., Horgan, S.: Robotically assisted laparoscopic transhiatal esophagectomy. Surg. Endosc.

22(1), 188–195 (2008)

34. Nguyen, N. T., Follette, D. M., Wolfe, B. M., Schneider, P. D., Roberts, P., Goodnight, J. E.,

Jr.: Comparison of minimally invasive esophagectomy with transthoracic and transhiatal

esophagectomy. Arch. Surg. 135, 920–925 (2000)

35. Okushiba, S., Ohno, K., Itoh, K., Ohkashiwa, H., Omi, M., Satou, K., Kawarada, Y.,

Morikawa, T., Kondo, S., Katoh, H.: Handassisted endoscopic esophagectomy for esopha-

geal cancer. Surg. Today 33, 158–161 (2003)

36. Bodner, J., Wykypiel, H., Wetscher, G., Schmid, T.: First experiences with the da Vinci

operating robot in thoracic surgery. Eur. J. Cardiothorac. Surg. 25, 844–851 (2004)

37. Dallemagne, B., Weerts, J.M., Jehaes, C., Markiewicz, S., Lombard, R.: Laparoscopic

Nissen fundoplication: preliminary report. Surg. Laparosc. Endosc. 1(3), 138–143 (1991)

38. Detailed Diagnoses and Procedures. National Hospital Discharge Survey (years 1993, 1998,

and 2002). Atlanta, GA: Centers for Disease Control and Prevention. Available at: www.cdc.

gov/nchs/about/major/hdasd/nhds.htm

39. Carlson, M.A., Frantzides, C.T.: Complications and results of primary minimally invasive

antireflux procedures: a review of 10,735 reported cases. J. Am. Coll. Surg. 193, 428–439

(2001)

40. Curet, M. J., Josloff, R.K., Schoeb, O., Zucker, K.A.: Laparoscopic reoperation for failed

antireflux procedures. Arch. Surg. 134, 559–563 (1999)

41. DePaula, A.L., Hashiba, K., Bafutto, M., Machado, C.A.: Laparoscopic reoperations after

failed and complicated antireflux operations. Surg. Endosc. 9, 681–686 (1995)

42. Frantzides, C.T., Carlson, M.A.: Laparoscopic redo Nissen fundoplication. J. Laparoendosc.

Adv. Surg. Tech. A 7, 235–239 (1997)

43. Coelho, J.C., Goncalves, C.G., Claus, C.M., Andrigueto, P.C., Ribeiro, M.N.: Late laparo-

scopic reoperation of failed antireflux procedures. Surg. Laparosc. Endosc. Percutan. Tech.

14, 113–117 (2004)

44. Granderath, F.A., Kamolz, T., Schweiger, U.M., Pointer, R.: Laparoscopic refundoplication

with prosthetic hiatal closure for recurrent hiatal hernia after primary failed antireflux

surgery. Arch. Surg. 138, 902–907 (2003)

45. Cadiere, G.B., Himpens, J., Vertruyen, M., Bruyns, J., Fourtanier, G.: Nissen fundoplication

done by remotely controlled robotic technique. Ann. Chir. 53(2), 137–141 (1999)

46. Cadiere, G.B., Himpens, J., Vertruyen, M., et al.: Evaluation of telesurgical (robotic)

NISSEN fundoplication. Surg. Endosc. 15(9), 918–923 (2001)

47. Heemskerk, J., van Gemert, W.G., Greve, J.W., Bouvy, N.D.: Robot-assisted versus conven-

tional laparoscopic Nissen fundoplication: a comparative retrospective study on costs and

time consumption. Surg. Laparosc. Endosc. Percutan. Tech. 17(1), 1–4 (2007)

48. Ceccarelli, G., Patriti, A., Biancafarina, A., Spaziani, A., Bartoli, A., Bellochi, R.,

Casciola, L.: Intraoperative and postoperative outcome of robot-assisted and traditional

laparoscopic Nissen Fundoplication. Eur. Surg. Res. 43, 198–203 (2009)

49. Melvin, W.S., et al.: Computer-assisted robotic antireflux surgery. J. Gastrointest. Surg. 6(1),

11–15 (2002); discussion 15–16. [PubMed: 11986012]

50. Talamini, M.A., Chapman, S., Horgan, S., Melvin, W.S.: The academic robotics group.

A prospective analysis of 211 robotic-assisted surgical procedures. Surg. Endosc. 17(10),

1521–1524 (2003). [PubMed: 12915974]

51. Horgan, S., Vanuno, D.: Robots in laparoscopic surgery. J. Laparoendosc. Adv. Surg. Tech.

A. 11(6), 415–419 (2001). [PubMed: 11814134]

52. Shimi, S., Nathanson, L. K., Cuschieri, A.: Laparoscopic cardiomyotomy for achalasia.

J.R. Coll. Surg. Edinb. 36(3), 152–154 (1991)

53. Pellegrini, C.A., Wetter, L.A., Pellegrini, C., et al.: Initial experience with a new approach

for the treatment of achalasia. Ann. Surg. 216, 291–296 (1992). [PubMed: 1417178]

33 Applications of Surgical Robotics in General Surgery 809



54. Spiess, A.E., Kahrilas, P.J.: Treating achalasia: from whalebone to laparoscope. JAMA 280

(7), 638–642 (1998). [PubMed: 9718057]

55. Ellis, F.H., Jr.: Oesophagomyotomy for achalasia: a 22-year experience. Br. J. Surg. 80(7),

882–885 (1993). [PubMed: 8369925]

56. Finley, R.J., Clifton, J.C., Stewart, K.C., et al.: Laparoscopic Heller myotomy improves

esophageal emptying and the symptoms of achalasia. Arch. Surg. 136, 892–896 (2001)

57. Zaninotto, G., Costantini, M., Molena, D., et al.: Minimally invasive surgery for esophageal

achalasia. J. Laparoendosc. Adv. Surg. Tech. A 11, 351–359 (2001)

58. Bloomston, M., Serafini, F., Rosemurgy, A.S.: Videoscopic Heller myotomy as first-line

therapy for severe achalasia. Am. Surg. 67, 1105–1109 (2001)

59. Horgan, S., Vanuno, D.: Robots in laparoscopic surgery. J. Laparoendosc. Adv. Surg. Tech.

A 11(6), 415–419 (2001)

60. Horgan, S., Galvani, C., Gorodner, M.V., Omelanczuck, P., Elli, F., Moser, F., et al.:

Robotic-assisted Heller myotomy versus laparoscopic Heller myotomy for the treatment of

esophageal achalasia: multicenter study. J. Gastrointest. Surg. 9, 1020–1029 (2005); discus-

sion 1029–1030

61. NIH Conference. Gastrointestinal surgery for severe obesity. Ann. Intern. Med. 115,

956–961 (1991)

62. Nguyen, N. T., Goldman, C., Rosenquist, C. J., Arango, A., Cole, C. J., Lee, S. J.,

Wolfe, B. M.: Laparoscopic versus open gastric bypass: a randomized study of outcomes,

quality of life, and costs. Ann. Surg. 234(3), 279–89 (2001); discussion 289–291

63. Schauer, P., Ikramuddin, S., Hamad, G., Gourash, W.: The learning curve for laparoscopic

Roux-en-Y gastric bypass is 100 cases. Surg. Endosc. 17(2), 212–215 (2003)

64. Oliak, D., Owens, H., Schmidt, H. J.: Laparoscopic Roux-en-Y gastric bypass: Defining the

learning curve. Surg. Endosc. 17(3), 405–408 (2003)

65. Jacobson, G., Berger, R., Horgan, S.: The role of robotic surgery in morbid obesity.

J. Laparoendosc. Adv. Surg. Tech. 13, 279–284 (2003)

66. Cadiere, G.B., Himpens, J., Germay, O., et al.: Feasibility of robotic laparoscopic surgery:

146 cases. World J. Surg. 25(11), 1467–1477 (2001)

67. Mohr, C.J., Nadzam, G.S., Alami, R.S., Sanchez, B.R., Curet, M.J.: Totally robotic laparo-

scopic Roux-en-Y Gastric bypass: results from 75 patients. Obes. Surg. 16(6), 690–696

(2006)

68. Favretti, F., Ashton, D., Busetto, L., Segato, G., De Luca, M.: The gastric band: first-choice

procedure for obesity surgery. World J. Surg. 33(10), 2039–2048 (2009)

69. Cadiere, G., Himpens, J., Vertruyen, M., Favretti, F.: The world’s first obesity surgery

performed by a surgeon at a distance. Obes. Surg. 9, 206–209 (1999)

70. Muhlmann, G., Klaus, A., Werner, K., Wykypiel, G.: DaVinci robotic-assisted laparoscopic

bariatric surgery: is it justified in a routine setting? Obes. Surg. 13, 848–854 (2003)

71. Galvani, C., Horgan, S.: Robots in general surgery: present and future. Cir. Esp. 78(3),

138–147 (2005)

72. M€uhlmann, G., Klaus, A., Kirchmayr, W., et al.: DaVinci robotic-assisted laparoscopic

bariatric surgery: is it justified in a routine setting? Obes. Surg. 13(6), 848–854 (2003)

73. Wittgrove, A.C., Clark, G.W., Tremblay, L.J.: Laparoscopic gastric bypass, Roux-en-Y:

preliminary report of five cases. Obes. Surg. 4, 353–357 (1994)

74. Horgan, S., Vanuno, D.: Robots in laparoscopic surgery. J. Laparoendosc. Adv. Surg. Tech.

A 11(6), 415–419 (2001)

75. Cadière, G.B., Himpens, J., Germay, O. et al.: Feasibility of robotic laparoscopic surgery:

146 cases. World J. Surg. 25, 1467–1477 (2001)

76. Sanchez, B.R., Mohr, C.J., Morton, J.M., et al.: Comparison of totally robotic laparoscopic

Roux-en-Y gastric bypass and traditional laparoscopic Roux-en-Y gastric bypass. Surg.

Obes. Relat. Dis. 1(6), 549–554 (2005)

77. Ali, M.R., Bhaskerrao, B., Wolfe, B.M.: Robot-assisted laparoscopic Roux-en-Y gastric

bypass. Surg. Endosc. 19(4), 468–472 (2005)

810 O. Meireles and S. Horgan



78. Hubens, G., Balliu, L., Ruppert, M., et al.: Roux-en-Y gastric bypass procedure performed

with the da Vinci robot system: is it worth it? Surg. Endosc. 22(7), 1690–1696 (2008)

79. Oliak, D., Owens, M., Schmidt, H.J.: Impact of fellowship training on the learning curve for

laparoscopic gastric bypass. Obes. Surg. 14, 197–200 (2004)

80. Yu, S.C., Clapp, B.L., Lee, M.J., et al.: Robotic assistance provides excellent outcomes

during the learning curve for laparoscopic Roux-en-Y gastric bypass: results from 100

robotic-assisted gastric bypasses. Am. J. Surg. 192(6), 746–749 (2006)

81. Sanchez, B.R., Mohr, C.J., Morton, J.M., Safadi, B.Y., Alami, R.S., Curet, M.J.: Comparison

of totally robotic laparoscopic Roux-en-Y gastric bypass and traditional laparoscopic Roux-

en-Y gastric bypass. Surg. Obes. Relat. Disord. 1, 549–554 (2005)

82. Jacobsen, G., Berger, R., Horgan, S.: The role of robotic surgery in morbid obesity.

J. Laparoendosc. Adv. Surg. Tech. A 13, 229–283 (2003)

83. Jacobs, M., Verdeja, J.C., Goldstein, H.S.: Minimally invasive colon resection (laparoscopic

colectomy). Surg. Laparosc. Endosc. 1(3), 144–150 (1991)

84. Lacy, A.M., Garcia-Valdecasas, J.C., Pique, J.M., et al.: Short-term outcome analysis of a

randomized study comparing laparoscopic vs. open colectomy for colon cancer. Surg.

Endosc. 9(10), 1101–1105 (1995)
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