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Abstract

Purpose of Review Robotic assistance systems for diagnosis and therapy have become technically mature and widely
available. Thus, they play an increasingly important role in patient care. This paper provides an overview of the general
concepts of robotically assisted surgical systems, briefly revisiting historical and current developments in the surgical
robotics market and discussing current focus areas of research. Comprehensiveness cannot be achieved in this format, but
besides the general overview, references to further readings and more comprehensive reviews with regard to particular
aspects are given. Therefore, the work at hand is considered as an introductory paper into the topic and especially addresses
investigators, researchers, medical device manufacturers, and clinicians, who are new to this field.

Recent Findings The current research in Robotically Assisted Surgical Systems (RASS) increasingly uses established
robotic platforms. To minimize the patient trauma while optimizing the dexterity of the surgeon, miniaturized instruments
and semi-autonomous assistance functions are developed. To provide the surgeon with all necessary information in an
adequate manner, novel imaging sensors as well as techniques for multimodal sensory feedback and augmented reality are
investigated. The Surgical Data Science applies data management and processing approaches including machine learning on
medical data to provide optimal, individualized and contextual support to the surgeon.

Summary Robotic systems will significantly influence future patient care. Since they must fulfill manifold medical,
technical, regulatory and economic requirements, their development calls for a close, active and interdisciplinary cooperation
between stakeholders from hospitals, industry and science.

Keywords Robotically assisted surgical systems - Surgical robotics

Introduction

Since the first conceptual ideas in the 1970s until today,
more than 7 million procedures have been performed
utilizing Robotically Assisted Surgical Systems (RASS).
The Medical Robotics Database (MeRoDa), which was
maintained until 2010 by the university clinics Mannheim
and Heidelberg (Germany), listed over 450 medical robotics
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projects worldwide. Only few of these research projects led
to commercially available systems due to various reasons:
Technological complexity, a difficult patent situation and
regulatory barriers accompanied by absent standardization
made the development of such systems high-risk and
expensive [1]. Besides, the clinical relevance and the cost
effectiveness for clinical utilization must be considered right
from the beginning of the development [2]. Only this way
a RASS can become a commercially successful product,
which enhances the medical care for a large number of
patients.

Generally, most RASS aim at a relief of the clinicians.
As an example, positioning and holding robot arms relieve
surgical assistants from permanent holding tasks and enable
them to assist in other valuable tasks. Ergonomic and
user-friendly system designs can contribute to a physical
relief and a simplified instrument handling, which further

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s43154-021-00064-3&domain=pdf
http://orcid.org/0000-0002-9428-7211
mailto: julian.klodmann@dlr.de

322

Curr Robot Rep (2021) 2:321-332

enhances surgical precision and leads to cognitive relief.
Besides these qualitative enhancements of the surgeon’s
general work, RASS can also enable gentler procedures,
e.g. highly dexterous instrumentation enables smaller and
less traumatic access into the body of the patient. From
the clinics perspective, RASS have the potential to increase
safety for clinicians and patients, to standardize the therapy
quality even for differing capabilities of the clinicians and
to reduce the hospitalization time and thereby the costs per
patient while improving patient outcomes [3, 4].

Despite the challenges in developing RASS and establish
them in the market, over 40 systems are already com-
mercially available for various surgical applications and
approximately the same amount is currently under develop-
ment [1].

In this paper, a general overview of historical develop-
ments is given in “Historical Overview” and definitions and
standards in robot assisted surgery are briefly introduced in
“Definitions and Standards”. The Section “Commercially
Available RASS” discusses commercially available systems
in different surgical domains and “Current Research Trends
in RASS” describes some of the focus areas in current med-
ical robotics research. The paper concludes in “Conclusion
and Outlook” with current challenges in this dynamic field
and encourages close, active and interdisciplinary coop-
eration between stakeholders from hospitals, industry and
science to foster the further research and development of
RASS.

Historical Overview

In the 1970s, a NASA concept study investigated the
potential use of telemanipulation in robotic assistance
systems for emergency medicine [5]. The proposed solution
(see Fig. la) already integrated many features, which
are characteristic for robot-assisted laparoscopy today:
The surgeon watches the surgical site through the video
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(a) Early Concept of a RASS
(Reprinted by Permission from
Springer Nature [5])

Fig.1 Telemanipulation in robot assisted surgery
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(b) Hillrom’s TruSystem® 7000dV (c)
Surgical Table with the da Vinci Xi
Surgical System (courtesy of Hillrom)

image of an endoscopic camera and remotely controls the
RASS at the patient-side via input devices from a surgeon
console.

After the first treatment support system in arthroscopy,
the Arthrobot, from the early 1980s [6], the first direct
interventional support by a RASS on a human patient took
place in 1985: A PUMA-200 industrial robot positioned
and locked a biopsy channel during a computer tomography
(CT)-guided brain biopsy in neurosurgery [7].

Almost simultaneously, the development of the ROBODOC®
system for bone milling during the implantation of a total
hip endoprosthesis began at the IBM T.J. Watson Center and
U.C. Davis. The first clinical study followed in 1992 and in
1996 the system received the CE-certification for the Euro-
pean market [8]. Since 2014, the system is sold by THINK
Surgical Inc. (Fremont, CA, USA). In 1992, the develop-
ment of the Acrobot system (Active Constraint Robot), the
first robotic assistance system in knee arthroplasty, was
started at the Imperial College London [9]. Its technology
forms the basis of the Mako system, which is currently sold
by Stryker Corp. Medical (Kalamazoo, MI, USA).

In the field of minimally invasive surgery, the NASA con-
cept was advanced by various research institutes from
the mid-1980s onwards. During that time, the US mili-
tary recognized the potential benefits of the technology
for remote-controlled first aid for wounded soldiers and
intensively promoted corresponding research. The compa-
nies Computer Motion Inc. and Intuitive Surgical Inc. were
founded in 1989 and 1995 in Sunnyvale (CA, USA), contin-
uing the research of the NASA and SRI (Stanford Research
Institution) respectively for the commercial exploitation of
the evolved technologies [10, 11]. In 1993, the AESOP
arm of Computer Motion, the first system for position-
ing an endoscopic camera, received FDA (Food and Drug
Administration) approval. In 2001, Computer Motion intro-
duced the ZEUS system for minimally invasive surgery:
This system had two arms with different instruments for
manipulation tasks, one arm for holding the endoscope and

Dexter System (courtesy of
Distalmotion)
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was operated from a surgeon’s console. In September 2001,
a ZEUS system performed the first transatlantic gallblad-
der operation, in which a surgeon in New York operated
on a patient in Strasbourg [12]. One year earlier, the FDA
had approved Intuitive Surgical’s da Vinci system. After the
fusion of Intuitive Surgical and Computer Motion in 2003,
the further development of AESOP and ZEUS was stopped
and the systems were removed from the market. In Ger-
many, the Forschungszentrum Karlsruhe developed in the
early 1990s ARTEMIS, one the world’s first demonstrators
for minimally invasive robotic surgery. With a prototype of
this teleoperation system for general and heart surgery, a
laparoscopic cholecystectomy was successfully performed
in a pig in 1996. Howeyver, the technology was not brought
to market [13].
Further readings: [2, 6]

Definitions and Standards

The lack of standards and definitions in surgical robotics
leads to challenges in the further development of research
prototypes into approved medical devices. Some manufac-
turers of surgical robots avoid denoting their systems as
robots or integrating higher levels of automation to prevent
the necessity of more lengthy and cost-intensive approval
processes [1, 4]. To facilitate these processes and at the
same time ensure basic safety and essential performance of
RASS, the standardization organizations ISO and IEC pub-
lished the standard IEC/CD 80601-2-77 for surgical robots
[14]. The ISO 8373:2012 (Robots and Robotic Devices -
Vocabulary) [15] defines robots as “[...] actuated mecha-
nism programmable in two or more axes with a degree
of autonomy, moving within its environment, to perform
intended tasks”.

This definition is further detailed by IEC/CD 80601-2-77
[14], which defines:

Robotically Assisted Surgical Equipment/System (RASE/RASS)
“Medical Electrical Equipment/System that incorporates
Programmable Electrical Medical System actuated mecha-
nism intended to facilitate the placement or manipulation of
Robotic Surgical Instrument.”

Robotic Surgical Instrument (RSI) “Invasive device with
applied part, intended to be manipulated by RASE or RASS
to perform tasks in surgery.”

Possibilities for further classification of a RASS by its
degree of autonomy (DoA), are provided by the technical
report IEC/TR 60601-4-1 [16]. The classification can in turn
be used for risk analysis and finally in the application of the
guidelines from IEC-CD 80601-2-77.

Further readings: [1, 4, 17]

Commercially Available RASS

The following subsections describe RASS for different
surgical domains which are either already commercially
available or announced to be available soon. The focus
lies on systems from North America and Europe, since
these systems are either already established or rather well
documented.

Laparoscopy

Conventional laparoscopic surgery offers many advantages
for the patient, in particular reduced trauma and shorter
reconvalescence. However, there are significant disadvan-
tages for the surgeon due to the ergonomics and handling
of the instruments. The RASS for laparoscopic surgery are
designed to reduce these challenges: The endoscope and
the robotic instruments are carried by robotic arms. These
instruments usually integrate two additional degrees of free-
dom (DoF) at the distal end compensating for the loss of
two DoF at the incision point and a further functional DoF
to actuate, e.g. gripper, forceps or needle holder. This allows
the surgeon to remotely control, i.e. telemanipulate, the
instruments in all six degrees of freedom using the input
devices attached to an ergonomically designed surgeon con-
sole. Electrosurgery or other functions can be activated by
foot pedals. Likewise, the foot pedals are used to couple the
control between the input devices and the different instru-
ment arms or the endoscope. The endoscope is usually a
stereo endoscope that allows an enlarged 3D visualization
of the surgical site. In most systems, hand-eye coordination
is restored by matrix multiplication, such that the movement
of the input device results in a rectified instrument move-
ment in the endoscope image. To increase precision, human
tremor can be filtered or the scaling between the surgeon’s
movement and the instrument tip can be adjusted. Together,
these technical support functions are meant to facilitate
surgical activities and, due to the resulting steeper learn-
ing curve, also enable novice surgeons to quickly perform
minimally invasive interventions.

The most common RASS for laparoscopy is the da Vinci
system from Intuitive Surgical (Sunnyvale, CA, USA).
Currently the fourth generation, the da Vinci Xi System, is
commercially available. Distinctive features of this system
are the closed console concept and the attachment of all
four robot arms to a common mount boom. Figure 1b
shows the da Vinci Xi System together with Hillrom’s
TruSystem® 7000dV surgical table, which is designed to
work with integrated table motion so that a patient can be
dynamically positioned while the surgeon operates. This
allows the surgical team to efficiently manage the patient
and utilize gravity for optimal exposure and access to the
target anatomy.
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After the fusion with Computer Motion in 2003, Intuitive
Surgical held a monopoly position in the field of minimally
invasive robotic surgery for over ten years. One reason
for this was the extensive patent portfolio, which Intuitive
Surgical had built up over the years. Since many of the
early patents are currently expiring, other companies now
started developing their own RASS for minimally invasive
surgery to market maturity. Obviously, the companies work
on their own uniqueness in many aspects, €.g. system
architecture, special features and economic aspects. From
a technical perspective, especially the system architectures
differ significantly in some aspects, such as the

— console design, e.g. open or rather closed console

— setup and mounting concepts of the robotic arms, e.g.
boom-mounted, robots mounted on multiple carts, OR
table mounted

— kinematics, e.g. remote center of motion kinematics or
general serial kinematics.

With the Senhance® Surgical System from TransEnterix
Surgical Inc. (Morrisville, NC, USA), the first system
besides the da Vinci System was placed on the market
in 2016 [18]. Each of its robot arms is attached to a
boom on a separate cart and the surgeon console is open.
Hand-eye coordination is not restored to replicate a similar
handling as in conventional laparoscopic approaches. In
2019, the British company CMR Surgical Ltd. (Cambridge,
UK) launched the Versius® Surgical Robotic System for
laparoscopy [19]. It provides an open surgeon console and
each kinematically redundant robot arm is mounted on its
own cart. The spin-off company of the EPFL in Lausanne
(Switzerland), Distalmotion SA (Epalinges, Switzerland)
develops the Dexter robot with an open system architecture
and an input console to be used in the sterile field (cmp.
Fig. lc, [20]). The robotic arms are mounted to booms
on carts. Dexter is a three arm system composed of two
instrument arms and one endoscope arm, all controlled fully
robotically from the surgeon console. The open system
architecture allows the use of any imaging system. An open
surgeon console can be used in the sterile zone of the
operating room, such that the surgeon can intraoperatively
switch between laparoscopic and robotic surgery. The
avatera System (Jena, Germany), the first commercial
RASS developed in Germany, has received CE approval as
a medical device for the European Economic Area [21].
Its four robotic arms are attached to a common mount
boom, the surgeon teleoperates them from a closed console.
Two of the world’s largest medical device companies,
Medtronic plc (Dublin, Ireland) and Johnson & Johnson
(New Brunswick, NJ, USA) have also announced RASS for
laparoscopic soft tissue surgery. Medtronic’s Hugo™ RAS
system is based on the DLR MiroSurge technology (cmp.
Fig. 6,[22, 23]) and is expected to receive CE approval
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in 2021 [24]. The Johnson & Johnson Ottava system is
expected to enter clinical trials in 2022 and is developed
by the company Verb Surgical (Santa Clara, CA, USA),
founded in 2015 [25].

Further readings: [26, 27].

To reduce the patient trauma even further, one trend
in medicine goes from traditional laparoscopic techniques,
where several percutaneous incisions for the instruments
and the camera are necessary, to Laparo-Endoscopic Single
Site (LESS) (see [28]), where only one percutaneous
incision is necessary. This operation technique requires
strong miniaturization of instruments and endoscopes while
at the same time each instrument needs two or more degrees
of freedom to provide sufficient manipulation capabilities.
With the SPORT system by Titan Medical Inc. (Toronto,
Canada) [29] and the da Vinci SP by Intuitive Surgical
Inc.[30-32], first robotic systems for LESS are about to
enter the market or are already commercially available,
respectively.

Spine and Neurosurgery

In neurosurgery, various interventions can be supported by
RASS, such as biopsies, placement of electrodes for deep
brain stimulation or other cranial interventions. In spine
surgery, the current main application of RASS is vertebral
fixation (spondylodesis). In both surgical fields, the robotic
systems serve as rigid guides or bearing devices for high-
precision insertion of neurosurgical instruments, e.g. biopsy
needles, drills or implants. A crucial step in this process
is the intra-operative registration of the guiding device on
the robot to the target structures on the patient and the pre-
operatively recorded imaging data, e.g. CT or MRI data.
For this step, optical or electromagnetic navigation and
tracking systems are typically used, which can continu-
ously measure the spatial pose of marker targets [33].
However, laser scanners can also be used for a one-time
static registration (cmp. [34]). Based on the registration, the
preoperative plan is evaluated and—if necessary—adjusted.
After the surgeon has verified the plan, the robotic sys-
tem positions the tool guides, usually using the external
navigation system to ensure the necessary precision.

Within the commercially available systems in this appli-
cation area, two different system architectures can be distin-
guished (cmp. Fig. 2):

On the one hand, there are dedicated medical robots
or adapted industrial robots with at least six degrees of
freedom, which are equipped with a specialized guiding
tool or end effector. Commercially available systems in
these categories are, e.g. Mazor X Stealth™ Edition
System (Medtronic plc) [35], ROSA ONE® Spine/Brain
System (Zimmer Biomet Holdings Inc.(Warsaw, IN, USA))
[34, 36], the ExcelsiusGPS® System (Globus Medical



Curr Robot Rep (2021) 2:321-332

325

Fig.2 a RASS in spine and
neurosurgery assist in the stiff
positioning of devices to guide
neurosurgical tools with high
precision; b and ¢ RASS in
orthopedics assist in precise
bone removal for the insertion of
joint endoprotheses
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(a) Cirq® system (courtesy of
Brainlab)

Inc. (Audubon, PA, USA)) [37] and the neuromate® System
(Renishaw plc (Gloucestershire, UK)) (cmp. [38]).

On the other hand, there are dedicated systems consisting
of a passive, possibly partially weight-compensated holding
arm for macro positioning and a small robotic end effector
with high precision, which integrates the DoFs to meet
the task space requirements. One example is the recently
presented STEALTH AUTOGUIDE™ System (Medtronic)
for cranial neurosurgical interventions, whose development
was originally initialized by the Austrian company iSYS
Medizintechnik GmbH [39]. Another example is the Cirg®
System of Brainlab (Munich, Germany) (cmp. Fig. 2a, [40]).

Orthopedic Surgery

In orthopedic surgery, RASS are used for joint reconstruc-
tion with knee and hip joint endoprostheses (cmp. Fig. 2b
and c). Like in spine and neurosurgery, the implementa-
tion of the interventional plan is based on preoperatively
acquired image data as well as an intraoperative registration
between the robotically guided tools, the target structures
on the patient and the preoperative data. For the intraoper-
ative support of the surgeon there are different assistance
concepts:

In a shared control approach, the surgeon manually
guides the tool attached to the robot, e.g. an oscillating
saw or milling machine. Initially, during coarse bone
removal, the system supports visually. As soon as the tool
reaches the margins of the bone to be removed, the system
actively prevents the removal of bony structure beyond
these margins. In Mako System (Stryker Corporation), the
tool is attached to a robot arm. The robot control actively
compensates for gravity, facilitating the manual guidance of
the system. To keep within the margins, the robotic drives
haptically render virtual walls, implemented, e.g. by active
constraints or rather virtual fixture concepts [41, 42].

In the Navio Surgical System (Smith & Nephew plc,
London, UK), the robotic support of the handheld instru-
ments during bone removal is implemented by an automatic

(b) Navio Surgical System (courtesy
of Smith & Nephew)

(c) ROSA® Knee System (courtesy
of Zimmer Biomet)

cutting speed control and cutting stop autonomy (cmp.
Fig. 2b, [43]).

The ROSA® Knee System (Zimmer Biomet Holdings
Inc.) positions and fixes cutting blocks on the bone, similar
to the insertion guide devices described in the previous
section on spinal surgery. The surgeon moves the cutting
tools manually along the guides (cmp. Fig. 2c, [44]).

The TSolution One® System (Think Surgical Inc.),
a further development of the ROBODOC® system,
autonomously performs the milling of the bone according to
preoperative planning and intraoperative registration [45].

Vascular Surgery

In heart and vascular surgery, telemanipulated RASS are
available for angioplasty interventions: They typically con-
sist of a surgeon console, a holding arm with the actuation
mechanism for the catheter cassette as end effector and a
disposable catheter cassette. The actuation mechanism and
the catheter cassette together allow a teleoperated motion
of the catheter translationally and rotationally with respect
to its main axis. Furthermore, the tip of the catheter can
be steered to enable navigation through the vascular sys-
tem. Once the guide wires, catheters and stents have been
inserted, they can be remotely controlled with direct visu-
alization from the radiation-protected ergonomic surgeon
console. This allows a lower radiation exposure and a more
ergonomic working position for the physicians, a higher
precision in the placement of the stents and a reduction of
vascular traumata. Although the current systems are purely
telemanipulated, further navigation aids are conceivable,
e.g. through complete integration of imaging angiography
systems.

The French company Robocath Inc. (Rouen, France) is
aiming for three fields of application with its R-One™
system. Initially, percutaneous coronary interventions are
supported. However, the system will also be enhanced for
peripheral arterial diseases and mechanical thrombectomies
[46]. The CorPath® GRX system (formerly Corindus Inc.,
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since 2019 Siemens Healthcare GmbH, Erlangen, Germany)
is also approved by the FDA for coronary and peripheral
vascular interventions and has CE certification for the
European market (cmp. Fig. 3, [47]).

RASS for other Disciplines

Also for many other diagnostic or interventional applica-
tions, e.g. in microsurgery, ophthalmology, otorhinolaryn-
gology, radiation therapy or for endoluminal endoscopic
procedures, such as bronchoscopy, different RASS are
already commercially available or about to be launched. In
the following some examples for RASS are given (cmp.
“Definitions and Standards”):

Carl Zeiss Meditec AG (Jena, Germany) offers a self-
develeoped robotic visualization system, the KINE vo®900,
for neuro- and spinal surgery (cmp. Fig. 4a) [48]. In addition
to the Corpath® GRX, the Siemens Healthcare GmbH also
provide robotic angiography systems such as the ARTIS
pheno® in their product portfolio [49] (cmp. Fig. 4b).

In general, the amount of the RASS relying on well
established classical industrial robot technologies but also
on collaborative or rather lightweight robots is increasing.
KUKA for example adapts their robot systems for medical
certification and application by their Medical Robotics
division [50]. Particularly noteworthy is the KUKA LBR
Med (cmp. Fig. 4c). It is certified according to the
internationally recognized ECEE CB Scheme, i.e. it fulfills
the international standards IEC 60601-1 and IEC 62304
[50]. This significantly simplifies the certification of RASS,
which use this commercially available arm as robotic
component. Thus, this robot is now a core component of
numerous systems from various international companies,
like, e.g. the AOT CARLO®.

Further readings: [1, 26]

Copyright © Corindus, Inc. All rights reserved

Fig. 3 RASS in vascular surgery like the CorPath® GRX can reduce
radiation and improve the ergonomics for the surgeons as well as
increase the precision of the catheter motion (courtesy of Corindus)
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Current Research Trends in RASS

The current research in RASS is dynamic and manifold.
Therefore, the subsequent section can only describe some
of the most relevant trends but not provide a complete
overview about the research activities in this field. Figure 5
depicts an overview of focus areas of research, which are
referred to in the following paragraphs.

Use of Established Robotic Platforms

One current trend in RASS research is the use of established
robotic platforms like the da Vinci Research Kit, the
RAVEN™ or the KUKA LBR Med: The da Vinci Research
Kit is an open-source research platform, which is based
on the first generation of the da Vinci system. It was
developed at Johns Hopkins University and is currently
used at over thirty universities and research institutes in
ten countries [51]. The system as a whole is described
in [52], its software architecture in [53] and the dynamic
model of its hand controllers and robotic arms in [54].
The RAVEN™ originally developed at the University
of Washington, is a research platform for telesurgery
in robot assisted laparoscopy and nowadays distributed
by Applied Dexterity Inc. (Seattle, WA, USA) [55, 56].
The KUKA LBR Med, introduced in the previous section
“RASS for other Disciplines”, however, is an adaptation of
the collaborative industrial lightweight robot KUKA LBR
iiwa for medical applications. Both the KUKA LBR Med
and the lightweight robot for industry LBR iiwa base upon
the lightweight robot technology of the Institute of Robotics
and Mechatronics of DLR (cmp. Fig. 4c, [57]). Compared
to self-developed research systems like the Hamlyn Arm
[58] or the DLR MiroSurge [23], which is displayed in
Fig. 6, those platforms provide less freedom regarding the
hardware design and the control architecture. On the other
hand, their hardware and software is well-tested, their broad
availability simplifies cooperation with partners using the
same system, and - at least in case of the KUKA LBR Med -
the transfer from research to a commercial product is
facilitated.

High Dexterity with Minimal Patient Trauma

The schematic drawing in Fig. 5 visualizes the intraoper-
ative relation between surgeon, robotic system and patient
in robotic telesurgery. In such scenarios, the introduction
of a RASS initially leads to a stronger physical separation
between surgeon and patient: The surgeon does no longer
directly interact with the patient but controls the system
from the surgeon console. Consequently, the robotic system
has to provide two channels between the surgeon and the
patient: Firstly, it has to map the dexterity of the surgeon
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Fig.4 Other examples of
robotically assisted surgical
systems

(a) KINEVO®900 (courtesy of
Carl Zeiss Meditec)

into the patient. Secondly, it has to provide the surgeon with
all necessary information from the surgical site.

Projecting the surgeon’s dexterity into the patient while
at the same time keeping the trauma of the patient minimal,
is a technically challenging goal, which motivates research
in various fields:

— Design of miniaturized robotic instruments: Such
instruments must be small in diameter to minimize the
lesion of the patient, they must be stiff enough to allow
for a sufficient manipulation force and they must pro-
vide sufficient motion capabilities to reach the surgical
site and perform manipulation tasks there. To meet
these competing requirements, a vast number of joint
mechanisms has been developed (see, e.g. [59]). Espe-
cially for applications which require small instrument
diameters and low manipulation forces, continuum
robots become increasingly popular [60-62]. A criti-
cal aspect of this type of instrument is the compromise
between manipulation force and flexibility.

— Less invasive operation techniques: The minimiza-
tion of patient trauma remains a central goal of research
in surgical robotics and has motivated the develop-
ment of numerous robotic systems for LESS (cmp.
“Laparoscopy”, [63]). Alternative operation techniques
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(b) ARTIS pheno® (courtesy of Siemens
Healthcare)

(c) LBR Med (courtesy of
KUKA)

like Natural Orifice Transluminal Endoscopic Surgery
(NOTES) (see [64]) and endoluminal interventions
might reduce the patient trauma in the future even fur-
ther: In NOTES, the surgical intervention is performed
through the natural orifices of the human body (e.g.
mouth, anus or vagina) and an incision in the luminar
wall inside the body. In endoluminal interventions, the
whole intervention takes place within a hollow organ
of the human body (like, e.g. colon, stomach, lung or
the urethral tract). First robotic systems for endolumi-
nal interventions like the Flex® system by Medrobotics
(Raynham, MA, USA) [62, 65] for otolaryngology and
colorectal procedures and the Monarch® Platform by
Auris Health Inc. (Redwood City, CA, USA) [62, 66] as
well as the Jon™ by Intuitive Surgical Inc., both target-
ing robot assisted bronchoscopy, have recently received
FDA approval. One of the most challenging endolumi-
nal interventions is colonoscopy, due to the complex
shape of the human colon. This has triggered the tech-
nical improvement of flexible endoscopes (compare,
e.g. [67]) as well as the development of novel robotic
solutions. Overviews on Robotics in Colonoscopy
and Gastrointestinal Endoscopy are provided in [68]
and [69], respectively. Eventually, besides techniques
for complex tissue manipulation through natural or
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Fig. 5 Main research topics: acquisition and presentation of sur-
gical site and patient information; control to project and enhance
surgical dexterity into the patient and access hard-to-reach areas min-
imally invasive to manipulate tissue; augmentation of surgical skills
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artificial incisions, robotically assisted solutions for
percutaneous interventions, e.g. precise biopsies and
needle based targeted therapies, gained attention in the
community recently [70].

— Semi-autonomous assistance functions: Similar to the
Mako® system in orthopedics, RASS in other fields
might haptically guide the surgeon along resection lines
or prevent unintended injury of sensitive structures by
means of active constraints or rather virtual fixtures
[41, 71-73]. Another approach to increase the degree
of autonomy of RASS is the integration of instru-
ment mechanisms into the robotic system that automate
sub-tasks inherently mechanically, like, e.g. commer-
cially available staplers, clip applicators or suturing
instruments [1, 17, 74].

Adequate Information for the Surgeon

The goal of providing all necessary information in an adequate
manner to the surgeon stimulates research in various fields:

— Multimodal sensory feedback: In commercially avail-
able systems for robot assisted laparoscopy and vascu-
lar surgery, transparent telepresence has not yet been
achieved (cmp “Laparoscopy”, “Vascular Surgery”). In
both cases, there is a lack of haptic and tactile feed-
back, i.e. compensating for the surgeon’s fingertip used
in open surgery e.g. to classify tissue by palpation or
in vascular surgery to palpate for bifurcations by tac-
tile impressions when advancing a guide wire. While
several studies indicated potential benefits of haptic
feedback [75-77], the development of suitable cost-
effective, sterilizable or disposable miniaturized sen-
sors for the integration into robotic instruments still
remains a technological challenge [78—80]. However,
some interesting concepts for a novel force-sensing
laparoscopic instrument and the integration of force
sensing capabilities into the trocar have been developed
recently [81, 82].

— Novel imaging sensors and augmented reality: The
intraoperative use of novel imaging sensors (e.g. inte-
grating multi- or hyperspectral, ultrasound or photoa-
coustic imaging [83-85]) and the rapid development of
machine learning, promotes research on various advanced
imaging methods for the enrichment of surgical site
information. While the intraoperative registration of
bony structures is standard in orthopedics, it is still
an unsolved challenge for deformable soft tissue struc-
tures such as in laparoscopy. This problem might be
overcome in the future by means of annotated image
data from numerous operations, advanced imaging and
thereupon machine learning methods [86, 87]. As a
result, relevant information taken from preoperative
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data, such as the location of vessels, nerves or tumors,
could be presented to the surgeon using augmented- and
mixed-reality solutions [88].

Surgical Data Science

Surgical Data Science generally deals with the collection,
organization, analysis and modeling of medical data. While
current RASS are still often encapsulated systems, there is a
trend towards seamless integration of all technical systems
in the OR, including the surgical robotic systems, into a
common communication infrastructure. This poses different
chances and technical challenges:

— Definition of communication standards for the OR:
Currently, many manufacturers of medical devices use
proprietary communication standards. The development
of open standards and norms is a necessary condition
for the common communication infrastructure described
above. Early attempts like the IEEE 1073-1996 - IEEE
Standard for Medical Device Communications, which
defines interconnection and interoperation of medical
devices, did not gain acceptance. As a consequence,
numerous proprietary communication protocols com-
plicate the data exchange across system borders and
thus delay the efficient usage of data science in the
surgical robotic domain.

— Definition of quality standards for medical data:
Besides the different data formats and protocols, the
lack of common quality standards also obstructs surgi-
cal data science. Varying skill levels of caretakers, dif-
ferent medical practices and diverse experience makes
data difficult to compare [89]. Additionally, privacy and
security of patient data have to be ensured [90].

— Modelling of surgical procedures: Another challenge
is the description of surgical procedures in standardized

Fig. 6 MiroSurge—The DLR research platform for telemanipulation in
minimally invasive robotic surgery (Alexandra Beier/DLR CC-BY 3.0)
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digital models [91-93]. This machine readable repre-
sentation of knowledge, which is currently often only
available in an implicit manner, is a crucial condition
for increased autonomy of robotic systems as well as
for context-aware assistance.

RASS could use procedural knowledge to provide opti-
mal, individualized and contextual support to the surgeon
and at the same time reduce the cognitive load [89, 94].
However, the success of the surgical data science strongly
depends on the help of the clinicians. Only their support in
the acquisition and annotation of data, i.e. the description of
data segments with semantic medical information, can create
the necessary data base for machine learning methods [95].

Conclusion and Outlook

The future of surgery will be significantly influenced by
the use of RASS. Although there are major challenges
in developing a prototype to market maturity, the relevant
guidelines for basic safety and performance of these systems
can be taken into account from the very beginning of
the development, thus simplifying regulatory processes.
In addition to these technical aspects, the clinical benefit
and the cost for integration into the clinic must also
be taken into account from the outset. Consequently, the
successful development of a RASS can only be achieved
through a close interdisciplinary partnership of scientists,
(medical device) developers and clinicians. Bilateral,
flexible adaptations and iterations of both the technology
and the clinical procedure accelerate the implementation
of novel solutions “from bench to bedside”. This type of
cooperation, the so-called Surgineering [96], requires an
excellent mutual understanding of the disciplines, which
should be promoted in the education of engineers and
surgeons. Furthermore, RASS should be taken into account
in the education of future surgeons in order to successfully
manage the change in the operating room.

Close, active and interdisciplinary cooperation between
surgeons and engineers in the development of new systems
and the improvement of existing ones is essential to fully
exploit the potential of RASS for patient care and thus for
the well-being of the patient.
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