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Preface

In the last few decades, surgical procedures have seen remarkable advancements 
through disruptive technologies. The introduction of minimally invasive techniques 
in surgery has revolutionized the way surgical procedures are performed, allowing 
for faster recovery times, less pain, and fewer complications for patients. The next 
step in this evolution is robotic-assisted surgery, which is expanding rapidly and has 
the potential to be the most significant advance in surgery for generations to come.

The current robotic platform, the Da Vinci system, is the product of an evolution 
that began with the US Department of Defense’s efforts to provide advanced surgical 
care to frontline soldiers from remote locations. The system’s enhanced dexterity, 
based on an anthropomorphic model that mimics the human hand’s range and 
freedom of movements, has allowed both average and skilled surgeons to push the 
envelope in the complexity of minimally invasive procedures. The robotic approach 
has now permeated essentially every specialty in surgery.

The true potential of robotic surgery lies in two new dynamics between patient 
and surgeon. The master-slave relationship, where the surgeon is remote from the 
patient and controls a slave patient cart that is attached to the patient, enables 
telepresence and will have a profound impact on delivering complex care to remote 
locations from a command center. It will also dramatically facilitate professional 
education and collaborative surgery. The digital interface, which allows the 
collection and manipulation of data that can be used for diagnostic or interventional 
purposes, represents an even greater potential.

Currently, the robotic approach has permeated practically all surgical specialties. 
This book is the first comprehensive overview of the role of robotic surgery devices 
in all surgical specialties. It is intended to give a historical perspective of the 
evolution and applications of robotic surgery in each surgical specialty. In 
recognition of the importance of understanding emerging technology and future 
robotic platforms, this book also provides an overview of the potential impact of 
this technology on the future of surgery.

Each chapter in this book is written by recognized leaders in their field, examining 
specific applications of robotic surgery in a surgical specialty. The authors provide 
detailed technical aspects of each existing platform and the surgical procedures 
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performed using this technology, as well as the results of these techniques. The 
editors appreciate the participation of these expert surgeons in this effort, and we 
hope that this comprehensive resource will advance the practice of robotic surgery.

São Paulo, Brazil Joao Padua Manzano  
São Paulo, Brazil  Rafael Silva de Araújo  
São Paulo, Brazil  Lydia Masako Ferreira   

Preface
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History of Robotic Surgery

Lydia Masako Ferreira, Rafael Silva de Araújo, 
and Catherine Maureira Oyharçabal

The first appearance of species currently described as “robots” refers to the work 
“Iliad” by Homer, book XVIII, from the fifth century bc. In it, it was found the 
activity of creating beings made of metal and gold with their own movement 
designed by the god of metallurgy, Hephaestus, to serve him in his tasks. In the 
course of history to the present day, the image of these beings has acquired different 
features, moving between heroes and villains in different scenarios of prosperous 
futures or fanciful dystopias [1].

Despite the description in the Antiquity period, the first time that the term “robot” 
was used comes from the Czech play “Rossum’s Universal Robots,” written in 1920 
by Karel Capek. According to the translation of the play in the work Rossum’s 
Universal Robots (Tchápek, 2010, p. 16), it is described that the word robot comes 
from the Church Slavonic term rob, which means slave, and that as a feminine noun 
in the Czech spelling robota, it translates to forced labor or strenuous physical 
labor. Thus, in the theatrical work, the word robota was used to refer to metal 
beings with an image similar to man and which translates to “servants” whose 
destiny and function was previously established: to fulfill what human beings had 
not had the ability or intention to perform [2, 3].

It can be seen during the play that the boring activities dedicated to the dozens of 
replicas allowed human beings more time to dedicate themselves to other intellec-
tual activities, to leisure, and to idleness. In the end, Tchápek describes the awaken-
ing of the robots’ consciousness in his narrative, which face their dominators with 
the saying: “The human stage is outdated. A new world has begun! The government 
of robots!”[3].

L. M. Ferreira (*) · R. S. de Araújo 
Plastic Surgery Department, Universidade Federal de São Paulo, São Paulo, Brazil 
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What at first was just a science fiction dream that brought alternative realities and 
extraordinary battles in the field of Literature gradually brought new tools to human 
daily life, especially with the advancement of technologies and innovations. In the 
field of medicine, in the 1980s, there were already specific computer systems that 
guided certain procedures, such as the case of Robodoc for hip replacement surgeries 
in orthopedics or the Programmable Universal Machine for Assembly (PUMA) 200 
for performing neurosurgical biopsies. During this period, based on a proposal 
made by the United States Army (USA), the spark was lit for the insertion and 
idealization of the use of robotic machinery in surgical fields [4, 5].

The main idea of this request was based on the possibility of allowing the arrival 
of medical aid in military camps of difficult access, changing the previous paradigm 
of transferring the injured soldier to the nearest hospital and bringing the new 
concept of taking the operating room to the support unit. In this way, it was hoped 
to change the precept from “Golden Hour” to “Golden Minute,” allowing for 
immediate intervention and improving the survival of seriously injured soldiers [5, 6].

The pioneering prototypes depended on previous studies by researchers at the 
National Aeronautics and Space Administration (NASA) and Scott Fisher, who 
developed a screen attached to the face through a helmet to allow a three-dimensional 
(3D) virtual environment. For the creation of a telepresence device, engineer Dr. 
Phil Green from the Stanford Research Institute (SRI), a program funded by the US 
government, Colonel Richard Satava, and other members of the SRI team developed 
what was called a “telepresence surgery system,” also known as the “SRI system,” 
consisting of a surgeon’s workstation and a remote surgical unit [7].

This public initiative prototype contained a pair of instrument handlers at the 
surgeon’s station that transmitted their movements to the remote surgical unit 
attached to the patient. These gauntlets did not contain an articulating wrist and 
therefore allowed movement in only four degrees of freedom compared to the seven 
possible degrees of being performed by the human hand. They were positioned 
below a mirror in order to give the illusion that the instrument handles in the 
surgeon’s hand were attached to the tips projected in the image seen on a monitor. 
As there was a simple video system, this phase required the use of polarized light 
glasses to create a 3D image [7].

In the remote surgical unit, instruments could be changed through a twist lock 
mechanism, making it possible to use needles, intestinal forceps, scalpels, and 
electrocautery. A point that differentiates the SRI system from current ones is the 
presence of tactile feedback from force sensors in the distal portion of the 
instruments, which transmitted sensations to the surgeon and prohibited movements 
from a certain degree of resistance encountered during the intraoperative [7, 8].

Although it was initially designed for use in open surgery, in 1989, Colonel 
Richard Satava watched the presentation of a videotaped laparoscopic 
cholecystectomy performed by Dr. Jacques Perrisat at the Society of American 
Gastrointestinal and Endoscopic Surgeons (SAGES). This milestone made him 
bring to the SRI team the idea of promoting the transition from the robotic 
laparotomy system to a laparoscopic model. At the time, Colonel Satava argued that 
the robotic telepresence system offered a solution to difficulties with traditional 
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laparoscopic tools, such as providing better-definition stereoscopic vision, improved 
dexterity, reduced tremor, and motion scaling, that could improve a surgeon’s 
performance beyond their physical limitations [7].

Such action resulted in Colonel Satava’s invitation to the Advanced Research 
Projects Agency in 1992 (ARPA, which became the Defense Advanced Research 
Projects Agency [DARPA] in 1993) to develop the telepresence system for potential 
military applications. With the aim of improving military medicine, mobile units 
were developed with the telepresence system coupled with tests on mannequins. 
Despite these initiatives, the system was never used in humans, opting for the exit 
strategy of patenting it between 1993 and 1994 during the performance of various 
tests on both live and nonliving models [7, 9].

Created in 1990 and originating from the private initiative of Dr. Yulun Wang, the 
Computer Motion Inc., from Santa Barbara, California, USA, initially aimed to 
develop an endoscopic support. Along with funding from NASA’s Small Business 
Innovation Research Grant, complemented by DARPA, in 1992, the first robotic 
prototype was released, approved for use in humans by the Food and Drug 
Administration (FDA) in 1994, called the Automated Endoscopic System for Optimal 
Positioning (AESOP) [9].

Its first version, AESOP 1000, was composed of a single mechanical arm cou-
pled to a laparoscopic optic and its control could be performed by pedals. Later 
versions brought changes, such as the use of voice control in replacing the pedals in 
the AESOP 2000 and increasing degrees of freedom of movement in the AESOP 
3000. In 1996, the HERMES system was announced, which incorporated voice con-
trol and haptic feedback into other operating room components, such as lighting or 
operating table movement, in the so-called AESOP HERMES Ready (HR) [9, 10].

When envisioned, the AESOP was designed to provide improved video image 
stability and eliminate the need for an auxiliary to hold the optics. Such ambitions 
were acquired in practice, but it was realized that the operative procedures still 
required the need for slight movement of the camera from time to time and the 
surgical team [8, 9].

In 1998, the same company that created the AESOP developed the ZEUS Robotic 
Surgical System®, in Goleta, California, USA.  It consisted of a mechanical arm 
intended for optics and two independent arms with four degrees of freedom, all 
attached to the operating table. This system enhancement allowed the introduction 
of the telepresence concept of robotic surgery from a console. This surgeon’s 
handling device consisted of a video monitor and two handles capable of controlling 
the instruments in a two-dimensional interface. The ZEUS system was used both in 
fallopian tube anastomosis and coronary artery grafting in 1998 and 1999, 
respectively [7].

However, the most successful milestone for this robot comes from Operation 
Lindbergh, the first transatlantic surgery, performed in 2001. Charles Augustus 
Lindbergh (1902–1974) was the American aviator who became the inspiring name 
for this surgery due to his heroic act of planning and performing a solo flight from 
New York to Paris in 1924, becoming a symbol of American freedom, pride, and 
daring [11].

History of Robotic Surgery
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Operation Lindbergh consisted of a cholecystectomy performed by Jacques 
Marescaux, a surgeon located in New  York, on a patient located in Strasbourg, 
France. The ZEUS robot used the SOCRATES telecollaboration system, which 
allowed the control of robotic arms across the Atlantic Ocean. The result was the 
success of the operation, whose total duration was 54  min, without technical 
incidents [11, 12].

Concurrent with the period of development of the ZEUS system, another com-
pany created in California in 1995, called Intuitive Surgical Inc., brought its first 
model to the market: Lenny, an abbreviation for Leonardo. Lenny, whose prototyp-
ing continued from where the SRI system had stagnated, took a differential leap by 
adding a robotic pulse to handling instruments. Such action promoted the addition 
of the seven degrees of freedom of movement of the human hand to the robot, 
improving the surgeon’s skill and field of action. In addition, the use of glasses with 
lenses synchronized with the video monitors increased vision, but the manual fixa-
tion of the three robotic arms on the operating table took a long time to prepare the 
room and limited the surgery. Although animal tests were performed in 1996, it was 
not considered mechanically reliable and still did not provide the surgeon with a 
very high-quality view of previous events [6, 12].

In 1997, the second generation of Intuitive, Mona, was released in honor of 
Leonardo da Vinci’s Mona Lisa. This was the company’s first robotic surgical 
system to be used in human trials. Unlike Lenny, Mona had an interface with four 
rotating ports of interchangeable instruments that could be exchanged intraoperatively 
in a sterile field. Mona’s first procedure was a cholecystectomy, performed the same 
year by Jacques Himpens, a bariatric surgeon at Saint-Blasius General Hospital, 
Belgium [7, 8].

Despite the success of the surgery, flaws in this system were noticeable, such as 
the absence of an arm for the endoscopic camera, requiring an assistant to hold it, 
the fragile coupling of the instruments, and the difficult configuration of the 
equipment [6, 7].

In 1998, it was launched the robotic platform that would become the one with the 
greatest impact and employment today: the da Vinci® system. Different from 
previous robotic systems, the da Vinci obtained the differential of bringing greater 
ergonomics to the surgeon’s movements from the increase of seven degrees of 
freedom, with two axes of axial rotation, and better convenience when coupling the 
stereoscopic viewer and the control pedal of the mono- or bipolar power to the 
surgeon’s console. The robot consisted of three arms, two to hold the instruments 
and one to support the new 3D endoscopic camera, joined to only one exoskeleton, 
dispensing time to assemble each arm to the operating table [8, 13].

Its first iteration in human trials took place the same year as it was launched in 
Mexico, Germany, and France in procedures that included cholecystectomy, Nissen 
fundoplication, thoracoscopy mastectomy, and mitral valve repair. Its first 
commercial sale took place in late 1998 to the Leipzig Cardiac Center in Germany, 
and within a year another ten units were sold across Europe. To prove the safety of 
this new technology, about 300 robotic surgeries were performed on the same 
continent, especially cholecystectomies and fundoplications. Other registered 

L. M. Ferreira et al.
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surgeries were tubal reanastomosis, correction of inguinal hernias, intrarectal pro-
cedures, and hysterectomies [8, 14].

In the 2000s, the da Vinci system obtained approval for use in abdominal proce-
dures by the FDA; however, by claiming the equivalence of the da Vinci technology 
with that of Mona, Intuitive Surgical Inc. was able to extend the authorized regions 
for the procedures. In 2002, based on the growing need, the company added a fourth 
arm to the current version to aid in the presentation of anatomical structures [6, 13].

As sales, enrollment, and employment of the new technology soared, in the fol-
lowing year, Computer Motion Inc. merged with Intuitive after a legal battle, halting 
development of the ZEUS system and migrating all efforts to the latest model [7, 9].

In 2006, Intuitive launched the da Vinci S system, in which it implemented sim-
plifying handling of the operating system and improving quality of 3D endoscopic 
camera vision. In 2009, the da Vinci model was reformulated to its da Vinci Si ver-
sion, the most widespread platform in the world. As a highlight, the dual console 
technology was introduced, which allows cooperation between two surgeons, either 
intraoperatively or in the training, and supervised simulation of surgeons. In addi-
tion to these aspects, the images presented to the surgeon obtained further improve-
ments with the incorporation of the Firefly system, a technique for applying and 
acquiring fluorescence images in real time [6].

In 2014, the da Vinci Xi platform reached global markets with the insertion of an 
exoskeleton adjustable to the patient’s table from any positioning angle and an 
integrated table motion (ITM), which allows repositioning intraoperatively, without 
the need to reposition the robot. Both features reduce both surgical time and the 
time required for equipment assembly and preparation. Likewise, the endoscopic 
camera has received further 3D image quality improvements with the possibility of 
reversing the camera angle by the surgeon at the console, eliminating the need for 
an assistant. Over the years, the most recent version announced by Intuitive is the da 
Vinci SP, in which a single specialized arm for minimally invasive single-port 
surgery features three instruments and a camera articulated to narrow spaces [6, 15].

After FDA approval in the early 2000s, the Vattikuti Institute of Detroit, 
Michigan, was the first to document the so-called “Vattikuti Institute prostatectomy,” 
which become commonly recognized as one of the most performed procedures in 
this area: robotic-assisted prostatectomy. Nowadays, several specialties already use 
robotic surgery, such as gynecological surgeries for benign diseases, orthopedic 
surgeries for spinal procedures with lower risk of spinal cord injury, 
otorhinolaryngology and head and neck surgery for oncological procedures with 
reduced complications, and, in particular, the areas of urological surgery and surgery 
of the digestive system [5, 13, 15].

In 2018, the British company called Cambridge Medical Robotics Surgical 
(CMR Surgical) launched the Versius® robotics platform. According to Luke Hares, 
the company’s chief technology officer, the platform was developed to address 
some of the limitations and needs not met by previous robotic systems. First, the 
system’s manual controllers were ergonomically designed to optimize the surgeon’s 
comfort, seeking to avoid neck pain and low back pain. Next, the surgeon’s console 
has an open (i.e., non-immersive) design that allows the surgeon to maintain 
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communication with his team during surgery and is height adjustable, giving you 
the option of sitting or standing during the procedure. Visual feedback is provided 
by the console surgeon’s “head-up display,” which displays 3D video from the 
endoscopic camera with an image overlay. Finally, the arms of the instruments have 
about eight joints, providing seven degrees of freedom of precise and stable 
movement during the procedure, and it is worth noting the small size of the robot, 
facilitating docking and transport [16, 17].

Over the years, studies have shown that the use of the robotic platform reduces 
blood loss and the need for blood transfusion, mean pain scores, and hospital stay 
compared to the open procedure. On the other hand, there are disadvantages, such 
as longer operating time depending on the surgery, complex installation process 
depending on the model used, costs, and lack of tactile feedback [4, 14].

However, perspectives indicate that robotic-associated procedures are a safe real-
ity, superior in several patient-related elements compared to the laparotomy tech-
nique and comparable in some of these data to laparoscopy depending on the 
surgeon’s experience and the procedure performed [14]. Despite this, it is noticeable 
that the history of robotic surgery is far from over, with the potential for the creation 
of new tools, new systems, and professionals in continuous adaptation of procedures 
from different specialties for use with robotics in search of excellence in the surgical 
results of patients.
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Robotic Devices in Aesthetic Plastic 
Surgery

Marco Aurélio Faria Correa

1  Introduction

We are seeing an increasing number of female and male patients presenting with 
small- and medium-size abdominal wall deformities coming to our clinics asking 
for minimally invasive and scarless procedures that can effectively improve their 
core muscle and the aesthetic appearance of the abdomen. In many cases the 
problem is not the cosmetic aspect of the skin, nor striae, nor the redundant folds of 
skin, nor overweight or abdominal lipodystrophy, but rectus diastasis (Figs. 1, 2, 3, 
4, 5, 6, 7, 8, 9, 10, and 11). They complain that despite working hard at losing 
weight, having a strict and rigorous workout regime, they cannot get rid of that 
bulging stomach and/or the periumbilical deformity (sad belly button). The 
weakening of the musculoaponeurotic abdominal wall due to congenital conditions, 
weight variation, aging, or pregnancy is a frequent cause of rectus diastasis and/or 
umbilical hernia that can alter the cosmetic aspect of the abdomen [1, 2]. The rectus 
abdominal muscle plays an important role, not only in the cosmetic appearance of 
the abdomen but also in the stability of the spine. Depending of the degree of the 
rectus diastasis, it can lead to a vicious posture, spine problems, back pain, slipped 
disc, etc. Rectus plication can effectively restore function, providing a balance 
between the anterior and posterior muscle of the abdominal wall, and improve the 
cosmetic appearance of the abdomen [1, 3]. The long-term evaluation by 
ultrasonography and CT scan of the plication of the anterior rectus sheath [4, 5] as 
well as our long-term clinic follow-up (Fig. 12) has shown the efficiency of the recti 
plication when properly performed.
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BEFORE AFTER

Fig. 1 Mini-abdominoplasty with mini-dermolipectomy done in 1986 caused an anatomical 
deformity by lowering the umbilicus position

Fig. 2 Minimal scar abdominoplasty: xiphoid-pubic rectus plication, lipectomy, and no skin 
removal—performing the whole procedure using the previous “C-section scar” with the aid of 
light source retractors
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BEFORE AFTER

BEFORE AFTER

Fig. 3 Before and after minimally incision abdominoplasty
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Fig. 4 Endoscopic abdominoplasty scars hidden inside the navel/umbilical and inside the pubic 
hair-bearing area
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BEFORE AFTER

Fig. 5 Before and after endoscopic abdominoplasty
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Before After 6 months After 8 years After 15 years After 20 years

Fig. 6 Endoscopic abdominoplasty with 20 years of follow-up showing the maintenance of the 
result of the rectus plication even after patient aging 20 years and putting on 8 kg

After 2 yearBefore After 35 days

Fig. 7 Long-term follow-up of endoscopic abdominoplasty after 35  days showing a very fast 
recovery with minimal swelling. After 2 years showing maintenance of the result of the rectus 
plications and fat plication
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After 5 yearBefore  After 1 year

Fig. 8 The before photo shows a patient who had abdominal deformities after the delivery of 
twins and was 8  kg overweight. At 1-year follow-up the patient cut down 8  kg. After 5  years 
post-op, the patient put back 5 kg. We observe the long-term maintenance of the result
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Fig. 9 Endoscopic abdominoplasty performed through C-section scar: before and after
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Fig. 10 Robotic abdominoplasty: before and after 3 months and 1 year. After three pregnancies a 
42-year-old very fit patient started to suffer from a moderate to severe degree of rectus diastasis 
that was causing her back pain and urinary issues (urgency to pass urine and leaking urine when 
coughing and practicing sports). The patient had tremendous improvement in her spine and urinary 
issues after repairing rectus diastasis. We can observe in the frontal view the RD all along the 
whole abdomen before and the improvement after. In the profile view we observe an acute 
angulation of her spine and a bulging projection of her abdomen on the before view and a nice 
improvement after; in the semi-profile view we can observe a global improvement of the function 
of her core muscles
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Before 5 months Post Op After 1 Year

1 Year Post Op5 months Post OpPre-Operation

Fig. 11 Robotic abdominoplasty—before, after 5 months and after 1 year. We can observe impor-
tant improvement in her posture, a new definition of her core muscle, and in the hanging abdomen 
before and the new capacity of holding her abdominal viscera after
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Fig. 12 Set of instrument 
developed by the author

2  Evolution of Thought

By analyzing the results of mini-abdominoplasty in the treatment of small- and 
medium-size abdominal deformities, I have drawn the following conclusions:

• Plication of the lower abdominal rectus may cause a protrusion of the upper 
abdomen; therefore, rectus plication from the pubis to the xiphoid process is 
required.

• Small skin resections in the lower abdomen will not help in the flabbiness of the 
abdomen and may cause dog-ears and/or long scars, so I recommend no skin 
resection and work through smaller incision possible in patients presenting with 
good skin elasticity.

• The reposition of the umbilical scar below its original position may cause a dis-
tortion of the patient’s original anatomy and an unnatural and weird appearance, 
so I recommend reinserting it in its original site.

3  Evolution of the Method: From the Light Source 
Retractors to Endoscopic and to Robotic Methods

In 1989 I started performing mini-abdominoplasty without removing any skin, just 
using the previous C-section scar, with the aid of light source retractors freeing the 
umbilical scar, performing a xiphoid, pubic rectus plication, and lipectomy, and 
reinserting the umbilical scar in its original site (Figs.  2 and 3)—minimal scar 
abdominoplasty technique.
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The beautiful results achieved by effectively treating the cosmetics and func-
tional deformities through minimal incisions, without adding new scars, but just by 
using the previous scars and even improving it, gave me the enthusiasm.

In 1991 one patient came to me without previous “C-section” asking me if I 
could treat her using a very small scar hidden inside her pubic hair-bearing area. 
Attentive to the emerging video-endoscopic method, which was so promising, 
allowing the surgeons working through very minimal incisions, I had the idea of 
using endoscopic methods in plastic surgery [6–9].

Then, at the University Hospital PUC Porto Alegre, I started a research project to 
adapt endoscopic methods to the subcutaneous territory for treating patients pre-
senting with rectus diastasis and no redundant skin, working through incisions as 
small as 4 cm hidden in the pubic hair-bearing area and inside the umbilical area 
[7–10] (Fig. 4). In those days there was a concept that we should not use pressured 
gas in the subcutaneous to develop the optical cavity, the working space, due to the 
risk of gas embolism when cutting perforators veins during the flap dissection and 
also the risk of gas dispersion causing the subcutaneous emphysema. For circum-
venting those risks, I developed a set of instruments to gasless, undermining the 
abdominal flap, tenting the flap, and stitching the muscle [6, 7, 9] (Fig. 12).

Attentive to the development of new instruments, machines, and methods in sur-
gery that can facilitate and improve our task and result and with more than 20 years 
of follow-up, it shows the effectiveness of the technique and the beauty of restoring 
the original anatomy leaving minimal and inconspicuous scars (Fig. 4); in 2013 I 
started studying and training robotic surgery with the enthusiasm of going for the 
next level, using the da Vinci Robotic Surgery System to perform rectus plication in 
minimally invasive abdominoplasty [1].

Robotic surgery is the “gold standard” of minimally invasive surgery in many 
surgical fields. The robot high-definition three-dimensional view and the 
amplification of images give us a much better depth sensation of the surgical field 
than the 2D endoscopic view; it is even better than our naked eyes. Laparoscopic 
instruments have a limited range of motion; the robot EndoWrist range of move-
ments is comparable to the human wrist. The surgeon’s hand tremor is transmitted 
through the rigid laparoscopic instrument; this limitation makes delicate procedures 
more difficult [10, 11]. The superb precision and stability of the robot arms, surgical 
field, and instruments, all controlled by the surgeon seated at the console in a com-
fortable ergonomic position, without the need of coordinating camera and instru-
ment movement with a surgical assistant makes the surgery much easier, more 
precise, and less stressful [1].

In urology, robotic prostatectomy is such a solid application, presenting so many 
advantages over the open methods as well as over the endoscopic methods [11, 12] 
that, if a patient has the chance to choose which methods to undergo, the best choice 
would be to go for robotic-assisted ones. In cardiothoracic surgery the surgical 
robots are also proving to be the key in transforming technically challenging open 
procedures like mitral valve repair and heart revascularization into technically 
feasible, minimally invasive procedures. In any institution where robotics “da Vinci 
Surgical System” is available, the tendency for laparoscopic surgery (in gynecology, 
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colon-rectum surgery, and general surgery) is being replaced by robotic-assisted 
surgery due to the many advantages that robotic-assisted surgery presents over lapa-
roscopic method [1].

In many surgical fields robots are becoming a promising technology.
In reconstructive plastic surgery it has already been used for the harvesting of 

latissimus dorsi in breast reconstruction, supermicrosurgery, hand surgery [10, 13, 
14], and hair transplant.

So far I didn’t find in the literature any report of other applications of robotics in 
aesthetic plastic surgery [1].

As a cosmetic plastic surgeon I feel it is very interesting that there is a fast- 
growing trend for the use of robot for performing trans-axillary robotic thyroidec-
tomy and robot retro-auricular submandibular gland resection [15, 16] procedures 
that are improved or tweaked to minimize visible scars or even relocate the scars to 
other body areas that could be hidden. Yet little is done in the area of aesthetic plas-
tic surgery, where scarring is of an important concern for patients [1].

After completing my training and certification as a robotic surgeon, I designed 
retractors to perform a gasless muscle—aponeurotic rectus plication in the same 
fashion as I do endoscopic abdominoplasty. I performed my first case in April 2015 
and since then up to now 31 cases are done with no complication and very satisfac-
tory results.

4  Surgical Robots

The equipment that I am using is the da Vinci Surgical System SI and XI. It consists 
of three components: the console where the surgeon sits to operate the robotic arms, 
a robotic cart with three or four arms on which the patient sits, and the high- 
definition 3D vision system.

It is the surgeon that operates. The robot system does not have autonomy to do 
anything on its own; every single movement is operated and controlled by the 
surgeon. Sitting at the console, using the joysticks, the surgeon drives the robot arms 
and endowrist instrument operating very precise miniaturized tools. Using the feet, 
the surgeon controls the camera (zoom in zoom out), monopolar and bipolar cut, 
and cauterization, as well as switching use of the second and the third robot-work-
ing arms, without the need of coordinating the movements with an assistant [1].

5  Surgical Technique

I use two different methods: the CO2 method and the gasless method. In this chapter 
I will describe the gasless method that is the direct evolution of the minimal scar 
abdominoplasty. It is the method that I recommend for the beginners.
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5.1  Anesthesia

For endoscopic abdominoplasty, epidural anesthesia or general anesthesia is used. 
For robotic abdominoplasty general anesthesia is my preference because after 
docking in the robotic arms, the patient should stay still, in a state where she could 
move as a reaction to pain or other stimuli. There is a so-called remote center in the 
trocar that must stay in place to avoid tearing the skin. All the movements of the 
robot arms are around a fixed rotating point.

5.2  Infiltration

Five hundred milliliter of saline solution and 1 mL of epinephrine (1:500,000) are 
infiltrated at the area to be undermined in between the fat tissue and the muscular 
aponeurosis to facilitate dissection and reduce bleeding as well as in the incision sites.

5.3  Incisions

If a patient presents with previous scars from cesarean sections or other abdominal 
surgery (Figs. 6, 7, 8, and 9), the surgeon assesses the need to repair the scars as well 
as the possibility of using them for access [6, 9].

In endoscopic abdominoplasty technique if there is no previous C-section scar, a 
4  cm incision is made at the pubic hair-bearing area and another one inside the 
umbilical scar (Fig. 13).

In robotic abdominoplasty I use two incisions of 0.7 cm at the bikini line 20 cm 
far from each other to avoid instrumental collision and one incision for the camera 
arm at the midline of the patient’s abdomen, inside the pubic hair-bearing area at the 
pubic bone level, 3  cm above the vaginal furcula, measuring to 2  cm, and one 
“Y”-shaped incision is made within the umbilical scar (Fig. 14). The umbilical port 
is used for the introduction of retractors for tenting the abdominal flap, for supplying 
sutures and gauze into the operative field, and for the surgical assistant helping with 
laparoscopic instruments if necessary. Liposuction can be done using the same three 
incisions in cases of lipo-abdominoplasty (Fig. 14).

The skin of the umbilical scar is detached from its stalk. If there is an umbilical 
or paraumbilical hernia to be repaired, I do it before proceeding for the rectus 
plication. The umbilical stalk is then transfixed using a 3-0 mononylon suture. The 
reinsertion of the umbilicus skin flaps is done after finishing the rectus plication, at 
its original site, deep inside the plication [9]. If there is redundant skin at the navel, 
a Y-shaped incision is made generating 3 triangular flaps [6, 9], the closure of it will 
leave inconspicuous converging scars, following Avelar’s original idea [17]. By 
resecting part of these triangular flaps, we treat the redundant skin (Fig. 15) [1, 6, 9].
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Fig. 14 Robotic abdominoplasty: (1) surgeon sitting at the console performing the rectus plication; 
(2) drawing the incisions; (3) infiltration of saline solution and adrenaline (1:500,000); (4) Y-shaped 
incision at the umbilicus; (5) Faria-Correa retractor tenting the flap to maintain the optical cavity in 
a gasless fashion; (6) robot arms positioned and the surgeon performing the rectus plication (1)

Fig. 13 Endoscopic abdominoplasty: (1) team positioning; (2) suprapubic incision; (3) dissection 
and identification of the diastasis recti; (4) rectus abdominis muscle inner border demarcation; (5) first 
layer of plication using interrupted stitches; (6) cutting tread after stitching; (7) second layer of stitch-
ing, running suture using mononylon 2-0; (8) resulting scar hidden inside the pubic hair- bearing area
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Fig. 15 The surgical sequence of umbilicoplasty technique is as follows:
• Intraumbilical Y-shaped incision
• Three triangular flaps and a wide entrance port
• Partial resection of these flaps to treat flabbiness
• Closure, leaving inconspicuous converging scars

5.4  Dissection and Elevation of the Abdominal Flap

In the gasless method the undermining starts from the umbilicus progressing down-
wards through the midline towards the pubis and from the pubic incision upwards, 
or vice versa, to meet each other. The procedure begins with the use of traditional 
methods with conventional instruments as far as our eyes, fingers, and instruments 
allow us to work safely and comfortably. With the aid of a 4 or 7 mm 30-degree 
endoscope, retractors, and the “subcutaneous tomoscope” [9] or electrocautery, we 
progress to dissecting a tunnel from the pubic bone to the xiphoid process (Figs. 6 
and 13) up to the outer borders of the rectus abdominal muscles to create the optical 
cavity. The undermining can be done endoscopically or with the aid of the robot 
system. If further undermining is necessary for a proper redistribution of the abdom-
inal flap, we do a blunt dissection, creating tunnels and preserving vessels and 
nerves. Tunneling preserves the sensitive innervation of the abdominal wall and 
provides faster recovery with earlier reduction of the edema [9] (Fig. 7).

5.5  Recti Plication

We identify the rectus diastasis (Figs. 13 and 16), and with a small cotton bud tinted 
with methylene blue, we demarcate the inner border of the rectus abdominal muscle 
aponeurosis to be plicated. Plication of the anterior rectus sheath is performed in 
two layers, the first layer using 2-0 or 3-0 nylon buried stitches 1.0 cm distant from 
each other, and the second layer of two continuous sutures using V-Loc 00 nylon: 
one starting from the xiphoid process running till just above the umbilical stalk, 
another continuous running suture starting from just below the umbilical stalk to the 
pubic bone.

Supra-umbilical or periumbilical flabbiness is frequent (Fig. 17). This deformity 
occurs during pregnancy when the abdominal muscles stretch and the subcutaneous 
fatty tissue attached to them is pulled away, creating a gap with skin flabbiness in 
the region. This subcutaneous fat gap is repaired by suturing the two edges of the fat 
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a b c d

Fig. 17 (a) Pre-op showing the rectus and periumbilical fat diastasis. (b) Intra-operation, a view 
of the repaired rectus diastasis and the mark of the edges of the subcutaneous fat gap to be repaired. 
(c) Intra-op, a view of the rectus diastasis repaired and subcutaneous fat gap repaired. (d) Immediate 
postoperative result

a b

c d

Fig. 16 Robot rectus aponeurosis plication. Surgeon’s HD 3D view in the console. (a) Identify the 
rectus diastasis. (b) Draw the inner border of the rectus abdominis using a small cotton bud. (c) 
Plication starts using 2-0 nylon interrupted stitches 1 cm distant from each other. (d) Second layer 
of plication by using a 2-0 V-Loc nylon running suture

tissue together with 4-0 monocryl interrupted sutures. A small hole is left between 
the edges to permit these small triangular umbilical skin flaps to pass through it for 
the reinsertion into the umbilical stalk, which was previously secured by the spare 
suture mentioned earlier [9].
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5.6  Liposuction

If there is any area that requires liposuction, the liposuction will be performed after 
the rectus plication. We aspirate only the deep surface of the dermal-adipose flap. In 
the undermined areas we use the cannula with the holes facing up. In the non- 
undermined areas, we use the cannula with the holes facing down in the traditional 
way and liposuction of the deep fat tissue area, creating tunnels, preserving vessels, 
and creating a closed vascular system just like what was described by Avelar [18].

6  Results

I have done approximately 20 cases of minimal incision abdominoplasty from 1989 
to 1992, approximately 300 cases of endoscopic abdominoplasty from 1992 to 2015, 
another 280 cases of endoscopic assisted abdominoplasty and endoscopic abdomino-
plasty (using both the CO2 and the gasless method) from 2015 to today, and 31 cases 
of robotic abdominoplasty from 2015 to today. I have many robotic abdominoplasty 
patients with up 5 years of long-term follow-up (Figs. 10 and 11) and endoscopic 
abdominoplasty cases up to 5 and 20 years of follow-up (Figs. 6, 7, and 8). We can 
observe an important cosmetic improvement, a much flatter abdomen, improvement 
in the posture, and a natural reconstitution of the patient’s original anatomy leaving 
minimal scars, and most patients inform an important improvement in their quality of 
life by reducing their suffering from back pain and pelvic floor dysfunction.

The rectus plication showed effectiveness and is long-lasting in most of the cases 
when the plication method was done using two layers of stitching: first-layer 
interruptive stitches with nylon 00 and second-layer running stitches. It failed in a 
few patients that didn’t respect the proper downtime and started exercises before 
6 months.

I converted the minimally invasive abdominoplasty into a full abdominoplasty in 
about 20 cases. After a short period of time, because some patients had some degree 
of flabbiness that they did not accept, and other who were happy with the result of 
the endoscopic abdominoplasty for many years, after putting on weight and plus the 
aging process caused redundant skin, they decided to remove the redundant skin.

Overall the results are very satisfactory when it is done in the right patients with 
no redundant skin and with realistic expectations and that don’t want long scars.

7  Complications

The complications in minimally invasive abdominoplasty, both endoscopic and 
robotic methods, are the same: seroma (Fig. 18) and hematoma. So far in a total 
number of more than 600 cases in more than 32-year experience, I never had one 
case of infection and skin necrosis, had some cases of skin surface irregularities due 
to the liposuction, and had cases of rectus diastasis failure because the patients 
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Fig. 18 Seroma

started physical activities too early, not following the recommendation of 6 months 
of no sports but only core muscle re-education exercises. We manage to reduce the 
incidence of seroma by reducing as much as possible the undermining area, creating 
a closed vascular system [18], and stitching the dermal-adipose flap to the muscle 
fascia, and suction drainage would have to be maintained minimally for 2 or 3 days 
or until the drainage over 24 h is less than 30 cm3 [6, 9].

8  Discussion

A proper understanding of the patient’s concern, a correct diagnosis of the issues 
involved, and a clear discussion with the patient about the surgical plan and the 
outcomes are paramount.

Treating patients with over-redundant folds of skin, flabbiness, and skin dam-
aged by striae is an easy task. We have no doubt on what to do. Our patients will be 
very happy to have a long scar, that will fade as time goes by, in order to have the 
ugly and redundant skin removed, to get a new body contouring.

But the situation is not the same when it comes to the treatment of small- and 
medium-size abdominal wall deformities. They ask for scarless minimally invasive 
procedures that can restore their original anatomy.

Post-gestational deformities are most of the time associated with rectus diastasis 
and the stretching of the linea alba that causes a protrusion in the abdominal wall 
affecting the function of the core muscle, leading to medical and cosmetic issues. 
Rectus diastasis most of the time is not limited to the lower abdomen but extends 
towards the whole abdomen—that is why rectus plication from the pubis to the 
xiphoid is required for a proper functional and cosmetic result.

Many times, the skin is not the patient’s concern. If the patient’s skin is still pre-
senting with good elasticity, with the capacity to retract, and is also presenting with 
a nice cosmetic aspect, cutting a fuse of skin in the lower abdomen will not help in 
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treating a small degree of flabbiness, and will just create unnecessary scars, some-
times cause a lowering of the umbilicus positioning, distorting the patient’s original 
anatomy, not contributing to the beauty of the result.

Liposuction alone will not be enough if there is a rectus diastasis. Liposuction 
can be associated with rectus diastasis in very selected cases of real abdominal 
lipodystrophy.

Pregnancies can cause an imbalance of the core muscle. After repairing and 
reconstructing the linea alba, a physiotherapy work may be helpful to achieve the 
optimal result. We recommend a postural re-education with a specialized 
physiotherapist to reinforce the core muscle and a proper healthy lifestyle and 
maintenance of the right weight.

Minimally invasive surgery presents many advantages compared to open meth-
ods, like fast recovery, less pain, lower risk of infection, and minimal scars that are 
our goals in cosmetic surgery. Plastic surgeons are not well trained in minimally 
invasive methods and it will demand a lot of time, cost, and dedication to develop 
skills in endoscopic surgery and robotic surgery. Robotic surgery also adds a cost to 
the patient and that makes it difficult for some patients to afford. In robotic surgery 
an initial limitation is the loss of haptic feedback (force and tactile). Conventional 
endoscopy presents with a 2D image view, whereas the da Vinci system presents 
with a high-definition precise 3D image that compensates for the loss of haptic 
feedback [1].

But, even if minimally invasive methods present advantages over open methods, 
what I consider more important in this technique is the new concept in mini- 
abdominoplasty: In patients presenting with good cosmetic aspect of the abdominal 
skin, good elasticity, and no redundant skin, we should work using minimal inci-
sions and do remove any skin; plication should be performed using nonabsorbable 
stitches, at least one layer of interruptive stitches, and extends from the pubis to the 
xiphoid process; the umbilical scar should be re-inserted in its original site; and 
liposuction should be performed when necessary.

9  Conclusion

We are living a new era in plastic surgery. We have learned a lot about the skin elastic-
ity and capacity to retract. New technologies to help the skin to retract are available. 
Rectus diastasis so far still needs surgical treatment. Minimally invasive methods 
have shown many advantages over the conventional methods, and scars are one of the 
most important concerns in our cosmetic patients. Robotics in aesthetic plastic sur-
gery is still in its infancy, but it is very promising considering its many advantages in 
minimally invasive surgery associated with high technology that helps us work 
through minimal scars with incisions at remote sites, leaving inconspicuous scars that 
are the hallmark of plastic surgery. Over the past 30 years we are seeing an increasing 
number of female and male patients coming for the treatment of small- and medium-
size abdominal deformities. Many of them are presenting with rectus diastasis, no 
redundant folds of skin, good skin elasticity, and with or without abdominal lipodys-
trophy. They demand for scarless procedures that can effectively correct it. Liposuction 
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alone will not be effective enough in many cases. The long-term evaluation of midline 
aponeurotic rectus plication, when properly performed, has proved its efficiency. 
Plastic surgeons are always looking for tools and instruments that can help us to better 
perform our procedures with more precision, efficacy, less trauma, faster recovery for 
our patients, and minimal scars. Since 1991 I started using endoscopic methods for 
the treatment of the described deformities. The efficacy of the minimally invasive 
method was observed in patients with more than 20 years of follow-up, it gave me the 
enthusiasm of going to the next level: the “gold standard” of the minimally invasive 
video surgery, the use of robot “da Vinci Surgery System” for the plication of the 
rectus diastasis. In many areas of application like urology, gynecology, general sur-
gery, neurosurgery, and heart surgery, robot surgery has proved to have many advan-
tages over conventional endoscopic methods due to the robot high-definition 
three-dimensional surgical view and amplification of images that makes it much more 
accurate than the 2D view provided by the conventional endoscopic methods, the 
superb precision and a much larger range of motion of the robot endowrist instru-
ments that are comparable to the human wrist, and the stability of the surgical field, 
camera, and instruments, all controlled by the surgeon seated at the console in a com-
fortable position [1]. It is time to stop creating unnecessary scars and using minimally 
invasive methods in body contouring plastic surgery. It is time for robotics in plastic 
surgery. MILA (minimally invasive lipo- abdominoplasty) is the state of art of 32 years 
of evolution of a new concept in mini-abdominoplasty and by the introduction of 
emerging technologies of endoscopy and robotic. The Endoscopic version of MILA, 
Endoscopic Abdominoplasty awarded by the American Society of Plastic Surgeons 
and Plastic Surgery Foundation in 1996 (Fig. 19a) and the Robotic Abdominoplasty 
awarded by six societies of cosmetic and plastic surgery in Asia in 2016 (Fig. 19b).

a b

Fig. 19 (a) Endoscopic Abdominoplasty Technique award by the American Society of Plastic 
Surgeons in 1996 “Endoscopic Abdominoplasty Technique”. (b) Robotic Abdominoplasty Technique 
received award of recognition in 2016 during the International Congress on “FACE/BODY 
COUNTOURING & REJUVENATION”—in recognition of my contribution to plastic surgery 
bringing mini-abdominoplasty technique to the next level of a keyhole minimally invasive surgery by 
introducing the use of endoscopic methods and robots for rectus plication—robotic abdominoplasty
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Features and Knacks of Robotic Keyhole 
Cardiac Surgery

Ryuta Seguchi, Norihiko Ishikawa, and Go Watanabe

1  Introduction

The da Vinci Surgical System (Intuitive Surgical, Sunnyvale, CA) has revolution-
ized the field of minimally invasive cardiac surgery. While it avoids sternotomy 
similar to conventional minimally invasive cardiac surgery via lateral thoracotomy, 
the robot provides clear visualization of the operation field and enables precise 
movements of its arms, which allows more elaborate surgery compared to those 
performed with human hands (Fig. 1).

Robotic cardiac surgery has mainly developed in the field of coronary artery 
bypass grafting (CABG) and mitral valve repair (MVR). The da Vinci Surgical 
System has played a key role in this development. In the year 1998, Carpentier 
performed the first robotic mitral valve repair using a prototypic da Vinci Surgical 
System. In the same year, Loulmet et al. performed the first robotic totally endoscopic 
coronary artery bypass (TECAB) in an arrested human heart. In the year 2000, Falk 
described the first off-pump robotic TECAB using an endoscopic stabilizing device. 
In the same year, Chitwood performed the first complete mitral valve repair using 
the da Vinci Surgical System [1].

In Japan, the first robotic cardiac surgery was performed by our team in 2005 [2]. 
In 2009, we established a method to perform robot-assisted totally endoscopic 
mitral valve repair using the da Vinci Surgical System [3]. We used the da Vinci S 
system until 2018 and then converted to using the da Vinci X system. From 2005 to 
October 2021, we have performed 1143 robotic cardiac surgeries. These include 
191 cases of CABG, 815 cases of MVR, 98 cases of atrial septal defect (ASD) 
closures, 4 cases of ventricular septal defect (VSD) closures, and others.
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Fig. 1 Clear surgical 
visualization of tricuspid 
valve provided by the da 
Vinci Surgical System

In 2019 and 2020, the number of robotic cardiac cases per year in a single faculty 
was 212 and 178, respectively, and they were the highest in the world. We would 
like to introduce our basic methods and share our experiences.

2  Surgical Methods

2.1  Mitral Valve Repair

2.1.1  Patient Selection and Outcomes

Mitral regurgitation due to degenerative change or annular dilatation meets the cri-
teria for robotic mitral valve repair. Contraindications are active endocarditis, solid 
mitral leaflet due to rheumatic change, and severe tethering with a severely enlarged 
ventricle.

Ascending aorta clamping is essential for robotic mitral valve repair. Preoperative 
computed tomography, preferably enhanced, is crucial for evaluating ascending 
aorta calcification. Patients with calcified ascending aorta should avoid undergoing 
robotic mitral valve repair. Other exclusion criteria are as follows: (1) severe aortic 
regurgitation, (2) severe lung dysfunction which cannot tolerate single-lung 
ventilation, and (3) preoperative history of trauma or surgery in the right pleura of 
the mediastinum. The third exclusion can be overcome with the use of an 
endoballoon, but this device is not available in Japan.

In our method, MVR is completed from four keyholes (Fig. 2). The early out-
come of mitral valve repair in our faculty is described previously by Tarui et al. with 
an incidence of 0% mortality, 1.4% cerebrovascular complication, 1.4% reoperation 
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Fig. 2 Operative scars of robot-assisted mitral valve repair. The operation is completed from four 
keyholes

due to bleeding, 0% new-onset dialysis, 0% reoperation for mitral valve insufficiency 
within 30  days, and 9.4% requiring transfusion [4]. Mean operation time was 
192 ± 49.8 min, cardiopulmonary bypass time was 127 ± 23.8 min, and aortic cross- 
clamp time was 70.1 ± 16.2 min [4].

2.1.2  Operative Method

The patient is placed in a supine position and general anesthesia is delivered through 
a double-lumen endotracheal tube that allows for a hemi-pulmonary collapse. A 
triple-lumen central venous catheter and Swan-Ganz catheter are inserted from the 
left jugular vein. A 16 Fr drainage tube is inserted from the right jugular vein with 
low-dose heparin of 3000–5000  units. Transesophageal echocardiography is 
performed.

Next, the patient is moved to a 30-degree decubitus position. Cardiopulmonary 
bypass is established following injection of full-dose heparin. A 22–24 Fr drainage 
tube is inserted from the right femoral vein. Combined with the jugular vein 
drainage, bicaval drainage is established. In cases with persistent left superior vena 
cava, an additional drainage tube is inserted from the left jugular vein. The first 
choice for the arterial line is the right femoral artery, due to its ease and safety of 
cannulation. In cases where there is calcification and plaques in the descending and 
abdominal arteries or insufficient diameter in the iliac arteries, the axillary artery is 
selected as an additional substitute.

Right-thoracoscopic robot-assisted procedure is performed through four ports 
using a surgical robot system (da Vinci X Surgical System, Intuitive Surgical, 
Sunnyvale, CA). Ten-millimeter ports are inserted from the third, fourth, and fifth 
intercostal space on the right anterior axillary line. A service port, 20 mm in diam-
eter, is made in the fourth intercostal space on the right midaxillary line (Fig. 3). The 
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Fig. 3 Port placements in robotic totally endoscopic mitral valve repair using the da Vinci 
Surgical System

retractor port is added only in cases where it is required. The da Vinci Surgical 
System is docked to the patient. After pericardiotomy and marking of the right-side 
left atriotomy line, double purse-string elastic sutures are placed on the aorta around 
the planned site of cardioplegia cannula insertion. An antegrade cardioplegia needle 
is directly passed through the chest wall and then inserted through the middle of the 
purse-string sutures into the ascending aorta. Flexible aortic cross-clamp is endo-
scopically inserted from the service port. Cardiac arrest is achieved using cold car-
dioplegia. Following left atriotomy, the atrial roof is lifted.

The lesion is determined by the saline test, and mitral valve repair is performed 
according to its etiology. Neochordae implantation, French collection, ring 
annuloplasty, edge-to-edge techniques, and leaflet augmentation with the 
pericardium are available options. The ideal leaflet mitral valve surface is confirmed 
by the saline test. Cryoablation with the designated probe (CryoICE, AtriCure, 
USA) and endocardial left atrial appendage closure with 4-0 Gore-Tex suture (CV-4; 
W.L.  Gore & Associates, Flagstaff AZ USA) are performed in a patient with 
coexisting atrial fibrillation. The atriotomy is closed with 3-0 Prolene (Ethicon, 
Raritan, NJ) continuous suture, and a left ventricular vent tube is inserted from the 
incision line. The position is changed to Trendelenburg and a sufficient dose of 
hotshot is given. After which, the aorta is declamped. In patients with coexisting 
tricuspid insufficiency, tricuspid annuloplasty is performed via right arteriotomy 
with the superior vena cava clamped. During closure of the atriotomy, the cardia is 
weaned from the cardiopulmonary bypass. Following vent tube extubation, 
abolishment of mitral regurgitation is confirmed by transesophageal echocardiogra-
phy. The cardioplegia needle is evacuated from the aorta according to the method 
described in Watanabe et al. [5]. Finally, the robot is undocked, cardiopulmonary 
bypass is disconnected from the patient, and the scar is closed.
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2.2  Atrial Septal Defect Closure

2.2.1  Patient Selection

Every secundum atrial defect is a candidate for robotic closure. Exclusion criteria is 
the same as that for MVR.

2.2.2  Operative Method

The cardiopulmonary bypass is the same as that for mitral valve repair. Under ven-
tricular fibrillation, the operation can be completed using only two ports (Fig. 4). 
Bilateral robotic arms are inserted to one scar in a cross-armed fashion (Fig. 5). The 
precise method is described by Ishikawa et al. [6].

Fig. 4 Intraoperative view 
of robotic atrial septal 
defect closure [6]

Fig. 5 Scheme and 
operative image of port 
setting in two-port robotic 
atrial septal defect closure. 
The bilateral arms of the 
da Vinci S system are 
inserted to single 20 mm 
port in cross-armed 
fashion [6]
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2.3  Coronary Artery Bypass Grafting

The da Vinci Surgical System is tremendously useful in harvesting the left and right 
internal mammary arteries (IMA) for minimally invasive coronary artery bypass 
grafting. The scar is small, and the risk of graft damage is minimized due to its clear 
visualization and precise movement of the arms [7].

Regardless of the side, the port is placed in the second, fourth, and sixth intercos-
tal space on the anterior axillary line. Single-lung ventilation and insufflation 
between 6 and 12 mmHg is vital to expose internal mammary arteries. The graft is 
harvested in a skeletonized fashion from the region between the adhesion site of the 
first rib to the bifurcation of the sixth rib (Fig. 6). When the IMA is covered with 
excessive fats and is difficult to visualize, the da Vinci Surgical System’s firefly fluo-
rescence imaging is helpful to detect the exact location of the artery [8]. In cases 
requiring harvesting of both the right and left mammary arteries, we usually harvest 
starting from the right side. In order to harvest a mammary artery, the robot should 
be docked from the opposing side. After peeling off the right graft from the chest 
wall, the robot is moved to the contralateral side. When the left graft is peeled off, 
heparin is injected. The peripheral portion of the left mammary artery is ligated by 
clips and is transected. The mediastinal pleura is then incised to visualize the right 
mammary artery. The peripheral portion of the right mammary artery can be tran-
sected via the left pleura with the robot.

Once the grafts are harvested, anastomosis is performed. With the use of the da 
Vinci S system and U-clip device (Medtronic, Minneapolis, MN, USA), totally 
endoscopic off-pump left internal mammary artery-left anterior descending (LIMA- 
LAD) anastomosis can be performed with the robotic arms. The da Vinci S system 
is equipped with a stabilizer and blower for totally endoscopic anastomosis [9]. In 
other situations, the anastomosis is performed by hand sewing from the incision 
made in the fourth or fifth intercostal space.

Fig. 6 Intraoperative image of the left internal mammary artery harvesting with the da Vinci 
Surgical System. The artery is harvested in skeletonized fashion
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2.4  Other Procedures

Besides the procedures mentioned above, the da Vinci Surgical Systems are also 
applicable in treating ventricular septal defect and atrial tumor [10, 11]. With the 
invention of COR-KNOT (LSI SOLUTIONS, Victor, NY), mitral valve replacement 
is now performed with the assistance of the robot [12]. Robotic aortic valve surgery 
has also been reported [13]. Concomitant surgery, such as combining robotic mitral 
valve repair and coronary artery bypass grafting, is also a good option to avoid 
sternotomy. It is also possible to combine keyhole left atrial stapler appendectomy 
with robotic CABG and MVR [14, 15].

3  Tips for Achieving Safe and Successful Robotic 
Cardiac Surgery

Robotic cardiac surgery has unique features which differ from conventional open 
surgeries. We herein discuss core concepts and tips to achieve successful and safe 
keyhole cardiac surgeries.

3.1  Avoidance of Knot-Tying

Although the da Vinci Surgical System provides precise and artistic movements, 
knot-tying using robotic arms is still a time-consuming process compared to tying 
by hand. In order for robotic keyhole surgery to proceed smoothly and efficiently, 
knot-tying should be minimized. Using continuous sutures rather than interrupted 
sutures is one solution. Watanabe et  al. reported that barbed sutures (V-Loc, 
Covidien, Mansfield, MA) enable continuous suture without knot-tying in mitral 
valve ring annuloplasty [16].

However, there are several situations in which knot-tying is unavoidable. In such 
cases, the knot-tying technique should be simplified. “Figure-4 knot,” described by 
Ishikawa et  al., avoids knot loosening and provides solid ligation [17]. “Shape- 
memory suture with spiral,” described by Seguchi et  al., enables solid hangman 
knots without ligation [18]. The suture is useful in additional suture for atriotomy 
line hemostasis.

3.2  Controlling the Bleedings from the Aorta

In order to accomplish cardiac operation via total endoscopy, controlling arterial 
bleeding, especially from the aorta, is crucial. Incision or injection to the aorta can 
be avoided by using an endovascular endoballoon. However, in patients with 
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atherosclerosis in the aorta or in countries where endoballoon is unavailable, 
injection of antegrade cardioplegia needle to the aorta is unavoidable. The hemostasis 
after extubation of the needle is technically demanding, and this is a limiting factor 
preventing many faculties from performing the surgery using the keyhole method.

The technique described by Watanabe et al. provides a solution to this problem 
[5]. In their method, a double purse-string suture with elastic string is made in 
advance to cardioplegia needle insertion. The two ends of the elastic sutures are 
clipped together with da Vinci clips. An antegrade cardioplegia needle is directly 
passed through the chest wall and inserted into the ascending aorta through the 
middle of the purse-string sutures. For aorta clamping, a transthoracic flexible aortic 
clamp (Cygnet, Vitalitec International, Balgheim, Germany) is used. The flexible 
clamp is inserted through the 2 cm service port into the transverse sinus.

Removal of the cardioplegia needle should be performed before weaning from 
cardiopulmonary bypass. While evacuating the needle from the aorta, the elastic 
purse-string suture is drawn together by sliding the clips. This provides temporary 
hemostasis from the cannula hole. An additional 4-0 Prolene suture (Ethicon, 
Raritan, NJ) is placed to ensure hemostasis.

3.3  Securing Clear Surgical Field

Sufficient and continuous atrial blood suctioning is important to achieve clear visu-
alization and stress-free operation. Since robotic arms cannot afford to be used for 
suctioning and assistants have difficulty in inserting coronary suctions without 
interference, placing a DOBON suction catheter (Senko Medical Instrument Mfg, 
Tokyo, Japan) in the bottom of the atrium is useful to obtain a clear surgical field 
(Fig. 7). In a right atrial procedure, superior vena cava clamping is vital to avoid 
blood filling in the atrium. In contrast, blood from the inferior vena cava can be 
controlled by the drainage tube in most cases. In a patient with persistent left 
superior vena cava, an additional drainage tube from the left jugular vein is effective 
in reducing venous return from the coronary sinus.

Fig. 7 Secured clear 
visualization of the mitral 
valve with posterior leaflet 
prolapse. Suction catheter 
placed in the bottom of the 
atrium provides a bloodless 
surgical field
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Minimally invasive cardiac surgery via the right thoracic cavity has been reported 
to be technically challenging in cases with pectus excavatum (PE). Low ceiling 
prevents ideal intracardiac visualization. The sternal elevation with the electrical 
sternum lifting system, reported by Ishikawa et al., provides a fine visualization of 
the surgical field and relieves stress in performing robotic surgery and Minimally 
Invasive Cardiac surgery. In cases with severe PE, combining with the Nuss proce-
dure is effective for correcting rib cage deformity from a small incision [19].

3.4  Prevention of Stroke

Prevention of operation-related stroke should be made the highest priority in all 
cardiac procedures. Unlike conventional open chest cardiac surgery, there are some 
features in robotic surgery which need specific considerations.

First is the difficulty of quick intracardiac deairing before aortic declamping. 
This is because ventricle compression is impossible in keyhole surgery. Therefore, 
sufficient and gradual filling up of the left atrium and ventricle should be 
accomplished during the left atrial wall closure. This could be achieved by filling up 
the right cardiac system and expanding the left lung. Blood will be filled antegradely 
to the left cardiac system from the pulmonary veins and retrogradely from the 
coronary veins to coronary arteries.

Second is the location of arterial line. Since uncontrollable hemorrhage from the 
aorta is a concern, the arterial lines for cardiopulmonary bypass are usually 
connected to peripheral arteries. Femoral arteries are the most common channel for 
feeding blood, and operations can be performed safely in most cases. However, in 
cases with moderate to severe atherosclerosis and plaques in the aorta, there are 
concerns of cholesterol embolism by the retrograde perfusion. In such cases, an 
additional arterial line to axillary arteries must be established.

Third is the difficulty of changing bed positioning during the procedure. When 
the da Vinci is docked to a patient, there is always an announcement, “Do not move 
the operating table for da Vinci is docked.” Adherence to this instruction is important 
for avoiding chest wall and organ injuries while manipulating the robotic arms. 
However, it prevents surgeons and anesthesiologists from changing to the 
Trendelenburg position at aortic declamping and cardiopulmonary bypass weaning. 
Even though it is time-consuming, it is important to undock the robotic ports once 
and change the body position to avoid air embolism and maintain the cerebral 
circulation.

In other considerations, Nishijima et al. reported that the silent infarction of the 
watershed area in the right hemisphere was seen in patients who underwent cardiac 
operation with arterial line from femoral arteries [20]. The right hemisphere is the 
farthest region from the femoral arteries. In minimally invasive cardiac procedure, 
it is vital to maintain sufficient arterial pressure to avoid low cerebral perfusion. 
Furthermore, since the right hemisphere is not only farthest but also the highest 
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region in left decubitus position, Trendelenburg positioning might be helpful to 
maintain circulation in the region, especially during weaning from cardiopulmo-
nary bypass.

4  Perspectives

We herein described the basic method of robot-assisted keyhole cardiac surgeries 
with the da Vinci Surgical System. The robot has become widely used in mitral 
valve repair, tricuspid valve repair, atrial septal defect repair, and coronary artery 
bypass grafting. In the recent years, there have been some reports of its use in 
ventricular septal defect closure and valve replacements. With the evolution of 
camera flexibility, arm mobility, and invention of new devices, the utility of the da 
Vinci Surgical System is expected to broaden.

Moreover, in order to perform safe and advanced operations, concomitant 
advances of surgery personnel are also essential. In robotic surgery, the console 
surgeon is not the only one who requires a high level of skill. Patient-side surgeons, 
anesthesiologists, nurses, perfusionists, and mechanics also require specialized 
skills, and mutual respect is important. Lastly, as the operator’s vision is limited to 
the surgical field, communication and teamwork are essential for success in utilizing 
this cutting-edge technology.
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Robotic Surgery Devices in Lobectomy 
for Lung Malignancies with the da Vinci Xi 
Surgical System

Makoto Oda and Rurika Hamanaka

Abbreviations

HD High-definition
ICG Indocyanine green
RATS Robot-assisted thoracic surgery
VATS Video-assisted thoracic surgery

1  Introduction

Robotic surgery, like video-assisted thoracic surgery (VATS), has become a well- 
established minimally invasive technique in surgery of the lung [1–4]. The approach 
is safe and effective and widely used to treat malignant and benign tumors of the 
lung, mediastinal tumors, myasthenia gravis, diaphragmatic plication, and other 
diseases. Procedures that can be performed robotically include segmentectomy of 
the lung [5], bronchial/vascular resection and reconstruction [6], and chest wall 
resection and reconstruction. Robotic surgery provides several advantages, including 
high-definition (HD) stereoscopic visualization (Fig.  1a), improved surgical 
dexterity (Fig. 1b), removal of physiologic tremor, reduction of fulcrum effect, and 
greater surgeon comfort [7].

The da Vinci Xi surgical system (Intuitive Surgical Inc., Sunnyvale, CA, USA) 
utilizes four surgical arms (a camera arm and three working arms), which enables 
solo surgery. This chapter provides an overview of robotic devices currently 
available for use with the da Vinci Xi surgical system.
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a b

Fig. 1 Robotic endoscope (a) and instrument (b)

2  da Vinci Xi System and Approaches for Lung Cancer

The fourth-generation da Vinci Xi system was released in 2014 followed by the da 
Vinci X system in 2017 (Fig. 2). The da Vinci Xi system provides surgeon-con-
trolled three- dimensional HD visualization, multi-quadrant access, Firefly™ fluo-
rescence indocyanine green imaging (Fig. 3), integrated energy, skill simulation, 
vessel sealer instruments, and staplers. Three units comprise the da Vinci Xi system: 
patient cart, vision cart, and surgeon console (Fig. 4). The vision cart has a large HD 
display and serves as the integrated hub for power generation, CO2 source, image 
processing, and data systems. The robotic arms are controlled by the surgeon at the 
surgeon console [8].

Robotic surgery for lung cancer can be performed using a utility incision without 
CO2 insufflation or complete portal approach with CO2 insufflation [7, 9] (Fig. 5). 
Advantages of complete portal approach over robot-assisted approach include better 
visualization, decreased bleeding owing to CO2 insufflation, and smaller incisions 
[10]. However, it does not allow intraoperative manual finger insertion into the chest 
cavity for palpation.
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Fig. 2 Evolution of the da Vinci system

Fig. 3 Identification of the intersegmental plane between the left upper division and lingular divi-
sion during left lingular segmentectomy using Firefly™ fluorescence indocyanine green imaging

Port placement for robotic lobectomy varies according to surgeon preference. A 
2019 survey of high-volume robotic thoracic surgeons reported that 90% utilized a 
4-arm approach and 79% used a completely 4-arm portal approach with CO2 
insufflation. In addition, most surgeons used the seventh to ninth intercostal spaces 
for the camera and instruments [11]. We preferentially use the port placement 
method used by Dylewski (Fig. 5), in which the camera port is placed at the sixth 
intercostal space for upper lobectomy and seventh intercostal space for middle or 
lower lobectomy (Figs. 6 and 7). A more cranial camera port position enables a bet-
ter operative view for superior mediastinal lymph node dissection. In addition, it 
provides a better view of the truncus superior artery.

Adding the above two approaches of the robot-assisted procedure and complete 
portal procedure, pure uniportal RATS using the da Vinci Xi and its instruments has 
been recently reported performing all types of lung resections, including segmen-
tectomies and (double-)sleeve and carinal resections [12].
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Fig. 5 Port placement for robot-assisted and completely robotic right upper lobectomy. Yellow 
circles indicate an 8-mm port. Blue circles indicate a 12-mm port. Purple circles indicate an 8-mm 
assistant port. The camera port is indicated by “C”

a b c

Fig. 4 The three units of the da Vinci Xi system: (a) patient cart, (b) vision cart, and (c) sur-
geon console
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Fig. 6 A schema of port positions and their associated instruments for robotic portal lobectomy

Fig. 7 Photographs in the operating room showing port positions and da Vinci Xi system

Robotic Surgery Devices in Lobectomy for Lung Malignancies with the da Vinci Xi…



48

3  Robotic Endoscopes

Surgeons may select a 0° or 30° tridimensional robotic endoscope to use during 
robotic surgery. Both provide clear three-dimensional HD visualization (Fig. 1a) 
and are controlled by the surgeon console. However, the use of the 0° endoscope is 
more intuitive, and it has less of a fulcrum effect, which decreases intercostal nerve 
damage and related postoperative pain. Nonetheless, some surgeons prefer the 30° 
endoscope. Either endoscope can be placed in any arm of the Xi and X systems, 
unlike the previous da Vinci systems (original, S, Si), in which the endoscope can 
be placed in only one arm.

4  Instruments Used in Robotic Lobectomy

The various instruments for robotic lobectomy using the da Vinci Xi system are 
listed in Table 1. With one robotic arm holding the camera, a second is used to con-
trol tissue- grasping instruments such as the Cadiere forceps and fenestrated bipolar 
grasper. Instruments for surgical dissection, such as monopolar and bipolar cautery 
devices, are controlled using the third arm (Fig. 8). The fourth arm is typically used 
for lung retraction [13]; we also use it for stapling (Fig. 6).

Table 1 Instruments of the 
da Vinci Xi system

Monopolar cautery
Curved scissors
Spatula
Hook

Bipolar cautery
Maryland forceps
Long bipolar grasper
Curved bipolar dissector
Fenestrated bipolar grasper
Force bipolar

Clip applier
Medium-large clip
Small clip

Grasper
Tip-up fenestrated grasper
Cadiere forceps

Advanced instruments
Vessel sealer extender
SynchroSeal
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Fig. 8 Monopolar and bipolar instruments

4.1  Robotic Ports

Eight- and twelve-millimeter ports are used with the da Vinci Xi system. Most 
instruments can be passed through 8-mm ports except for staplers, which require a 
12-mm port because of their larger diameter. Instruments and endoscopes can be 
manipulated through the ports without causing much trauma to the chest wall to 
minimize postoperative wound pain. This enables earlier ambulation, decreases 
length of hospital stay, and allows faster recovery in general.

4.2  Energy Devices

Energy devices are used to dissect tissues, including the pulmonary ligament, lymph 
nodes, and perivascular and peribronchial tissue, and to coagulate and divide small 
vessels. Monopolar devices include the cautery spatula, curved scissors, and hook 
(Fig. 8). Bipolar devices include the Maryland bipolar forceps, long bipolar grasper, 
and curved bipolar dissector (Fig. 8).

Monopolar devices have a risk of stray energy transfer [14, 15] and should be 
used with caution around the phrenic, vagal, and recurrent laryngeal nerves. Stray 
energy transfer by a monopolar L-hook can be reduced by lowering the power 
setting, utilizing the low-voltage cut mode (instead of coagulation mode), and 
avoiding open air activation [14].
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Bipolar devices are used to dissect, grasp, and transect tissue and achieve hemo-
stasis [16]. Bleeding tissue can be grasped and cauterized. These devices have little 
risk of stray energy transfer and can be safely used near nerves. We preferentially 
use the curved bipolar dissector because it can dissect tissue more smoothly than 
other bipolar devices; however, its bipolar tip is shorter than those of the Maryland 
bipolar forceps and long bipolar grasper.

4.3  Fourth Arm

In the fourth arm, the tip-up fenestrated grasper (Fig. 9) is used to retract the lung 
and provide an appropriate surgical field like an assistant surgeon would in open 
surgery and VATS. This enables solo surgery. Since we also perform stapling with 
the fourth arm, staplers are exchanged with the tip-up fenestrated grasper when 
needed. Therefore, we place a 12-mm port with a plastic reducer as the fourth arm 
port at the beginning of surgery. The plastic reducer for the tip-up fenestrated 
grasper is initially placed inside the 12-mm port and used until the stapler is needed. 

Fig. 9 Graspers, advanced instruments, and clip appliers
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Then, the grasper and reducer are removed, leaving the 12-mm port for stapler 
insertion. The other three ports do not usually require instrument exchange, which 
decreases operation time.

4.4  Advanced Instruments and Clip Appliers

Advanced instruments and clip appliers are listed in Table 1 and shown in Fig. 9. 
The Vessel Sealer Extend can be used as an alternative to bipolar devices to seal 
lymphatic vessels up to 7 mm in diameter [16]. Furthermore, some surgeons prefer 
using it to divide incomplete fissures between lobes because of its ability to seal air 
leakage.

Double medium-large plastic and small metal clips are useful to achieve hemo-
stasis of vascular bundles (Figs. 9 and 10). However, migration of a hemostatic clip 
into the bladder has been reported as a complication of robotic prostatectomy [17]. 
Medium-large plastic clips are used to ligate the proximal side of a vessel before 
cutting. To prevent clip migration, a small metal clip is placed adjacent (Fig. 10). 
For smaller diameter vessels, two small metal clips are used.

Fig. 10 Intraoperative 
photograph of da Vinci 
clips. The single asterisk 
denotes a medium-large 
plastic clip ligating the 
proximal side of a vessel 
before cutting. The double 
asterisk indicates a small 
metal clip placed adjacent 
to the plastic clip to 
prevent migration
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5  Stapling Devices

With the da Vinci Xi system, robotic staplers are controlled directly by the console 
surgeon. The surgeon may select an EndoWrist™ or SureForm™ stapler (Table 2, 
Fig. 11) [18]. Straight- and curved-tip types are available for both. Staplers with a 
curved tip are useful for passing through pulmonary vessels and bronchi, whereas 
the straight- tip type is useful for transecting pulmonary parenchyma and incomplete 
fissures. As noted above, robotic staplers require a 12-mm robotic port for insertion 
and use, while the other robotic instruments can be used through an 8-mm port.

The EndoWrist™ stapler has several different length and tip combinations: 45 mm 
and straight, 30  mm and straight, and 30  mm and curved. Combinations for the 
SureForm™ stapler include 60 mm and straight, 45 mm and straight, and 45 mm and 
curved. For both staplers, staple cartridges are selected according to stapler length, sta-
pler tip, and length of staple desired (Table 3). SureForm™ staples are shown in Fig. 12.

Differences between the EndoWrist™ and SureForm™ staplers are shown in 
Table 2 and Fig. 11. The tip of the EndoWrist™ staplers rotates as an ellipse, 54° 
vertically and 108° horizontally. The tip of the SureForm™ stapler rotates as a cone 
(120°). Because the SureForm™ stapler tip is thinner, it passes through vessels and 
bronchi more easily and safely with less tension to vessels and bronchi. With the 
EndoWrist™ stapler, the anvil side of the stapler is opened and closed. In contrast, 
the staple side of the stapler is opened and closed with the SureForm™ stapler. that 

Table 2 Characteristics of the EndoWrist™ and SureForm™ staplers

EndoWrist™ SureForm™

Articulation Vertical 54°, Horizontal 108° 120° Cone
Thickness of anvil Thicker Thinner
Stapler reload exchange More difficult Easier
Stapler jaw alinement Smart clamp I-beam
Stapler shaft Reusable (50 applications) Disposable

Fig. 11 EndoWrist™ and SureForm™ staplers
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Table 3 da Vinci Xi system stapler cartridges used in our hospital

Fig. 12 SureForm™ staplers

makes SureForm™ staplers more safely used for vessels. Therefore, we prefer to 
use the SureForm™ stapler. In our experience, most stapling can be performed 
using only the 45 mm SureForm™ curved-tip stapler (Table 3).

Because the stapler’s working end is long, a 12-mm port should be placed as 
caudal as possible [18, 19] (Fig. 13). Two ports (one anterior and one posterior) can 
be useful to provide a variety of stapler angles [18]. On the other hand we use only 
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Fig. 13 A 12-mm port is 
required for the use of the 
robotic stapler. The port 
should be placed as caudal 
as possible because the 
working end is long

one 12-mm port (Figs. 6 and 13) and the other ports can be 8-mm by using the ves-
sel loop technique [20] or using moving the ground technique when necessary.

The use of robotic staplers has been associated with significantly lower risks of 
perioperative bleeding, conversion to open surgery, and possibly air leak and overall 
complications compared with the use of handheld staplers; moreover, it does not 
appear to increase total costs [21].

6  Conclusion

This chapter provided an overview of robotic devices currently available for use 
with the da Vinci Xi surgical system, which can be used to perform numerous types 
of robot-assisted and completely robotic lung surgeries, including lobectomy, 
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segmentectomy, and other types of resection. Further advances in robotic technol-
ogy will increase utilization of minimally invasive thoracic surgery and increase 
quality of care.
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Robotic Devices in Urology

Marcio Covas Moschovas, João Pádua Manzano, and Vipul Patel

1  Introduction

The concept of using a robotic platform to assist surgical procedures was initially cre-
ated in military medicine to improve the surgical care of wounded soldiers on the 
battlefield. The objective of using this technology was to improve the standard of care 
from the “Golden Hour” to the “Golden Minute” by bringing the operative room 
condition to the battlefield instead of losing valuable time transferring bleeding sol-
diers to local hospitals [1, 2]. In this scenario, faster treatment could be provided 
inside the conflict zone while minimizing the risks of losing surgeons and medical 
staff in the war. Surgeons could operate on several soldiers wounded in different geo-
graphic locations without being exposed to danger and losing time in transportation.

Although the robotic-assisted surgery concept began in the 1960s, it wasn’t until 
the 1990s that the first project was effectively carried out by the US Defense 
Department in association with various startup companies [3]. After several years of 
technological advancement, especially in the three-dimensional field, the first 
robotic-assisted surgery was performed in 1997 in Belgium, with a robotic platform 
called “Mona” (da Vinci® precursor) [4, 5]. In the same year, the da Vinci® (Intuitive 
Surgical, Sunnyvale, USA) robot was cleared in the USA by the FDA, but only for 
visualizing and retracting tissues. Three years later, in 2000, this robot was cleared 
for a general surgery approach to Nissen fundoplication and cholecystectomy.
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Two decades after the first robotic surgical procedure, the technology has evolved 
through successive consoles and proved advantageous over conventional open and 
laparoscopic procedures [6–9]. Robotic surgery played an important role in urology, 
especially for approaching the surgical treatment of prostate cancer. Therefore, in 
this chapter we described different robotic devices currently being used in the 
urologic field.

2  da Vinci® Platform Evolution

Initially designed to approach coronary artery surgery, the da Vinci® robot gained 
popularity in urologic surgeries after Binder and colleagues performed the first 
robotic-assisted radical prostatectomy (RARP) in Frankfurt (in 2000) [10, 11]. 
Since then, several da Vinci® robotic models have been released, each with continued 
technological improvements including ergonomics, instruments, high-definition 
scopes, Endo-wrist™ technology, and single-port surgery [12, 13]. Currently, the da 
Vinci® is the most common technology used in robotic surgery worldwide.

2.1  da Vinci® Standard

This is the first unit used after the FDA approved robotic surgery in the USA. The 
da Vinci® Standard had some limitations due to its archaic technology. It lacked 
bipolar instruments and three-arm configuration, which limited hemostasis and 
range of motion to work in different quadrants [12].

2.2  da Vinci® S

Introduced to the market in 2006, this robot presented some improvements com-
pared to the da Vinci® standard. This model had longer robotic arms which improved 
its range of motion, and four arms which provided the option of using an extra 
instrument during surgery. In addition, the implementation of bipolar energy 
enhanced hemostasis performance during the surgical procedure. Finally, the 
creation and adoption of high-definition (HD) scopes led robotic surgery imaging to 
a superior level [12].
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2.3  da Vinci® Si

Three years later in 2009, Intuitive Surgical (Sunnyvale, USA) launched another 
generation of the da Vinci® robot. Named the da Vinci® Si, this model presented 
some modifications and upgrades, including finger-base clutching, Firefly™ 
technology with indocyanine green fluorescence, and scope improvements. In 
addition, this generation provided dual-console benefits, which enhanced training 
and teaching methods.

2.4  da Vinci® Xi

The Xi system (Fig. 1) was released in 2014 and presented improvements in the arm 
design and trocar placement. This platform has thinner arms with modified 
articulations, which reduces the external clashing and allows different types of 
docking for the same procedure (side docking or between the legs). In addition, all 
ports are 8 mm in diameter and the camera can be placed at all four arms, which 
offers a dynamic visualization in procedures accessing different quadrants, such as 
nephroureterectomies or partial nephrectomies. The docking is performed with 
laser guidance, which indicates the correct positioning to optimize the internal and 
external space during the surgery. Finally, this platform allows docking with an 
integrated OR table that can be moved during the procedure without undocking and 
repositioning the patient (Trumpf Medical, Germany) [12].

Fig. 1 da Vinci® Xi model 
system—Intuitive Surgical
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2.5  da Vinci® X

Cleared by the FDA in 2017, this platform is a hybrid between the Si and Xi tech-
nologies, mixing the Si arm configuration and cart model with the Xi 8 mm dynamic 
scope. Therefore, this unit does not have the same versatility provided by the Xi in 
terms of reduced external clashing and multiquadrant procedure. However, the Xi 
platform offers the advantages of the Xi instruments and scope with reduced costs, 
which opens robotic surgery access to centers with financial limitations to invest in 
this technology.

2.6  da Vinci® SP

The da Vinci® SP robot (Figs. 2, 3, and 4) was initially designed based on laparoen-
doscopic single site surgery (LESS), which associates the concept of minimally 
invasive surgery with a single incision to place the trocar. However, the laparoscopic 
and initial robotic approach to LESS did not gain traction due to its steep learning 
curve, lack of standardized technique, and reduced number of well- designed studies 
describing encouraging outcomes [14–20]. In this scenario, improvements in the 
robotic approach to LESS started with the SP 1098 platform: a pure single-port 
system consisting of a flexible scope and two flexible instruments controlled by the 
Xi system. Some groups reported feasible and safe procedures performed with the 
SP 1098 platform, including partial nephrectomy, radical prostatectomy, and peri-
neal radical prostatectomy [21, 22]. However, only after releasing the final version 

Fig. 2 da Vinci® 
Platforms—Intuitive 
Surgical—comparison 
between the Xi and SP 
robots, side by side. Left: 
da Vinci® Xi model 
system. Right: da Vinci® 
SP model system
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Fig. 3 da Vinci® SP model 
system—Intuitive 
Surgical—single-arm 
attached to trocar

Fig. 4 da Vinci® SP model 
system—Intuitive 
Surgical—single-arm robot 
after docking

of the da Vinci® SP robot that the robotic single-port surgery begins its expansion 
throughout multiple referral centers.

The da Vinci® SP was cleared by the FDA in 2018 and consists of a single trocar 
that houses three biarticulated instruments and one flexible scope. Since the first 
clinical report of this robot, several authors have described the outcomes in different 
types of urologic procedures. Recently, the SP has had updates in the number of 
pedals and scope definition [14, 16–20, 23–25].

3  Building a Robotic Program

Despite the robotic platform model, it is crucial to develop a robotic program to 
integrate all surgical teams and nursing staff to improve outcomes and optimize the 
robot use [26]. In addition, it is imperative to study the limitations of each robot 
according to the demand and type of surgeries performed at each center. In this 
scenario, the da Vinci® SP still has some limitations because it is only available in 
the USA and Korea, and only a few specialties are cleared by the FDA to use it in 
humans, while the previous generations are available worldwide and can be used in 
all surgical specialties.
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4  Current Systems Available for Urological Procedures

Robotic surgery has been widely used in urology to approach malignant and benign 
diseases of adults and pediatric patients [27]. The multiport da Vinci® system still 
comprises most robots used to approach urologic surgeries. The platform model 
varies among centers according to the financial condition and surgical volume of 
each institution. Despite the modifications previously described between multiport 
generations, the operative performance and outcomes are similar between the most 
recent platforms (da Vinci® Xi) and the previous models (da Vinci® Si) [13, 28].

Different groups compared the outcomes of SP and Xi robots in patients who 
underwent radical prostatectomy [22, 25, 29]. Some authors described advantages 
for the SP in terms of blood loss, postoperative pain, opioid use, and early discharge. 
In our experience, comparing two groups of patients with similar preoperative 
characteristics, we did not find these advantages and we had a higher operative time 
for the SP group [25]. However, it is crucial to highlight that all current articles are 
based on retrospective analysis with potential risks of bias. In addition, due to the 
SP’s recent use in most centers, none of the articles have reported the long-term 
functional and oncological outcomes of this robot. Therefore, we still need 
prospective and randomized control trials to evaluate the actual benefits of the SP 
platform over its multiport antecessors.

Other platforms such as Revo-I®, Versius®, Senhance®, Hugo®, and Toumai® 
have recently appeared on the market, with articles describing outcomes published 
in peer-reviewed journals [30, 31]. However, before comparing these new platforms 
with the da Vinci® technology, Revo-I®, Versius®, Senhance®, Hugo®, and Toumai® 
must be technically and scientifically validated. Other non-laparoscopic systems are 
also available for urologic diseases, such as The Focal One® HIFU device, for 
prostate cancer focal treatment, and Avicenna Roboflex® for nephrolithiasis 
endoscopic treatment.

4.1  Versius Robot

Developed by Cambridge Medical Robotics Ltd. (Cambridge, UK), the Versius sur-
gical system (Fig. 5) had its first project in 2014 and received the European CE mark 
in March 2019 [32]. It consists of human-like arms with shoulder, elbow, and wrist 
placed individually on portable carts. The surgeon can receive haptic feedback from 
the handles. It utilizes fully articulated 5  mm diameter instruments that feature 
seven degrees of freedom. The surgeon’s console has an open design, facilitating 
communication with staff, and requires polarized glasses for HD 3D vision.

The system was used in a preclinical trial, in which surgeons successfully per-
formed kidney, prostate, and lymphadenectomy surgeries on porcine models and 
cadavers. Several clinical studies with gastrointestinal, gynecological, and urological 
surgeries have been recently published [32, 33].
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Fig. 5 Versius surgical 
system—Cambridge 
Medical Robotics Ltd. 
(Cambridge, UK)

The Versius system is already established as a surgical tool in Europe, India, 
Australia, and the Middle East centers. At the end of 2021, it received regulatory 
approval from the Brazilian National Health Surveillance Agency, opening the way 
for sales in the rapidly growing Brazilian market. Brazil will be the 11th country to 
use the Versius system for surgeries in adults.

4.2  Hugo Robot

Medtronic has obtained European approval (CE mark) to use its Hugo® surgical 
robot (Figs. 6 and 7) for urological and gynecological procedures, paving the way 
for the system to make its continental debut in several countries [34].

Hugo® performed its first human procedure in June 2021, a minimally invasive 
prostatectomy in Santiago, Chile [35]. It has since expanded into Latin America, 
with gynecological surgeries in Panama City, Panama. Medtronic also announced 
its first operation with Hugo® RAS System in the Asia-Pacific region, through a 
prostatectomy in Chennai, India.

The robotic platform consists of modular surgical arms on wheeled carts. All 
company’s systems are linked to a global patient registry, which tracks results and 
feeds back data into the platform.
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Fig. 6 Hugo® robotic- 
assisted surgical system—
Medtronic plc—surgeon 
console

Fig. 7 Hugo® robotic- 
assisted surgical system—
Medtronic plc—modular 
surgical arms on wheeled 
carts
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4.3  Revo-I Robot

The Revo-I is a surgical platform developed by Meere Company Inc. (Yongin, 
Korea), a company founded in 1984, a manufacturer of high-tech equipment, which 
in 2007 started developing robotic surgical platforms. In 2015, version 5 of Revo-I 
was approved in preclinical tests and trials. In August 2017 it received approval for 
use in humans by the Korean Ministry of Food and Medicine Safety.

This is a master-slave system, which is very similar to the da Vinci Si system. It 
features a patient cart with four articulated arms, a surgeon’s console with a 
binocular 3D HD closed vision system, and a control cart. The 3D HD endoscope is 
10 mm in diameter. The 7.4 mm diameter instruments are entirely handful, providing 
seven degrees of freedom, and are reusable up to 20 times.

Finally, in 2018, the first human study using the Revo-I was published reporting 
a robot-assisted Retzius-sparing radical prostatectomy [36].

4.4  Senhance Robot

The Senhance® Surgical System was initially developed by the Italian company 
Sofar (Milan, Italy), called TELELAP ALF-X advanced robotic system, and 
received CE mark certification in 2016 for abdominal surgeries. Subsequently, 
acquired by TransEnterix Surgical Inc. (Morrisville, NC, USA), in October 2017, 
Senhance® became the first robotic system to receive FDA clearance since the da 
Vinci authorization in 2000.

The Senhance® Surgical System is a multiport robotic system that takes advan-
tage of innovative new technologies, such as camera manipulation controlled by the 
surgeon’s eye movements through an infrared eye-tracking system and haptic 
feedback from instruments, which helps with a smooth transition for laparoscopy 
surgeons.

The multiport system comprises up to four independent robotic arms on separate 
carts. The surgeon is ergonomically seated on an open console, operating on a 3D 
high-definition monitor using polarized glasses.

The use of Senhance® for radical prostatectomy and other urological procedures 
has recently been described in Europe [37].

4.5  Toumai Robot

MicroPort® Medical Group Co. (Shanghai, China), a company that traditionally 
produced drug-eluting stents in 36 countries, started in 2014 the development of 
medical robots. Since then, it has been engaged in the research and development of 
endoscopic surgical robots.
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In November 2019, the Toumai™ endoscopic surgery robot successfully com-
pleted its first surgery, a robot-assisted laparoscopic radical prostatectomy (RALRP), 
at Dongfang Hospital in Shanghai [38].

In February 2021 the start of a clinical trial using the Toumai® Robotic Endoscopic 
Surgery System was announced. In January 2021, Microport reported the successful 
completion of a complex partial nephrectomy to treat a complete Endophytic renal 
tumor at Renji Hospital, affiliated with Shanghai Jiao Tong University. The team led 
by Dr. Wei Xue, Head of the Urology Department, performed the operation. Since 
then, the Toumai® Endoscopic Robot has been used in several urological surgeries, 
such as radical prostatectomies and partial nephrectomies, demonstrating its clinical 
feasibility. There is still no scientific publication to validate these results.

4.6  Prostate Cancer Focal Treatment

The Focal One® HIFU device is the first medical device designed specifically for the 
focal treatment of prostate cancer [39]. It was the latest developments in high- 
intensity focused ultrasound technology coupled with a robotic arm and image 
fusion software to respond to all the specificities of focal PCa treatment (Fig. 8).

Fig. 8 Focal One®—
EDAP TMS
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4.7  Robotic Devices for Retrograde Intrarenal Surgery

Robotic systems are not limited to laparoscopic surgery. In 2008, robotic FURS was 
first reported using the Sensei-Magellan system designed for interventional 
cardiology [40]. However, with this device, the ureteroscope was only passively 
manipulated, which was the main reason this project was discontinued after 18 
clinical cases. Avicenna Roboflex™ (Elmed, Ankara, Turkey) was specially devel-
oped for FURS.

The surgeon sits at an open console manipulating a standard flexible uretero-
scope with HD video technology. The handpiece of the scope is attached to a robotic 
manipulator enabling rotation, insertion, and scope deflection. Touchscreen 
functions and foot pedals provide irrigation, activation, and control of the laser fiber 
and fluoroscopy. The Avicenna Roboflex has had a CE mark since 2014, and FDA 
approval is in preparation. The multi-centric experience reports of the Avicenna 
Roboflex are promising [41, 42].

5  Technological Improvements Triggered by 
Robotic Surgery

In addition to the enhancements of consecutive platforms, robotic surgery has also 
spurred the development of new technologies to facilitate preoperative surgical 
planning while optimizing intraoperative performance.

5.1  Three-Dimensional (3D) Imaging Reconstruction

The 3D imaging reconstruction allows more accurate visualization and understand-
ing of the anatomic planes between the tumor, surrounding vessels, and other organs 
[43]. During the preoperative routine, CT (computerized tomography) or MRI 
(magnetic resonance imaging) images are used to create a 3D anatomical 
reconstruction which is accessed on smartphones, on tablets, or by the robotic 
console (Tilepro-Isis mode).

5.2  Robotic Scope Imaging and Design

The robotic scope has been improved with high-definition 3D (three-dimensional) 
imaging and near-infrared technology (Firefly) [44]. After injecting intravenous 
indocyanine green dye, the scope detects the tissue perfusion (colored in green), and 
the surgeon identifies the correct surgical plane to access. This technology has an 
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optimal application in partial nephrectomies, facilitating tumoral perfusion 
identification after the renal artery clamping. It has also been used in radical 
cystectomies to identify perfusion of the bowel segment used in the urinary 
diversion step.

Another modification regards the flexible scope presented by the new da Vinci® 
SP, which enables different angulations and visualization of different quadrants 
when the “cobra” mode is activated.

5.3  Intraoperative Ultrasound

Intraoperative ultrasound (US) technology has also been incorporated into robotic 
surgery to improve robotic-assisted partial nephrectomies. With this technology, the 
surgeon identifies and delineates the planes between the tumor and the renal 
parenchyma before the tumor removal [45]. US is also used to delineate intravenous 
thrombus in radical nephrectomies in patients with advanced renal tumors with vena 
cava thrombi [46].

5.4  Augmented Reality

Augmented reality using 3D images is another technology described in the robotic 
approach to urologic procedures [47]. Some renal tumors are difficult to identify 
even with intraoperative ultrasound assistance, especially intraparenchymal and 
small tumors, which usually are not evidently bulging in the cortical surface. In 
these cases, according to the authors, this technology enables easier identification of 
complex and intraparenchymal renal tumors with potential improvements in the 
quality of the tumor resection.

5.5  Artificial Intelligence (AI)

Artificial intelligence has been incorporated into robotic surgery in the last few 
years. This technology has been used to help surgeons identify the correct planes of 
dissection and improve surgical precision in different steps, such as suturing. 
Shademan and colleagues described studies with supervised autonomous soft tissue 
robotic suturing using AI in the open surgical setting [48]. The suturing algorithm 
was created based on surgical videos done by experts in intestinal anastomosis.

When comparing the expert (surgeon) anastomosis with supervised autonomous 
in ex vivo and porcine models, the author reported superior outcomes for the AI 
suturing in terms of metrics (suture spacing), pressure applied to avoid anastomosis 
leakage, needle repositioning, lumen reduction in some sutures such as bowel anas-
tomosis, and completion time.
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6  Current and Future Perspectives

In the last two decades, robotic surgery has been rapidly becoming more common 
and has been evolving with the creation of several generations of robotic platforms. 
After millions of patients were operated on with this technological assistance in the 
USA, robotic surgery has become the standard treatment of some urological diseases 
such as localized prostate cancer (radical prostatectomy) and kidney tumors (partial 
nephrectomy).

The robotic training methods have also improved, especially after the advent of 
the dual console (teaching console), which integrates the expert and the trainee, 
providing the same operative view while sharing robotic commands. In addition, the 
simulator quality has been enhanced with new software and programs that allow a 
step-by-step surgical training.

In Brazil, robotic training was restricted to a few centers in the early days of 
robotic surgery, following bureaucratic guidelines to authorize the certification of 
new generations of robotic surgeons. At that time, the certification demand was used 
to be larger than the services provided by the certifying company, causing delays in 
the qualifications of several surgeons. However, this trend has changed in the past 
years with increasing accessibility of this technology in different centers. Currently, 
for urology certification, each hospital is providing its own training and certification 
based on established protocols and guidelines described by the Brazilian Urologic 
Society (SBU) [49]. In our opinion, facilitating the certification access with obvious 
quality maintenance leads to robotic training inclusion and improvements.

Finally, new platforms and technologies have been created and integrated into 
robotic surgery [50]. We believe that the expansion of new companies on the market 
will reduce the costs of platforms and instruments, allowing further improvements 
in surgical outcomes. In addition, decreasing the final costs enables robotic surgery 
in centers with financial restrictions, such as public hospitals with residency 
programs.

7  Conclusion

In the past years, several robotic technologies have been developed and incorpo-
rated into surgical procedures with increased benefits for the patients. The methods 
of training and certification have also been modernized and the da Vinci® technol-
ogy is still leading the market worldwide. Currently, the multiport is still the stan-
dard of care in all surgical specialties using robotic technology. We believe that 
competition with new platforms will further decrease surgical prices, expanding the 
accessibility to new generations of surgeons interested in minimally invasive 
surgery.
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Robotic Devices in Surgery of the Digestive 
System

Bruno Zilberstein, Danilo Dallago De Marchi, Andrea Vieira Martins, 
Rodrigo Moises de Almeida Leite, and Gustavo Guimarães

The Robot is a working tool to be applied in Minimally Invasive Surgery [1]. 
Although an important series of Robots is being created, in this chapter, we will be 
exclusively commenting on the instruments in Robotic Surgery of the Digestive 
System, of the “Da Vinci” Robot, whether of the Si, X, or Xi model. These models 
are made up of three components: Patient Cart, Console, and Vision cart (Figs. 1, 
2, and 3).

These robotic systems are currently the most used worldwide with more than 
5000 units sold [4].

The instruments are similar for the three models, with changes in the relationship 
between the clamps in their fitting on the robot’s arms and the optics. In the Si 
model the optic is 12 mm, while in the Xi and X models the optic is 8 mm.

The Da Vinci Robot (Si, Xi, and X) has four arms, one of which is always dedi-
cated to optics, which can be 0° or 30° [5].
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Fig. 1 Xi Robot: Patient Cart, Vision cart, and Console. (From Intuitive Surgical, 2023 [2, 3])

Fig. 2 X Robot: Console. 
(From Intuitive Surgical, 
2023 [2, 3])
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Fig. 3 Si Robot: Console. 
(From Intuitive Surgical, 
2023 [2, 3])

Fig. 4 Robot Xi. (From Intuitive Surgical, 2023 [2, 3])

1  Terms Used in Robotic Surgery

Draping: draping the robot.
Docking: taking the patient’s cart to the patient.
Undocking: move the patient’s cart away.
On site: to check if the vision cart is connected to the internet network.

 1. Boom rotation: The button is located on arms 1 and 4; it turns the robot arms to 
the right or left.

 2. Port clutch: A button on the robot’s arm that performs various movements (up 
and down and left and right).

 3. Clutch: A button on the robot arm that performs movement in the remote center.
 4. Grab movie: Grabs and holds and performs rough arm movements.
 5. Clearance patient: A button on the robot arm where the surgeon gains more space 

to operate (Fig. 4).
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2  Optics or Endoscopes

Regardless of the Si or X or Xi system, the optics can be 0° or 30°. The optics vary 
depending on the robot model.

For the Si system, this optic can be 12 mm or 8.5 mm. That’s why, unlike other 
Robot models, in the case of the Si, the optics cannot be changed during the surgical 
procedure and normally must be placed on a 12 mm long trocar, since the Robot’s 
arm is attached to the trocar.

Also in the Si system, there is a need for decoupling and inverting the optics in 
case it is necessary to change the camera’s field of view. For real-time fluorescence 
image visualization (Firefly), in this system it is necessary to use another green-
colored handle optics (Figs. 5 and 6).

For the X and Xi system, the optics are 8 mm and can be placed on any of the 
Robot’s trocars as they are all 8 mm (Figs. 7, 8 and 9).

Fig. 5 Robotic surgery 
table, Robot Si. (From the 
author’s archive [6])

Fig. 6 12 mm. Scope. 
(From the author’s 
archive [6])
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In this case, the Firefly system is automatic and the inversion of the image 
is  activated on the Robot console without the need to decouple the optics 
(Fig. 10).

Fig. 7 30° Scope. (From 
the author’s archive [6])

Fig. 8 0° Scope. (From 
the author’s archive [6])

Fig. 9 Table mounted for 
robotic surgeries Robot Xi 
and X. (From the author’s 
archive [6])

 Robotic Devices in Surgery of the Digestive System



78

Fig. 10 Robot Xi. (From 
authors’ archive [7])

Fig. 11 8 mm Trocar 
Robot Si. (From the 
author’s archive [6])

3  Cables and Trocars

See Figs. 11, 12, 13, 14, and 15.
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Fig. 12 12 mm Disposable 
Trocar. (From the author’s 
archive [6])

Fig. 13 Monopolar and 
bipolar cables. (From the 
author’s archive [6])
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Fig. 14 Robot Xi e X 
Trocars. (From the author’s 
archive [6])

Fig. 15 Bipolar (blue) and 
monopolar (green) cables. 
(From the author’s 
archive [6])

4  Robotic Tweezers

The tweezers are sterilized and have limited usage time given by the manufacturer. 
After that they are discarded.

4.1  Grasping Forceps 

All of them have the “endowrist” manipulation capability (articulated movement in 
seven directions), that is, they can be freely manipulated in various angles and 
directions.

Cardiere: Forceps; serrated and fenestrated forceps, weak jaw closure, atrau-
matic. It is the most used grasping forceps in digestive surgery.

Prograsp: Forceps; serrated and fenestrated forceps of strong grasp, rarely used 
in digestive surgery.
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Tip-up fenestrated: Serrated and fenestrated tweezers, delicate, which can be 
used as a counter-needle holder or pair of tissue apprehensions (Figs. 16, 17, and 18).

There are also Tenaculum and Cobra-Grasper; grasping forceps which, due to 
their design, are not recommended in digestive surgery (Figs. 19 and 20).

Fig. 16 Cardiere. (From 
Intuitive Surgical, 2023 
[2, 3])

Fig. 17 Pograsp. (From 
Intuitive Surgical, 2023 
[2, 3])
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Fig. 18 Tip-up 
fenestrated. (From Intuitive 
Surgical, 2023 [2, 3])

Fig. 19 Tenaculum. (From 
Intuitive Surgical, 2023 
[2, 3])
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Fig. 20 Cobra-Grasper. 
(From Intuitive Surgical, 
2023 [2, 3])

4.2  Power Clamps: Monopolar and Bipolar

Fenestrated bipolar: It is similar to Cardiere, however, more delicate and has a 
lower apprehension power (endowrist mobility) and has bipolar energy.

Maryland bipolar: They are used as a grasping forceps and allows for bipolar 
coagulation (endowrist mobility). Due to its fine tip, it has a greater risk of tissue 
damage if used as a grasping forceps and, therefore, must be used for dissection and 
delicate coagulation (Figs. 21 and 22).

Monopolar cautery Hook: There is “hook” forceps that has the mobility of the 
endowrist and therefore lends itself to delicate dissections of viscera and vessels, 
obeying their curvatures and recesses. Widely used in esophagectomy, gastrectomy, 
and pancreatectomy.

Monopolar curved scissors: It is an endowrist mobility scissors, used for cut-
ting and cautery and fine dissection. In abdominal hernia operations, whatever the 
region, it becomes a very useful instrument.

Monopolar spatula cautery: It is a delicate spatula, with endowrist movement, 
and which lends itself to blunt dissections. The cautery power is used in pancreatec-
tomies and hepatectomies and whenever a blunt dissection is desired (Figs. 23, 24, 
and 25).

Harmonic energy clamp: Corresponds to ultrasonic scissors. The allow cutting 
and coagulation and is widely used for dissection. It has the disadvantage of not 
having an endowrist which can limit its application in more restricted spaces.
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Fig. 22 Maryland bipolar. 
(From Intuitive Surgical, 
2023 [2, 3])

Fig. 21 Fenestrated 
bipolar. (From Intuitive 
Surgical, 2023 [2, 3])
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Fig. 23 Monopolar 
cautery hook. (From 
Intuitive Surgical, 2023 
[2, 3])

Fig. 24 Monopolar curved 
scissors. (From Intuitive 
Surgical, 2023 [2, 3])

 Robotic Devices in Surgery of the Digestive System



86

Vessel Sealer: The bipolar energy clamp that can seal vessels up to 7 mm. It has 
an endowrist and used for dissection, but is too coarse for fine dissection. Very use-
ful for performing colectomies or bariatric surgery of the “sleeve gastrectomy” type 
(Sleeve) (Figs. 26, 27, 28, and 29).

Fig. 25 Monopolar 
spatula cautery. (From 
Intuitive Surgical, 2023 
[2, 3])

Fig. 26 Harmonic energy 
clamp. (From Intuitive 
Surgical, 2023 [2, 3])
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Fig. 27 Vessel Sealer. 
(From Intuitive Surgical, 
2023 [2, 3])

Fig. 28 Vessel Sealer 
Extend. (From Intuitive 
Surgical, 2023 [2, 3])
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Fig. 29 SynchroSeal. 
(From Intuitive Surgical, 
2023 [2, 3])

Fig. 30 Big clipper. (From 
Intuitive Surgical, 2023 
[2, 3])

4.3  Robotic Clippers

Robotic clippers: Instruments for applying clips for ligation of vessels, with three 
sizes, small, medium, and large (Figs. 30, 31, and 32).
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Fig. 31 Medium clipper. 
(From Intuitive Surgical, 
2023 [2, 3])

Fig. 32 Small clipper. 
(From Intuitive Surgical, 
2023 [2, 3])
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Fig. 33 Models and characteristics of robotic staplers. (From Intuitive Surgical, 2023 [2, 3])

4.4  Robotic Staplers

Robotic staplers: They correspond to automatic staplers with lateral movements 
that allow the cutting and sealing of tissues and large vessels. It has the advantage 
that the surgeon himself can apply the staple line using the benefit of the endowrist; 
however, its cost in our country makes its routine use difficult (Fig. 33).

4.5  Needle Holder

All have articulated movements (endowrist).
Large Needle Driver: For smaller diameter wires up to 3-0.
Mega Needle Driver: For larger diameter wires.
Mega Suturecut Needle Driver: There is a needle holder that can also cut the 

suture thread. Its use requires a lot of attention so that there is no accidental cutting 
of the suture thread during the performance of the same (Figs. 34, 35, 36, 37, 38, 
and 39).
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Fig. 34 Large Needle 
Driver. (From Intuitive 
Surgical, 2023 [2, 3])

Fig. 35 Mega Needle 
Driver. (From Intuitive 
Surgical, 2023 [2, 3])
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Fig. 36 Mega SutureCut 
Needle Driver. (From 
Intuitive Surgical, 2023 
[2, 3])

Fig. 37 Si Robotic 
clamps. (From the author’s 
archive [7])
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Fig. 38 Xi and X Robotic 
clamps. (From the author’s 
archive [7])

Fig. 39 Xi and X Robotic clamp. (From the author’s archive [7])
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Fig. 40 Disposable robotic surgery kit. (From the author’s archive [6, 7])

5  Robotic Surgery Kit

Robotic surgeries, in addition to the use of tweezers and optics, require disposable 
supplies:

 – 4 arm drapes (robot arm cover);
 – 1 column cover;
 – 4 cannulas for trocars 5–8 mm;
 – 1 scissor tip protector (tip cover);
 – 1 shutter (bladeless).

Single use tweezers:

 – 1 harmonic ace clamp (single use);
 – 1 vessel sealer clamp (single use) (Fig. 40). 

6  Non-robot Instruments Needed for a Robotic Procedure

In addition to the Robot’s own instruments, it is necessary to add instruments spe-
cific to video laparoscopy surgery:

B. Zilberstein et al.
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 – Verres needle to perform pneumoperitoneum;
 – Laparoscopic forceps for use during the operative act by the assistant surgeon;
 – Small surgery box to perform the punctures;
 – A complete video laparoscopy box is mandatory in case of conversion.

7  Sterile Materials

For digestive tract surgeries, it is recommended:

 – Normal video laparoscopy box;
 – Obese video laparoscopy box;
 – Small surgery box;
 – Conventional digestive system surgery box;
 – Single laparoscopic needle holder;
 – 5 mm permanent loose trocar;
 – Ultracision Cable; 
 – Nathanson retractor;
 – Purple laparoscopic hemolock (normal and obese);
 – Green laparoscopic hemolock;
 – Laparoscopic Clipper 300 and 400;
 – Thermos bottle + clothesline;
 – Cuba kidney and cupula;
 – 1 pair of long Langenbecks + 1 pair of short Langenbecks;
 – Adson forceps with tooth and 1 Adson forceps without tooth;
 – 1 Laparoscopic aponeurosis kit (Figs. 41, 42, 43, and 44). 

Fig. 41 Conventional 
tweezers. (From the 
author’s archive [7])
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Fig. 43 Laparoscopic 
needle holder. (From the 
author’s archive [7])

Fig. 42 Laparoscopic 
forceps. (From the author’s 
archive [7])
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Fig. 44 Laparoscopic 
Trocars 10 mm and 5 mm. 
(From the author’s 
archive [7])

8  Disposable Materials and Orthoses, Prostheses, 
and Special Materials

For digestive tract surgeries, it is recommended:
Disposable materials may vary by procedure and surgical technique.

 – Wires;
 – Antiallergic gloves;
 – Probes;
 – Drains;
 – Dressings;
 – 300 and 400 clipping loads;
 – Disposable Trocars;
 – Loads of purple and green;
 – Parts collector;
 – Staplers;
 – Veress needle;
 – Incision retractor (Figs. 45, 46, 47, 48, 49, 50, and 51).
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Fig. 46 Clipping loads. 
(From the author’s 
archive [7])

Fig. 45 Wires. (From the author’s archive [7])
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Fig. 47 Verres needle. 
(From the author’s 
archive [7])

Fig. 48 Disposable 
trocars. (From the author’s 
archive [7])

Fig. 49 Parts collector. 
(From the author’s 
archive [7])
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Fig. 51 Incision retractor. 
(From the author’s 
archive [7])

Fig. 50 Staplers. (From 
the author’s archive [7])
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Robotic Devices in Head and Neck Surgery

Andressa Teruya Ramos and Renan Bezerra Lira Lira

1  Platforms Available

1.1  da Vinci: Intuitive (Models Si, X, Xi, and SP)

The first platform to gain space in the market and remain a successful model in the 
specialty was the da Vinci robot, created with the objective of presenting good 
reproducibility, with an accreditation and security system for the use of the tool and 
thus standardize the procedures performed. It is a multiportal linear system that uses 
four articulated robotic arms and endoscopic cameras with 3D visualization, 
allowing the magnification of the image and high definition of the operative field. 
The surgeon remains on the console and has control of optics, movement and angu-
lation of the tweezers, precision of movements, and ergonomics [1].

The latest model produced by the company, Single Port (SP), has the main 
advantage of keeping all devices coming out of the same portal and improving the 
mobility and angle of optics [2]. The SP has already been tested for use in robotic 
head and neck surgeries mainly in the USA and Asian countries but is not yet 
available in Brazil [3, 4].

At first, every head and neck surgeon who would like to obtain their certification 
as robotic surgeons had to perform their training and qualification in the USA. Since 
2021, Brazil has the only center outside the USA where certification is provided in 
the specialty, through the postgraduate degree in robotic head and neck surgery of 
the private hospital [5].
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1.2  Versius: Cambridge Medical Robotics

The system has as advantage the modular design with independent arms, facilitating 
the positioning of the robot for the onset of surgery (docking). The commands are 
also performed by the surgeon on the console [6]. There are no published reports 
related in the literature about use in head and neck surgeries.

1.3  Hugo: Medtronic

As well as Versius, Hugo is mobile and modular; it has four separate arms that can 
be relocated in the operating room as needed [7]. It is still underexplored in head 
and neck surgeries.

1.4  Flex Robotic System: Medrobotics

The Flex Robotic System is the first flexible system specifically designed for use in 
head and neck surgery, authorized by the FDA (Food and Drug Administration) for 
transoral surgeries. Consisting of a single arm for control the flexible endoscopic 
optic. The other tweezers attach to the mouth opener and the surgeon is close to the 
patient, handling the tweezers. This system is a device that is intended for robot-
assisted visualization and surgical site access to the oropharynx, hypopharynx, and 
larynx in adults (≥ 22 years of age). Also provides accessory channels for compati-
ble flexible instruments used in surgery [8].

2  Clinical Applications

2.1  Transoral Robotic Access TORS

Transoral robotic access is used for resection of lesions of the oropharynx (lingual 
tonsils, tonsillar tonsils, tongue base, soft palate), supraglottic larynx, hypopharynx, 
and parapharyngeal space [9]. The oropharynx is the main site affected with the 
greatest number of cases, that’s why it will be highlighted in this chapter (Fig. 1).

Transoral robotic resection for early oropharynx tumors has established itself as 
a feasible and oncologically safe technique, being initially disseminated by Gregory 
Weinstein in 2010 at the University of Pennsylvania where he has also dedicated 
himself to certifying head and neck surgeons around the world to use the da Vinci 
robot [10] (Fig. 2).

The incidence of HPV-related oropharynx tumors has increased significantly in 
the last decade, mainly driven by white men, young adults with no history of 
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Fig. 1 Possible areas of 
transoral resection

Fig. 2 Early-stage tonsil 
cancer tonsil tumor 
exposure after mouth 
opener placement
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smoking, according to US statistics [11]. Brazilian data from 2021 corroborate 
these data for our population, with the mean age of diagnosis being 59 years old 
[12]. Despite having a better prognosis when compared to tumors not related to 
HPV [11], at this time the same pattern of treatment can be performed exclusively 
with radiotherapy or surgery for initial tumors and chemotherapy concomitant with 
radiotherapy or surgical treatment, and for selected cases of locally advanced tumors 
there is the possibility of the use of neoadjuvant chemotherapy [13].

Surgical therapy for early tumors is safe and comparable with IMRT (intensity- 
modulated radiation therapy), while advanced tumors that have involved large sur-
gical resections and association with adjuvant chemotherapy and radiotherapy 
should be avoided due to higher morbidity [13]. In this context, patients should be 
well selected for surgical treatment with adequate imaging and if possible magnetic 
resonance imaging to estimate the actual dimensions of the tumor, signs of vascular 
and bone damage, and lymph node extracapsular extravasation, and thus for treat-
ment decision making. Recent studies question current treatments and the possibil-
ity of using robotic transoral surgery (TORS) also for advanced cases [14] (Fig. 3).

The scenario considered pandemic for HPV-related oropharynx tumors in young 
adult patients promotes the search for minimally invasive techniques, with lower 
morbidity and consequently less impact on the quality of life of patients who should 
remain with the sequelae resulting from treatment for a long period [14]. Patients 
with HPV-negative tumors, in the early stages, were also shown to be good 

Fig. 3 Mandibulotomy for 
oropharyngeal tumor 
resection when there is no 
access to the robot
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candidates for surgical treatment with adjuvant radiotherapy when compared to the 
treatment with upfront chemotherapy and radiotherapy [15].

Patients with cervical lymph node metastasis without primary site identified on 
physical examination or complementary tests such as PET-CT (occult primary) may 
be submitted to physical examination under narcosis with the use of a robot, having 
multiple biopsies performed. It is possible to proceed with resection with tonsillar 
tonsillectomy and ipsilateral lingual if necessary [16]. When locating the primary 
tumor, the therapy of choice is directed, which decreases the irradiated field and 
consequently the sequelae resulting from the treatment that, in this region, has 
implications in the rehabilitation of breathing, speech, and swallowing [17].

Hypopharynx and supraglottic larynx lesions are less frequent but also consid-
ered challenging because their structures are closely related to speech and swallow-
ing. The consequences of the treatment, surgical or with radiotherapy/chemotherapy, 
can lead to severe dysfunctions requiring an alternative food route and tracheos-
tomy [17]. Robotic transoral resection aims to provide a good oncological treatment 
with adequate margins with a better functional result, consequently improving the 
quality of life [17].

Using this same approach, it is also possible to treat benign pathologies such as 
resection of lingual tonsils for the treatment of sleep apnea and treatment of Eagle 
syndrome with removal of the styloid process [18]. Patients with tumors in the para-
pharyngeal space also benefit from transoral access [19]. Compared to conventional 
surgery that includes parotidectomy combined or not with access mandibulotomy, 
the use of TORS decreases the manipulation of complex regional neurovascular 
structures with potential for high complications such as facial paralysis and trismus 
[20]. It is noteworthy that the resection of parapharyngeal tumors requires high 
knowledge of local anatomy and familiarity with the use of the robotic platform, 
with its realization at the beginning of the learning curve not being indicated.

2.2  Vestibular Approach

Access to the anterior cervical region was standardized by Kocher, keeping in his 
honor the name of the cross-sectional incision, first described in 1912, being 
indicated for the surgical treatment of thyroid pathologies, parathyroid scans, and 
congenital malformations such as resection of thyroglossal cyst (Sistrunk surgery) 
[21]. This approach almost hasn’t changed over the decades, but driven by the aes-
thetic and social appeal due the scar [21], remote access began to be studied.

The vestibular access, the space between the mucous part of the lower lip and the 
mandible, proved to be an alternative, being a discrete incision in the mucosa, not 
apparent in the anterior cervical region (Figs. 4, 5, and 6).

With this method, the surgeon makes a workspace (pocket) from the chin to the 
thyroid store with the use of laparoscopic material, insufflating carbon dioxide to 
form the workspace, and it can be performed with or without the robot’s assistance. 
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Fig. 4 View of the 
vestibular access with the 
trocars

Fig. 5 Vestibular incision 
after 30 days of surgery

The use of this approach makes it possible to perform partial or total thyroidecto-
mies, parathyroidectomies, and neck dissection of level VI lymph nodes [22]. The 
main contraindications are related to the restricted space and operative field, 
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Fig. 6 Cervical aspect 
after 30 days of surgery

Fig. 7 Cavity after pocket 
done with thyroid isthmus 
visualization. I Isthmus

voluminous nodules, extensive tumors, and the presence of metastases to the lateral 
cervical lymph nodes, which limits the benefits of the technique and should be 
avoided [23].

Through the same access it is possible to perform thyroplasty to reduce thyroid 
cartilage for aesthetic purposes, in order to feminize the neck [24] (Fig. 7).
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2.3  Skull and Nasopharynx Base

The main role of the robotic surgery in the treatment of skull base and nasopharynx 
tumors is in the resection of recurrent nasopharyngeal tumors, a surgery considered 
challenging due to the sequelae of previous treatment, difficulty in access, and 
limitation of the workspace [25].

Some combined endoscopic transnasal and transoral robotic approaches may 
facilitate tumor exposure and resection with adequate margins, as evidenced in 
various cases with good local disease control, 86% in 2 years [19].

2.4  Lateral Cervical Tumors

The most used remote access for cervical surgeries is the retroauricular access 
(Fig. 8), in which the jugulo-carotid space is accessed through the subplatysmal flap 
(Fig.  9). This approach allows the performance of thyroidectomies, mainly 
voluminous goiters that could not be resected by the transoral technique, as well as 
cervical emptying and resection of the salivary glands [26, 27] (Figs. 8 and 9).

Retroauricular access was initially used in video-assisted surgeries and later in 
robotic surgery, especially in Asian countries for patients with a propensity to 
develop hypertrophic or keloid scars [27]. Korean initial studies have observed good 
flap control for the treatment of benign or malignant pathologies of submandibular 
glands [28], which is a procedure considered rapid and important for the mastery of 
the technique and reduction of surgical time. Then, it was compared with the 
conventional technique with robotics, and no significant differences were found 
between the amount of resected lymph nodes and postoperative complications [29, 
30], which at first would be the most feared divergences by the surgeons of the 
specialty. It was also carried out in Brazil almost a decade ago, demonstrating safety 
and reproducibility in Western countries and in our population (Fig. 10) [31, 32].

Fig. 8 Retroauricular 
incision
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Fig. 9 Subplatysmal flap

Fig. 10 Cervical aspect after 30 days of right neck dissection surgery

Based on the experience of the robot use, it was possible to also apply it in the 
surgical treatment of pathologies of the parotid gland and delicate surgery due to 
manipulation of the facial nerve and its branches that permeate the gland.

The first robotic parotidectomies were performed in Asia in 2013 and 2014, and 
the experience was reported as successful [33, 34]. Using the retroauricular 
facelifting incision, it is possible to easily access the parotid store, associated with 
magnified three-dimensional visualization, dexterity gain, and surgical precision 
help in the identification and preservation of the facial nerve, the use of intraopera-
tive nerve monitoring being maintained as in the conventional approach [35].

Since facial nerve paralysis was the most feared complication of parotidectomy, 
even when compared with groups of conventional surgery with video-assisted and 
robotic surgery, there was no difference in the incidence of permanent nerve injury 
and other complications, but it presented longer operative and hospital stay [36].
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3  Limitations of Use

Among the limitations of the use of the robot are as follows: it can be punctuated by 
the need for specific training of techniques, mastery of oncological pathologies for 
precision in surgical indication, and certification with Intuitive, nowadays the holder 
of the right to use the da Vinci platform, the most used in the world. Not only should 
the medical team be prepared, but also the entire team in the operating room, before 
and after surgery, and they should conduct specialization and updating courses in 
the area.

Currently, Brazilian health insurances still do not cover their use due to the non- 
inclusion in the ANS List and should be funded exclusively by the patient. The cost 
of new technologies limits the spread of robot use, but this reality has been proven 
accessible as large hospitals have competitive values among themselves. The 
average cost for using the da Vinci Xi robot using two tweezers is 5000 reais.

4  Prospects for the Future

Several technology companies have launched their own robotic platforms, a promis-
ing and competitive scenario that favors price reduction and the dissemination of the 
tool among the specialty. There is a prospect of expansion in the proportion of sur-
geries with remote access to conventional ones and improvement of the use in parot-
idectomy and surgical treatment of paragangliomas [37].

The great innovation of Intuitive that favors our specialty is the Single-Port 
model, which provides in the same portal the tweezers and the camera, reducing the 
area necessary for dissection, but losing part of the grip strength in the tweezers. 
This model is still tied to high costs, being used in some reference hospitals and not 
yet available in Brazil. Some experiences show the use and possible benefits in lat-
eral transoral and cervical surgeries [2, 3].
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Robotic Devices in Pediatric Surgery

Adriano Almeida Calado and Daniel G. DaJusta

1  Introduction

In many pediatric surgical subspecialties, the field of laparoscopic continues to 
advance. The benefits of laparoscopic surgery, such as the decrease in postoperative 
pain, decrease in narcotic use, improved recovery, and decreased blood loss, have 
helped propel the popularity over open surgery. Thus, laparoscopic procedures for 
excision of organs or cancer, such as cholecystectomy, nephrectomy, splenectomy, 
or adrenalectomy, have become the standard of care. The two main limiting factors 
associated with the continued expansion of the field remain the learning curve and, 
of course, availability of the appropriate instruments. Becoming proficient at 
laparoscopic surgery is much more difficult than open surgery. The skills required 
to perform a surgery with a limited two-dimensional view of a camera and long 
instruments with limited articulation and inverted motion require a long learning 
curve when compared to open surgery. This has limited the application of 
laparoscopic to complex reconstructive surgery with only a handful of skilled 
experience surgeons being able to achieve success in such cases but no widespread 
use. Complex laparoscopic cases such as prostatectomies, pyeloplasty, or Nissen 
fundoplication did not seem bound to overtake their open counterpart. That has 
changed with the introduction of the robot in the field of laparoscopy.

While robotic surgery is still a form of laparoscopic surgery, it does offer many 
advantages over standard laparoscopy which mainly help decrease the learning 
curve associated with laparoscopic procedures. It also facilitates the application of 
laparoscopy to the complex reconstructive procedure that involves difficult tasks 
such as a significant amount of suturing for anastomosis and working on tight 
spaces. These advantages include the 3D vision with 10 times magnification of the 
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robotic EndoWrist instruments that allow for seven degrees of movement freedom 
and tremor reduction, and finally, in stark contrast to standard laparoscopy, the 
movements of the arms under the view of the camera are not inverted. Among the 
many benefits that these advantages create is the decrease in the learning curve for 
both novice and experienced laparoscopic surgeons. It has also made it easy for 
experienced open surgeons to transition to laparoscopic procedures. Nevertheless, 
the robot does come with the drawback of cost as well as surgeons sometimes also 
complain of the lack of tactile feedback.

In the field of pediatric surgery, robotic pyeloplasty is a good example of how 
robotics can help popularize the laparoscopic approach (Figs.  1 and 2). In 1993 
laparoscopic pyeloplasty was initially described and over time showed similar 
success rates as well as the common benefits associated with laparoscopic surgery 
when compared to open surgery. Yet 10 years after its introduction in 2004, it only 
represented less than 20% of the case in patients between 13 and 18 years of age. 
Robotic pyeloplasty was initially described in 2004, yet 10  years later in 2015 
robotic pyeloplasty accounted for over 80% of the case done in this age group across 
the USA [1]. The use of the robotic platform has also grown in younger patients. 
This ultimately serves as an example of how this technology, despite its cost, can 
make laparoscopic surgery more widespread among pediatric surgical specialties. 
This has become especially true for the more complex reconstructive surgeries. Yet 
another important limiting factor that cannot be understated is the limited number 
of cases when compared to the adult world, which makes demonstrating a real ben-
efit over open surgery or standard laparoscopic surgery much more difficult. This 
limitation has led to a decreased focus on creating pediatric-specific machines and 
instruments, leaving pediatric surgeons no choice but to adapt to using technology 
made for adults.

Anesthesia considerations for robotic surgery are very similar compared with 
other minimal invasive approaches that involve pneumoperitoneum. Efforts to 
minimize insufflation pressure (<10 mmHg) and reduce flow rate are necessary in 
children as the ratio to peritoneal surface is larger relative to body weight and the 
systemic absorption of carbon dioxide may be higher. In addition, increased 
intraperitoneal pressure can lead to increased peak inspiratory pressure and 

Fig. 1 Surgical field 
during pyeloplasty in a 
child with a horseshoe 
kidney
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Fig. 2 Stent placement 
during pyeloplasty in a 
child with a horseshoe 
kidney

decreased pulmonary compliance as well as decreased cardiac output and renal per-
fusion and increased renal vascular resistance.

Between the available technology for robotic laparoscopic surgery, the da Vinci 
robot continues to be the leading machine in the market. Most surgical procedures 
performed in the current published pediatric surgery subspecialty literature have 
been done with this platform. Over the past few years, new devices have become 
available and even newer devices are currently being developed. These new devices 
offer the possibility for single-site surgery, flexible scopes, tactile feedback, 
increased maneuverability, machine learning concepts, and even the ability for 
machine-independent suturing. The goal of this chapter is to discuss a few of these 
platforms and their applications in the field of pediatric surgery subspecialties.

2  da Vinci Robotic Platform

2.1  How It Works

The da Vinci robot has now gone through four generations with the introduction of 
the latest version, the Xi. The machine is comprised of three parts: The first part is 
the surgeon console where the surgeon sits and controls the arms in the patient cart. 
The patient cart is the second part, which houses the four robotic arms and is placed 
near the patient where each arm can be connected to the robotic trocars. Finally, the 
vision cart serves to connect the console to the patient cart and provide the necessary 
support for the 3D high-definition vision system. Currently, this version only offers 
8 mm trocars for both camera and instruments. The camera does provide the usual 
three-dimensional view with ten times magnification, while most instruments 
provide a wristed motion with seven degrees of freedom. Trocar position has also 
evolved from the previous version that relies upon triangulation like standard 
laparoscopic surgery to an inline configuration. More recently, the single-port 
version of the Xi has been introduced although not specifically approved for 
pediatric use. Whether a single 25 mm incision is beneficial in children is unclear.
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2.2  Indications

Currently, the da Vinci platform has been used in a variety of pediatric surgical sub-
specialties with urology leading the way. Nevertheless, it has been used by many 
other pediatric subspecialties including general surgery, cardiothoracic surgery, 
otorhinolaryngology, as well as pediatric gynecology in a variety of minimally 
invasive procedures.

In urology, the most commonly performed procedure continues to be pyelo-
plasty. As mentioned before, the advent of robotics has helped popularize this 
approach in the USA. Other complex procedures have followed, such as extravesi-
cal (Lich- Gregoir) ureteral reimplantation, and more recently complex bladder pro-
cedures, such as bladder neck reconstruction (Fig. 3), Mitrofanoff (Figs. 4, 5, and 
6), and enterocystoplasty (Figs. 7 and 8).

2.3  Contraindication

The main relative contraindication of using this platform relates to the workspace. 
Again, the da Vinci system has been designed with the adult patient in mind. As 
pediatric surgeons have tried to adapt this technology to use in children, they 
continue to push the boundaries of what can be done. But trying to safely perform 
robotic surgery on the smallest of patients has been one of the biggest challenges. 
Meehan found that in patients weighing less than 5 kg, there was an increase in arm 
collision and an increase in the need to convert to open surgery [2]. Nevertheless, 
surgery has been performed safely and with excellent results in patients weighing 
less than 10 kg [3]. Most of the above literature was based on the previous version 
of the da Vinci, and while the trocar size remains the same at 8 mm, the current 

Fig. 3 Bladder neck 
dissection during 
reconstruction
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Fig. 4 Detrusor tunnel for 
Mitrofanoff channel

Fig. 5 Mitrofanoff 
mucosal anastomosis

version does allow for a much closer port position with a decrease in arm collision; 
thus, it is likely feasible to perform surgery in patients less than 5 kg. The authors 
have performed surgery in infants less than 6 months with an average weight of 7 kg 
[4]. Additionally, a recent study did show feasibility for robotic pyeloplasty in 
infants with an average age of 1.6 months, but it did not provide information on 
patient weight [5].
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Fig. 6 Mitrofanoff 
implanted after detrusor 
closed

Fig. 7 Cystostomy during 
augmentation cystoplasty

2.4  Perspectives

As discussed previously and likely in many of the articles reported herein, in an era 
of rising health-care expenditures, aside from outcomes, procedural costs will 
continue to play a role in deciding appropriate treatment of disease.

Recently with the introduction of the single port (SP) platform which offers a 
special patient cart for single-site surgery. This platform allows 1 articulating cam-
era and 3 articulating arms to be introduced through a single 25 mm trocar. The 
instrument offers similar maneuverability with seven degrees of freedom, but it 
requires more intra-abdominal space to deploy the arms than the standard Xi coun-
terpart, which makes it less appealing to the pediatric world where there is limited 
intra-abdominal space. This technology has been used for single-site 
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Fig. 8 Completed 
ileocystoplasty

cholecystectomy in the pediatric population with success. An initial series of pyelo-
plasty using this platform has been described and compared to the standard multi-
port robotic technique. It did show that operative and console time is similar. It also 
showed initial results to be comparable. But it did not show a specific benefit of 
single port over multiport [6].

3  Other Devices

3.1  Senhance Surgical Robotic System

While this is the only other system that has gained approval for surgery in the pedi-
atric population in Europe, little to no data has been published regarding feasibility 
and outcomes. So far in the field of pediatric surgery, only animal studies showing 
potential feasibility have been published [7]. The system consists of a surgeon con-
sole where the surgeon controls the arms. One of the touted advantages is that the 
camera uses eye-tracking control; thus, the camera will continuously move to place 
what the surgeon is looking at in the center of the field. Additionally, each arm 
comes in a separate cart which provides a more flexible and smaller footprint for 
this machine when compared to the larger patient cart in the da Vinci that has all 
four arms integrated. While this platform offers 5 mm instruments, not all instru-
ments offer a wrist-like motion. Nevertheless, the instruments do offer haptic feed-
back to the surgeon that offers 1:1 force feedback, tissue consistency, and instrument 
stress information. While 5 mm ports and tactile feedback are a step in the right 
direction especially for the pediatric world, the limited number of articulating 
instruments is a significant drawback for this platform.
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3.2  Flex Robotic System

This system has mainly been used in transoral robotic surgery (TORS), as it was 
approved by the FDA for this particular indication in 2015. It is comprised of a 
single-port operator flexible scope controlled by a joystick. The scope offers a high- 
definition two-dimensional view. Once the scope is in position, it has two 3 mm 
ports that allow for the passage of flexible instruments. A variety of instruments 
have been developed. Several ENT procedures have been performed in adult and 
teenage subjects, including surgery of the tongue base, the palatine tonsils, the 
supraglottis, the glottis, the hypopharynx, the oral tongue, and the soft palate [8]. It 
has recently received approval for other procedures including thoracic, general, and 
gynecological surgery. While it offers a much smaller footprint, it lacks a three- 
dimensional view, and while the instruments are flexible, they are similar to 
laparoscopic instruments.

3.3  ENOS™ Surgical System

This is a single-port robotic platform currently being developed by Titan Medical 
Inc. It is comprised of a surgeon console that offers a three-dimensional visualization 
and a patient cart with a single robotic arm controlling the four articulated arms that 
go through the single port. The incision size needed to place the trocar is similar to 
the da Vinci SP at 25 mm. Successful nephrectomies via a single site have been 
described in animal models [9]. Like other single-port platforms, the instruments 
articulate out first then back in which requires additional working space and maybe 
a limitation for pediatric application.

3.4  Versius Robotic System

This platform offers multiple configurations with each arm located in an individual 
cart and up to five arms being controlled by the surgeon cart, three-dimensional 
visualization with the use of glasses, and wristed instruments with a variety of types 
available in 5 mm. There is also the advantage of haptic feedback. While not yet 
approved in the USA, it has been successfully used in Europe.
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3.5  Medtronic Robotic Surgery Program (HUGO™)

The main goal of the newer robotic system trying to break into the market is to 
decrease cost while providing flexibility. This system again provides a surgeon 
console with the ability for 3D view and a vision cart that connects the console to 
the arms. Each arm is mounted on an individual cart which is again touted to allow 
for flexibility of use while minimizing the robot footprint. Thus, the system is 
currently being developed and is not yet approved in the USA for use.

3.6  SurgiBot™

This is another single-site platform that had the plan to provide a low-cost solution 
and improve accessibility to the robot. It offers ergonomic controls with 3D vision 
with the precision of movement. The flexible instruments are placed through a 
single trocar and triangulate. It has been tried in a porcine model, but it has not 
received approval in the USA for use in human subjects yet.

3.7  MiroSurge

Developed by the German Institute of Robotics and Mechatronics (DLR), this plat-
form offers an open console with 3D visualization and two controllers with haptic 
feedback. The console can control up to five individual robotic arms that can each 
be mounted to the bedside rails in a variety of configurations with one arm dedicated 
to the camera. Instruments offer a similar seven degrees of freedom with the advan-
tage of haptic feedback. No information is available on when or if this platform will 
be available.

3.8  NOTES (Natural Orifice Transluminal Endoscopic 
Surgery) Platforms

Natural orifice transluminal endoscopic surgery is considered the next step on sin-
gle-site endoscopic surgery. Currently, the following two robotic systems are under 
development to provide a robot that can be used for NOTE surgery: MASTER and 
ViaCath System. MASTER stands for Master and Slave Transluminal Endoscopic 
Robot, and it is comprised of an endoscope and two articulating arms. It allows for 
the triangulation of instruments to improve dexterity with the availability of haptic 
feedback and 3D visualization. Successful NOTES animal procedures have been 
reported [10]. ViaCath is a similar system of a surgeon-controlled standard 
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colonoscope or endoscope with long-shafted instruments running alongside through 
an articulated flexible overture. While the instruments do offer seven degrees of 
freedom and a variety of instruments, it lacks appropriate triangulation due to the 
instrument running along with the endoscope. Nevertheless, as technology evolves, 
NOTES could become a much more feasible procedure in the future.

3.9  Hominis™ Surgical System

This system’s main feature is the fact that it offers 360 degrees of freedom as the 
robotic arms are designed to simulate a human arm. It can be used as a multiport as 
well as a single-port approach, and it is the first robotic device approved for 
transvaginal robotic surgery and a pilot study showed successful hysterectomy done 
in 30 patients. It claims to offer improved ergonomics with low cost and a small 
footprint.

3.10  Miniature In Vivo Robot (MIVR)

The idea of developing an even small robot footprint by creating smaller robotic 
devices that can be deployed into the workspace through a single incision was 
behind the goal for this platform. Developed by a collaboration of multiple 
departments at the University of Nebraska, it is comprised of multiple small robots 
with different functions that can be deployed through a single abdominal incision. 
One of the robots has a flexible laparoscope to provide the visualization, while a 
second small robot with two arms was designed to accomplish the procedural tasks. 
The instrument tips in the two arms can be exchanged to accommodate different 
instruments according to the procedure needs. Successful colectomies in porcine 
models, as well as prostatectomy in canine models, have been described [11].

4  Training and Simulation

Training the next generation of pediatric surgeons to become robotic surgeons is no 
easy task. Given the limited number of cases in the field of pediatric subspecialties, 
it has become very difficult to appropriately prepare a trainee during the current 
constraints of time of a residency and fellowship. Thus, as the simulation continues 
to evolve, it offers the next best thing, which is an opportunity to not only become 
familiar with the machine functionality but also practice in a safe environment many 
of the maneuvers required to perform intracorporeal surgery. The current simulator 
associated with the da Vinci robot provides the trainee the opportunity to perform a 
variety of procedures including cholecystectomy and prostatectomy in a completely 
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virtual environment. While not perfect, it does allow the trainee to familiarize 
themselves with the equipment and with the many important maneuvers required to 
master intracorporeal dissection and suturing. It also provides expert surgeons the 
opportunity to warm up before any case. This warm-up concept continues to grow 
in popularity among surgeons as it has shown potential to benefit outcomes [12].

Finally, one of the advantages of laparoscopic surgery is the fact that most pro-
cedures can be recorded. Watching videos of previous procedures can be helpful not 
only to trainees but also to expert surgeons looking to further improve their skills. 
Unfortunately, while this is often not done by either trainee or surgeon, it should 
become the routine as it is in many other fields such as sports. Surgeons looking to 
provide the best care to their patients should involve the entire robotic team in 
reviewing cases and try to figure out areas for improvement.

5  Conclusion

Robotic surgery in pediatrics is here to stay as it offers the next step in the evolution 
of laparoscopic surgery. New robotic platforms continue to be developed, and this 
provides the opportunity to reduce cost and improve accessibility to technology 
around the world. The authors hope that the industry will consider the application of 
their technologies on pediatric patients and their procedures. This competition will 
hopefully decrease cost as well as provide further diversity and specificity in 
instrumentation that may be further tailored to pediatric procedures. The next 
evolution appears to be on the horizon with the potential integration of artificial 
intelligence, machine learning, and the development of true self-guided 
operating robots.
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Robotic Devices in Knee Orthopedic 
Surgery

Marco Kawamura Demange and Camila Maftoum Cavalheiro

1  Introduction

Total knee arthroplasty (TKA) surgery is performed to treat advanced painful osteo-
arthritic knee in order to improve function and decrease pain. Total condylar knee 
replacement has been successfully performed since 1974, proposed by John Insall. 
Joint replacement surgery is a treatment consideration for patients who are nonre-
sponsive to initial therapy and who continue to experience continuing joint symp-
toms and pain. Several technological and surgical improvements have been added to 
this surgery, including implant design, surgical technique, and instrumentation 
improvement.

Worldwide the demand for knee and hip procedures is on the rise. According to 
a study evaluating historical procedure rates and population projections using the 
National Inpatient Sample, primary total hip arthroplasty (THA) in the USA is 
projected to increase by 71%, 635,000 procedures, by 2030, and primary TKA in 
the USA is projected to increase by 85%, 1.26 million procedures, by 2030 [1, 2].

As the short-term and long-term success of TKA depends on adequate restora-
tion of knee stability and alignment, improvements in surgery precision and reli-
ability are important goals. In this way, robotic assistance in total knee surgery, 
especially regarding positioning cutting tools and performing bone cuts, increases 
precision and reproducibility in the placement of knee replacements.
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2  Robotic System Evolution

The level of involvement of the robotics can vary and we may didactically divide 
knee replacement robotic surgical systems in three categories: autonomous (or 
active), semi-active, and passive. In autonomous systems, the robot executes the 
pre-planned surgical procedure without physical guidance from the surgeon. Semi- 
active systems provide intraoperative feedback in order to assist the surgeon during 
bone cuts. They are tactile feedback systems that augment the surgeon’s ability to 
control and manipulate the robotic tool, typically by restricting the resection volume 
by haptic constraint or by controlling the cutting tool motion or exposure. In passive 
systems, also known as computer-assisted navigation systems, they provide the 
surgeon with perioperative recommendations for guiding positioning, but this and 
bone resection are all done under direct control of the surgeon without true robotic 
assistance [3].

Robotic surgery has been under development for knee replacement surgery for 
almost three decades. The first systems for total knee replacement were autonomous 
robotic systems. To execute surgery with these systems, the surgeon performs the 
planning, surgical approach, and setup. After that, the autonomous system has the 
capability of completing an operation without a surgeon moving the robotic arm.

One of the first systems introduced for total knee and total hip arthroplasty was 
ROBODOC (Integrated Surgical Systems, Delaware, US). This system was an 
automated milling robotic arm for hip and knee arthroplasty. Preoperative planning 
was performed before surgery. The main goal of using ROBODOC focused on 
improving and decreasing the variability in the mechanical axis of the leg during 
TKA. Implant alignment and positioning has been demonstrated to be within 1° of 
error. On the other hand, one of the most significant limitations of this system is that 
it does not allow surgeon to perform adjustments during surgery in order to improve 
ligament balancing. Even though many studies have demonstrated less outliers to 
the mechanical axis, there was limited data regarding the clinical benefits of the 
ROBODOC system [4].

Historically, there were also other active robotic systems such as CASPAR 
(Ortho-Maquet/URS Ortho Rastatt, Germany) and Acrobot with limited published 
clinical data. Both are image-based and are no longer available for clinical use.

Currently, the robotic-assisted systems for total knee replacement are based on 
robotic devices that assist surgeons during the procedure (semi-active or passive). 
As modern systems are more adaptable during the procedure, newer robotic systems 
allow more accurate soft tissue balance (Table 1).
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Table 1 Robotic systems used for total knee arthroplasty

Robotic 
system

Resection 
type Preop imaging Control

FDA 
approval date

MAKO Semi-active Preop CT Haptic feedback Aug. 2015
NAVIO Semi-active Imageless Robotic assisted non-haptic Jun. 2017
ROSA Semi-active Preop radiograph or 

imageless
Manual (robotically 
positioned cutting guide)

Jun. 2019

ROBODOC Active Preop CT Autonomous control Oct. 2019
CORI Semi-active Imageless Robotic assisted non-haptic Jul. 2020
VELYS Semi-active Preop radiograph or 

imageless
Haptic feedback Jan. 2021

3  Basic Surgery Concepts

The steps performed during a robotically assisted surgery typically involve (1) cre-
ating a patient-specific model preoperatively (in image-based systems), (2) tracker 
positioning and intraoperatively registering the patient to create a final model and 
developing a plan based on the patient’s anatomy, (3) soft tissue balancing and intra-
operative adjustments, and (4) using robotic assistance to make bone cuts and carry 
out the procedure.

3.1  Preoperative Planning

Some robotic systems need a preoperative image (“image-based” systems) and oth-
ers do not (“imageless”). Preoperative images may be obtained by CT scan or pan-
oramic X-rays to upload a 3-D model of the bone anatomy before surgery to the 
system. During surgery, information regarding bone surface and anatomy of the 
femur and tibia is uploaded to the system using several anatomic landmarks.

Having preoperative images and a preoperative plan to approve allows the sur-
geon to devise the entire surgical resection plan, implant sizing, and implant posi-
tioning and alignment before even entering the operating room. Potential 
disadvantages of image-based systems include the increased cost of the imaging 
study, patient inconvenience and additional travel to obtain the study, and risk of 
radiation exposure during the CT scan.

Imageless systems rely solely on the surgeon’s accuracy of inputting data points 
at the time of surgery. Advantages to imageless systems include decreased cost of 
the procedure, increased convenience to the patient, and no preoperative radiation 
exposure. Potential disadvantages include lack of true preoperative planning and 
inability to verify the anatomic registration points at the time of surgery against a 
more detailed three-dimensional imaging set.
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3.2  Tracker Positioning and Landmark Registration

In the operation room the cart containing the robotic arm and monitor is positioned 
next to the operating table. The robotic assistant system is always on the same side 
as the surgeon, but it can be on the contralateral side from the knee to be replaced.

After incision, tracking arrays are attached to both the femur and the tibia using 
a two-pin bi-cortical fixation system. On the tibia, the pins are placed percutaneously 
inferior to the tibial tubercle on the medial side of the tibial crest. On the femur, the 
screws are placed superior to the patella.

A landmark registration is then performed either to confirm previously defined 
points in image-based systems or to create a 3D virtual model of a patient’s anatomy 
intraoperatively in imageless systems. Mapping points must be registered in both 
system types so that the robot knows where the cutting tools are in space in relation 
to the anatomy. In image-based systems, this registration is directly tied to the 
preoperative imaging.

The landmarks are collected using a point probe, which contains a tip that is 
tracked using the infrared cameras. The surgeon is guided to collect points on distal 
femur, proximal tibia, and ankle, additionally to a leg rotation about the hip to 
calculate the hip center. Based on the registered points, the robotic system determines 
(or confirms) soft tissue boundaries and mechanical axis of the limb, including 
femur and tibia individual axis, femoral rotation, tibial slope, and estimated bone cut.

The user then takes the knee through a full range of motion and a varus or valgus 
stress is applied to tension the soft tissues on the sides of the knee to plan the desired 
soft tissue laxity. This helps the surgeon plan for implant positioning and volume 
bone resections, taking into account virtual soft tissue laxity prior to making 
any cuts.

3.3  Soft Tissue Balancing and Intraoperative Adjustments

Prior to bone cut, all peripheral osteophytes are removed so that joint stability can 
be adequately assessed. The removal of anterior cruciate and posterior cruciate (if 
wished to) should also be performed before stability evaluation. The maintenance of 
these structures affects the planning and final balance of the TKA as they can tension 
the soft tissues and register an unreal tension in one of the compartments.

The robotic software provides the user with the expected laxity balance through-
out a range of flexion and extension. The goal is to adjust the implant positions and 
orientations such that the gaps in extension and flexion are balanced, with roughly 
1–2 mm of laxity between the components through a full arc of motion, and avoid 
over-correction of alignment into the opposite compartment. To achieve adequate 
balance, adjustments in implant flexion, rotation, translation, varus/valgus, and 
depth can be made. Once the surgeon is satisfied with the implant positions and soft 
tissue balance, the next step is preparation of the bone surfaces.
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3.4  Bone Cuts with Robotic Assistance

There is variability in how the robotic arm is used to assist bone cuts. Among the 
available devices, the robotic arm can be used in two main ways: to position the 
cutting block, in which the surgeon handles the saw itself, or to effectively be the 
cutting tool, either with a blur or a saw blade. The robotic restraint methods and 
cutting control are also different from each other; it can be a haptic system or a 
simple boundary delimitation.

The handling of the robotic arm is controlled by the surgeon, usually by a foot 
pedal. Femoral and tibial cuts are performed as planned using the specific robotic 
system. The surgeon then manually provisionally inserts the trial components 
ensuring appropriate alignment and balance through a full range of motion. The 
system displays the achieved coronal alignment and laxity of the knee and allows a 
comparison with the initial plan created in the planning stage.

All systems allow adjustments and re-cuts if balance or alignment modifications 
are considered appropriate. This is done with ease by returning to the planning and 
bone removal stage and adjusting appropriate parameters. When the surgeon is 
satisfied with the final results, manual implantation proceeds using the surgeon’s 
standard methods [3, 5–7].

4  Device Types

The main robotic systems available in the USA are MAKO (Stryker), ROSA 
(Zimmer Biomet), CORI (Smith and Nephew), and VELYS (Depuy Synthes) 
(Fig. 1).

4.1  MAKO (Stryker)

The Robotic Arm Interactive Orthopedic System (RIO; MAKO Stryker, Fort 
Lauderdale, Florida) is a haptic system available for partial and total knee 
replacement and total hip replacement. As an image-based system, a preoperative 
CT scan of the involved limb from the hip to ankle is obtained preoperatively and it 
is used in surgical planning to help determine component sizing, positioning, and 
bone resection. The MAKO cannot be performed without a previous CT scan.

The total knee application utilizes the MAKO Integrated Cutting System (MICS). 
The MICS powers a saw blade that the surgeon guides according to the cuts 
programmed in the preoperative software. Several studies have shown that it is a 
safe and precise system [8–10]. The robotic arm uses AccuStop™ haptic technology 
to help ensure only the desired bone is resected. The robotic arm will give resistance 
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Fig. 1 Robotic arm systems for total knee arthroplasty. (a) MAKO (Stryker), (b) ROSA (Zimmer 
Biomet), (c) CORI (Smith and Nephew), and (d) VELYS (Depuy Synthes)

and an audible warning and ultimately turn off if the surgeon attempts to move the 
cutting tool on the robotic arm outside the boundaries created in the preoperative plan.

MAKO robotic arm-assisted procedures have been shown to overcome technical 
challenges associated with manual partial and multicompartmental knee procedures. 
A series of feasibility studies demonstrated that, as compared with manual 
techniques, the robotic system has increased accuracy in recreating the posterior 
tibial slope and coronal tibial alignment [11, 12]. The learning curve of robotic- 
assisted TKA procedures averaged 6–7 cases, and the learning cases did not present 
an increased risk to the patient.
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4.2  ROSA (Zimmer Biomet)

The ROSA Knee Robot® (Zimmer Biomet, Warsaw, IN) received the FDA approval 
in 2019. The ROSA Knee Robot system does not require advanced preoperative 
imaging, such as CT scanning. Optional planning may be performed preoperatively 
with long-length lower limb X-rays. A computer software program to convert 2D 
X-ray images into a 3D patient-specific bone model allows virtual planning on 
implant positioning and ligament balancing before execution. It allows performing 
imageless cases.

It is a semi-autonomous surgical system that haptically positions bone cutting 
guide to femoral distal resection and tibial proximal resection and determines 
femoral rotation guide. This system does not have the saw blade attached to the 
system. The aim of this collaborative robotic system is to improve the accuracy and 
reliability of the bone resections and the ligament balancing, without replacing the 
steps well performed by the surgeon.

This system is exclusive for total knee arthroplasty and despite its recently 
approval has consistently data for achieving great accuracy when compared to 
manual techniques both in cadaveric studies [13, 14] and clinical studies [15].

4.3  CORI (Smith and Nephew)

Smith and Nephew has upgraded its robotic system to the CORI Surgical System; 
previously the main system was the NAVIO System. Essentially it is a semi- 
autonomous tool that uses handheld miniaturized robotic-assisted instrumentation 
that the surgeon manipulates in 6° of freedom, but restricts cutting to within the 
confines of the pre-designated resection area of the patient’s bone [3].

It is an imageless portable robotic system for use in total and unicompartmental 
knee arthroplasty. The system offers image-free mapping of bone geometry, 
intraoperative planning and gap assessment, and confirmation of alignment and 
knee balance after the surgery. It does not have an image-based option.

The CORI system has been developed to operate within a smaller footprint than 
earlier generations of robotic systems in order to increase efficiency of surgical 
workflow (higher-speed camera technology and higher-speed cutting burrs). The 
CORI system was approved by the FDA in 2020.

Due to its recent FDA approval it has limited clinical data. But its precursor, 
NAVIO System, also shows great accuracy consistency [3].
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4.4  VELYS (Depuy Synthes)

The most recently approved robotic system, in January 2021, is the VELYS Robotic- 
Assisted Solution (Depuy Synthes). It is a table-mounted hardware, with an advan-
tage of design that integrates into any operating room.

The VELYS is a semi-autonomous system which has a saw blade arm and uses 
haptic technology to define the boundaries mechanisms to help surgeons to 
accurately resect bones that align and position the implant relative to the soft tissue 
during total knee replacement. It does not need or support preoperative imaging.

It does not have a consistent data, but it has promising expectations [16, 17].

5  Indications and Perspectives

The current motivations behind robotic-assisted TKA are improved surgical implant 
positioning, alignment accuracy, advancing articular surface design that allows for 
independent intercompartmental resurfacing, optimizing component positioning 
based on normal soft tissue balancing and tension, and ultimately improving patient 
clinical and functional outcomes [18].

In a comparative study, Kayani et al. [19] reported that robotic-assisted TKA was 
associated with reduced bone and periarticular soft tissue injury compared with 
conventional TKA.  Some cadaveric studies [20, 21] showed that less soft-tissue 
damage occurs utilizing robotic-assisted TKA, particularly regarding the posterior 
cruciate ligament [18].

The key findings of this systematic review are reduction of postoperative pain 
and decreased analgesia requirements during the hospitalization with the robotic- 
assisted system, and more accurate and reproducible implant positioning with 
robotic-assisted TKA [18].

Several studies suggested that the implementation of robotic arm-assisted sur-
gery may help to further improve early functional recovery and reduce time to hos-
pital discharge in patients undergoing TKA. However, at 6 months and at 1 year, the 
functional results are similar for both surgical techniques [22–24].

Operative and cadaveric studies assessed the soft tissue injuries in robotic- 
assisted TKA and in conventional TKA, with less damage in robotic TKA. This 
system allowed better soft tissue protection around the knee and facilitated knee 
exposure.

A few studies assessed implant positioning after robotic-assisted TKA with the 
MAKO system. All these studies demonstrated the efficacy of robotic-assisted TKA 
in restoring the mechanical axis alignment in fairly common clinical scenarios 
where mild deformity was successfully corrected. The technique was also more 
accurate than the conventional method in restoring mechanical alignment and 
decreasing the number of outliers [18].

Most of these studies found that there were improvements in pain reduction and 
functional mobility. These are clinically significant outcomes which may improve 
the patient’s satisfaction levels and quality of life following knee arthroplasty [24].
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We use a quad-sparing midvastus approach for TKA. We have found that the 
amount of exposure, dissection, and length of required incision with TKA are less 
than in our manual total knee arthroplasty cases due to less need to directly visualize 
bone cuts [5].

6  Learning Curve and Potential Risks

An improvement of the operative time of robotic arm-assisted TKA was described 
(89.2 min vs. 66.8 min, p = 0.01) and of the surgical team stress levels after seven 
robotic cases. But there was no learning curve effect of robotic arm-assisted TKA 
on accuracy of achieving the planned implant position and limb alignment [19]. In 
a comparative study of 240 robotic-assisted TKAs, a significant difference was 
found in mean operative times for the first robotic-assisted cohort and the 
conventional cohort (81  min vs. 68  min, p  <  0.05). However, no significant 
differences in mean operative times were found between the last robotic-assisted 
cohort and the conventional cohort (70 min vs. 68 min, p > 0.05) [15].

Kayani et al. [19] reported a minor wound dehiscence over the incision for the 
proximal tibial registration pins. There were no other specific complications of the 
image-based robotic-assisted system.

This review of image-based robotic-assisted TKA did not find any specific com-
plications for the robotic-assisted system. The complication and revision rates were 
low in both robotic-assisted and conventional technique cohorts at short-term fol-
low-up. Other studies of the robotic-assisted system for knee replacements found 
some specific complications of this system, such as infection or fracture at the pin 
insertion site or pin breakage [15].
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Robotic Devices in Upper Limb 
Orthopedic Surgery and Microsurgery

Jose Carlos Garcia Jr

1  Introduction

Robotic upper limb surgery encompasses a wide range of surgical procedures from 
supermicrosurgery of lymphatic vessels to endoscopies for tendon transfers.

Some procedures were easily adaptable to traditional robotic platforms such as 
the da Vinci® Robot (Intuitive Sunnyvale-USA), while other procedures required 
the development of new platforms such as MUSA® (Microsure Eindhoven-Holland) 
and Symani® (MMI Pisa-Italy).

In our experience the da Vinci® Si and Xi have been less adaptable both for some 
microsurgical procedures and for supermicrosurgery.

The history of using the robot in microsurgery began in 2007 when Professor 
Philippe Liverneaux did his training and began his first works demonstrating that 
robotics could be used in microsurgery using animal models [1]. With the publication 
of his first papers [2–4], robotic microsurgery began. Manipulation of the brachial 
plexus [5, 6] and peripheral nerves [7–9] was quickly adapted.

Procedures in cadaveric models combining brachial plexus manipulation and 
endoscopy were done [5], but in live patients open manipulation was the choice for 
this procedure [6].

With the release of the ulnar nerve at the elbow, the open experience [7] migrated 
better to endoscopy in live patients [8]. The axillary nerve was also identified 
endoscopically with the aid of a robot in cadavers [9], and the release of the 
quadrangular space was successfully performed in one patient by the author of this 
chapter (Fig. 1).
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Fig. 1 Quadrangular space 
release and axillary nerve 
visualization

Robotic da Vinci® devices used for endoscopic releases were the Maryland bipo-
lar forceps® and the Hot ShearsTM monopolar scissors (Intuitive Sunnyvale-USA).

For microsurgical sutures, Black Diamond micro forceps (Intuitive Sunnyvale- 
USA) were the most suitable due to their dimensions.

With a better understanding of the posterior shoulder endoscopic anatomy, it was 
possible for the first time to endoscopically access this region [9]. This meant that 
new orthopedic procedures in this region of the upper limb could be performed.

The transfer from the origin of the latissimus dorsi to deltoid palsy in axillary 
nerve injury was performed in a patient [10] with aesthetic improvement, however 
with poor functional results, possibly because it was not a bipolar transfer, keeping 
the insertion of the latissimus dorsi intact. Bipolar transfers may have a better effect 
and be a viable option since the exploration with robotic release of the origin of the 
latissimus dorsi muscle [10] and the manipulation of its insertion [11] have achieved 
success, keeping the vascularized graft alive and active.

The transfer of the latissimus dorsi tendon, which until now also required large 
approaches with cosmetic implications and adhesions, could be performed with a 
robot in a minimally invasive manner through posterior endoscopic portals [11–13]. 
However, wide subcutaneous dissection is necessary using the Cadiere forceps®, 
Maryland bipolar forceps®, and Hot ShearsTM monopolar scissors (Intuitive 
Sunnyvale-USA).

This posterior approach for the transfer of the latissimus dorsi tendon is demand-
ing; it can be more suitable for transfers of this muscle to the scapula or when the 
transfer of the tendon of the teres major muscle must be associated. For latissimus 
dorsi tendon isolated transfers, we are currently using the anterior/axillary endo-
scopic approach. Many applications for this approach such as subscapularis injuries 
or latissimus dorsi transfer or reinforcement for rotator cuff reconstruction are cur-
rently in use (Figs. 2 and 3). For the anterior/axillary approach to the latissimus 
dorsi, the distances between the portals are smaller with a reduced work space, 
however visualization of the tendon is much better. When using this approach, the 
Cadiere forceps® (Intuitive Sunnyvale-USA) does not need to be used. This approach 
also allowed a significant reduction in costs and surgical time.
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Fig. 2 da Vinci® robot. 
Portals for anterior access 
to the latissimus dorsi 
tendon, axillary region

Fig. 3 (A) Radial nerve, 
(B) long head of the 
biceps, (C) humerus, (D) 
latissimus dorsi tendon
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The robotic endoscopic orthopedic surgeries mentioned above are performed in 
places where there are no natural cavities; therefore, an initial cavity must be created 
for the dissection to advance to the desired surgical spot. In the anterior/axillary 
approach to the latissimus dorsi tendon, almost the entire space is previously 
manually dissected and released.

Regarding microsurgery and supermicrosurgery, endoscopy was not so success-
ful; however, tremor filtration and motion scaling associated with three- dimensional 
vision were the most important factors for the robotics in these surgical fields.

For microsurgery and supermicrosurgery, the possibility of using smaller, 
cheaper, and more adapted to open environment robots seems to be the right 
way to go.

For upper limb micro- and supermicrosurgeries, the surgeons use, by default, 
only two robotic hands.

In this environment two platforms with different and innovative ideas created 
more friendly robots.

So the surgeon can enjoy the benefits of robotics without the restrictions imposed 
by the positioning of the da Vinci® (Intuitive Sunnyvale-USA) for micro- or 
supermicrosurgery.

The Symani® (MMI Pisa-Italy) features a similar forceps operation mode to the 
da Vinci® (Intuitive Sunnyvale-USA); however, its extremely delicate micro forceps 
make the smallest Intuitive robotic forceps look big. As the system is easily 
attachable to a standard surgical microscope, it does not require the technology 
involved in the optics and endoscopic part. Its use will depend on specific disposable 
microforceps.

MUSA® (Microsure Eindhoven-Holland) is a robot also adapted to micro and 
supermicrosurgeries [14, 15]. With two robotic arms, tremor filtration and scaling of 
the surgical gesture make it easy to use in microsurgery. An advantage of this robot 
is that it uses the same forceps regularly used in microsurgeries, making the 
migration from the manual to the robotic platform even more intuitive and less 
expensive.

As in the MMI robot, in the MUSA, the system is also easily attached to the 
operating table and to a standard surgical microscope, eliminating the technology 
involved in the optics and endoscopy.

Robot-assisted supermicrosurgery of lymphatic vessels [16] is currently only 
performed using one of the last two platforms, MMI and Microsure, with encouraging 
results.

Indeed, the Microsure robot has been shown to present superior suturing results 
to the non-robotic.

2  Surgery

Surgeries using the da Vinci® surgical robot platform are widely publicized and 
recognized.
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As there are major limitations to its endoscopic operation in microsurgery, only 
the advantages of tremor control and movement scaling show clear superiority to 
traditional surgery. Costs and the need for training are disadvantages of the method, 
which, even with a vertical learning curve, does not have specific training.

As for other platforms, Microsure’s MUSA® adapts the common microsurgery 
forceps to the robotic platform, using cheaper materials and possibly easy adaptation 
by the microsurgeon. The movement occurs through two modules that present the 
configuration that makes the migration from open surgery to robotics very intuitive 
with very similar movement but with the advantages of tremor control and movement 
scaling. The forceps of microsurgery supported by this platform are smaller than 
those supported by the da Vinci® robot (Figs. 4 and 5).

The author is not very familiar with MMI’s Symani® platform; its microforceps 
are similar to Black Diamond® of the da Vinci® robot but on a much smaller scale. 
As the MUSA® this robot is specifically targeted for microsurgery.

Indications in upper limb surgery are expanding; currently, they are as follows:

 1. Open
Brachial plexus reconstruction
Oberlin procedure
Digital nerve reconstruction
Scalenectomy for thoracic outlet syndrome [17]
Lymphatic vessel reconstruction

 2. Endoscopic
Ulnar nerve release (Fig. 6)
Latissimus dorsi tendon transfers with or without teres minor transfer (Fig. 7)
Positioning also used in exploration of quadrangular space
Transfers of the latissimus dorsi
Surgical flap of the latissimus dorsi muscle
Rectus abdominis muscle flap

Fig. 4 Robot MUSA in 
surgery for lymphatic 
vessel reconstruction. 
(Courtesy of Microsure®)
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Fig. 5 Robot MUSA in 
surgery for lymphatic 
vessel reconstruction. 
(Courtesy of Microsure®)

Fig. 6 da Vinci® robot in 
endoscopic ulnar nerve 
release

As the range of procedures is wide, I suggest the reader who wants more details 
about the upper limb to see the works in the References of this chapter and also stay 
tuned to future papers.
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Fig. 7 da Vinci® robot. 
Posterior approach for 
latissimus dorsi and teres 
major

3  Contraindications

Open surgery for tendons is an absolute contraindication at the moment because the 
surgical trauma is the same and the procedure is not superior. There is only an 
increase in surgical time and costs, so there is no prospect of adding advantages for 
the patient with the use of the robot. These procedures have already been performed 
on cadavers at the Strasbourg IRCAD® with success but without practical applica-
bility. However, endoscopic procedures will present the advantage of minimally 
invasive surgery.

Microsurgery and upper limb surgery are specialties with expanding indications, 
so clear limits have not yet been established for the use or not of the robot.

Bone surgeries will need robots with specific materials for the upper limb, still 
awaiting their launch.

Possibly robots for shoulder arthroplasty will be launched in 2024; however, this 
robot is very specific.

4  Perspectives

Robotics tends to be increasingly used in the upper limb, especially in shoulder and 
elbow surgery.

With the evolution of computer technologies, it was possible to better determine 
the best angles of attack and make adequate planning. The software uses three- 
dimensional images in order to give the surgeon a previous experience of the 
surgical procedure, increasing the accuracy significantly.

This previous planning makes the angulation errors go from 11° in the version 
and 12° in the inclination [18] to values around 6° for the version and inclination 
[19]. This increased accuracy will potentially improve patient adaptation to the 
prosthesis, implant longevity, and even final range of motion.

With intraoperative navigation, this accuracy increased even further to only 
2° [19].
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The next step in arthroplasty will be robotics. With the arrival of the robotic arms 
of ROSA® from Zimmer-Biomet®, Mako® from Stryker®, and VELYS™ from 
Johnson & Johnson®, possibly there will be a great advance, the implantation of the 
glenoid component tends to be even more precise, mainly for the most complex 
cases, where even navigation may not reach the necessary accuracy.

The problems associated with these platforms in the upper limb are the use of 
thin-slice computed tomography which will increase the patient’s exposure to 
radiation, costs, and possible surgical time.

Just in the future one will realize how cost-effective or not these technologies 
will be.

There are also some other soft tissue surgeries that have already been performed 
on animal models and are still experimental for humans.

One of these procedures is the robotic thoracoscopy to access the intercostal 
nerves for transfers for brachial plexus injuries [20].

This is a surgery that, when performed open, creates a wide soft tissue lesion 
with a wide approach, so robotic thoracoscopy may have advantages over traditional 
surgery. There is already a case report of this procedure in a patient [21].

Surgical procedures that combine soft tissue with bone as a surgical reconstruc-
tion  of the rotator cuff are in development by the author yet.

References

1. Liverneaux PA, Berner SH, Bednar MS, Parekattil SJ, Ruggiero GM, Selber 
JC. Telemicrosurgery: robot assisted microsurgery. 1st ed. Paris: Springer; 2013.

2. Nectoux E, Taleb C, Liverneaux P. Nerve repair in telemicrosurgery: an experimental study. J 
Reconstr Microsurg. 2009;25:261–5.

3. Taleb C, Nectoux E, Liverneaux P. Telemicrosurgery: a feasibility study in a rat model. Chir 
Main. 2008;28:104–8.

4. Taleb C, Nectoux E, Liverneaux P. Limb replantation with two robots: a feasibility study in a 
pig model. Microsurgery. 2009;29:232–5.

5. Mantovani G, Liverneaux PA, Garcia JC, Berner SH, Bednar MS, Mohr CJ. Endoscopic explo-
ration and repair of brachial plexus with telerobotic manipulation: a cadaver trial. J Neurosurg. 
2011;115(3):659–64.

6. Garcia JC, Lebailly F, Mantovani G, Mendonça LA, Garcia JM, Liverneaux PA. Telerobotic 
manipulation of the brachial plexus. J Reconstr Microsurg. 2012;28(7):491–4.

7. Garcia JC, Mantovani G, Gouzou S, Liverneaux P. Telerobotic anterior translocation of the 
ulnar nerve. J Robot Surg. 2011;5(2):153–6.

8. Garcia JC, Montero EFS. Endoscopic robotic decompression of the ulnar nerve at the elbow. 
Arthrosc Techn. 2014;3:383–7.

9. Melo PMP, Garcia JC, Montero EFS, Atik T, Robert EG, Facca S, et al. Feasibility of an endo-
scopic approach to the axillary nerve and the nerve to the long head of the triceps brachii with 
the help of the Da Vinci Robot. Chirurgie de la Main. 2013;32:206–9.

10. Ichihara S, Bodin F, Pedersen JC, Melo PP, Garcia JC, Sybille F, et al. Robotically assisted 
harvest of the latissimus dorsi muscle: a cadaver feasibility study and clinical test case. Hand 
Surg Rehabil. 2016;35:81–4.

J. C. Garcia Jr



145

11. Garcia JC, Gomes RVF, Kozonara ME, Steffen AM. Posterior endoscopy of the shoulder with 
the aid of the Da Vinci SI robot – a cadaveric feasibility study. Acta Shoulder Elbow Surg. 
2017;2(1):36–9.

12. Garcia JC, Cordeiro EF, Raffaelli MP, Mello MBD, Kozonara ME, Cardoso AM, Torres 
MC. Robotic transfer of the latissimus dorsi. Arthrosc Techn. 2020;9(6):e769–73.

13. Garcia JC Jr, Torres MC, Fadel MS, Bader D, Lutfi H, Kozonara ME. Robotic transfer of the 
latissimus dorsi associated with levator scapulae and rhomboid minor mini-open transfers for 
trapezium palsy. Arthrosc Tech. 2020;9(11):e1721–6.

14. van Mulken TJM, Scharmg AMJ, Wilkens B, Cau R, Schoenmakers FBF, et al. The journey of 
creating the first dedicated platform for robot-assisted (super)microsurgery in reconstructive 
surgery. Eur J Plast Surg. 2020;43:1–6.

15. van Mulken TJM, Schols RM, Quiu SS, Brouwers K, Hoekstra LT, Booi DI, et al. Robotic 
(super) microsurgery: feasibility of a new master-slave platform in an in vivo animal model 
and future directions. J Surg Oncol. 2018;118:826–31.

16. van Mulken TJM, Schol RM, Scharmg AMJ, Schols RM, Cau R, Jonis Y, et al. First-in-human 
robotic supermicrosurgery using a dedicated microsurgical robot for treating breast cancer- 
related lymphedema: a randomized pilot trial. Nat Commun. 2020;11:757.

17. Garcia JC. Nerve entrapment. In: Liverneaux P, Berner S, Bednar M, Parekattil S, Mantovani 
Ruggiero G, Selber J, editors. Telemicrosurgery. Springer: Paris; 2013. p. 109–17.

18. Iannotti J, et  al. Three-dimensional preoperative planning software and a novel infor-
mation transfer technology improve glenoid component positioning. J Bone Joint Surg. 
2014;96:e71.1–8.

19. Greene A, Hamilton M, Polakovic S, Mohajer N, Youderian A, Wright T, et  al. Navigated 
versus non-navigated results of a CT-based computer assisted shoulder arthroplasty system in 
30 cadavers. Orth Proc. 2019;101-B(Suppl 5):23. https://online.boneandjoint.org.uk/doi/abs/1
0.1302/1358- 992X.2019.5.023

20. Miyamoto H, Serradori T, Mikami Y, Selber J, Santelmo N, Facca S, Liverneaux PA. Robotic 
intercostal nerve harvest: a feasibility study in a pig model. J Neurosurg. 2016;124(1):264–8.

21. Naito K, Imashimizu K, Nagura N, et al. Robot-assisted intercostal nerve harvesting: a techni-
cal note about the first case in Japan. Plast Reconstr Surg Glob Open. 2020;8(6):e2888.

Robotic Devices in Upper Limb Orthopedic Surgery and Microsurgery

https://online.boneandjoint.org.uk/doi/abs/10.1302/1358-992X.2019.5.023
https://online.boneandjoint.org.uk/doi/abs/10.1302/1358-992X.2019.5.023


147

Robotic Devices in Hip Orthopedic 
Surgery

Marco Aurelio Silverio Neves, Fabio Zego, 
and Osvaldo Guilherme Nunes Pires

1  Introduction

Total hip arthroplasty is one of the most successful surgical procedures performed 
in orthopedics, with excellent functional and clinical results, when indicated in 
patients experiencing advanced-stage arthrosis of the hip joint, helping to reduce 
pain, restore function, and increase the quality of life [1]. The procedure’s success 
results from its consistent technical evolution since being introduced approximately 
six decades ago [2]. The short and long terms outcomes of THA may be influenced 
by several factors.

We can therefore highlight the following key topics since the advent of this tech-
nique: in the 1970s, tribological pairings of joints were discussed; in the 1980s, a 
debate was initiated that continues today regarding the use of cemented or cement-
less prostheses; in the 1990s, new tribological pairings were introduced, such as 
metal-metal and ceramic-ceramic surfaces, in addition to the use of resurfacing 
arthroplasty in order to preserve bone stock. Throughout the last two decades, atten-
tion was focused on the early failure of implants using a metal-to- metal surface and 
the use of minimally invasive techniques in hip arthroplasty surgery, in addition to 
the emergence of alternative surgical approaches. It is believed that the main theme 
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over the course of the next decade with regard to hip surgery will be the use of new 
technologies and robotic surgery [3].

In addition to a series of variables such as patient characteristics, the surgical 
techniques implemented, the presence of previous surgeries, and the types of 
implants, technologies, and robotic surgery also influence the outcome of the sur-
gery. Part of these variables are related to the preoperative planning performed by 
the surgeon as well as their ability to reproduce these conditions during the surgical 
procedure, since the properties of the materials, the porosity of the interface, and the 
geometry of the implant play a fundamental role in the stability of the prosthesis, its 
positioning, and osseointegration [4–6].

One of the surgeon controlled factor is the proper positioning of implants and the 
restoration of biomechanics. This is one of the most important factors in the success 
of hip arthroplasty procedures and continue to present a significant challenge for sur-
geons. Complications such as dislocation, impingement, and accelerated wear of the 
acetabular liner [7–9] as well as changes in gait, lower limb discrepancy, and early 
loosening of the implant [10, 11] are all related to the accuracy of implant positioning. 
Robotic surgery has therefore garnered interest by contributing to improved position-
ing of the components in recommended zones, seeking to place the acetabular compo-
nent in the Lewinnek target zone [12], improving positioning of the stem, and 
contributing to a lower displacement rate when compared to conventional surgery [13].

This chapter describes the development of robotic surgery in hip arthroplasty and 
its respective principles, in addition to the advantages and disadvantages described 
in the literature to date.

2  Robots in Total Hip Arthroplasty

2.1  History

The first active robotic system used in hip arthroplasty was ROBODOC (THINK 
Surgical; Fremont, California, United States). Its development began in the 1980s 
after cementless stem models were introduced on the market. However, it was only 
in 1992 that a system was adapted for application in humans through a viability 
study involving ten patients. The system operates using images generated through 
computed tomography assisted by a robotic device capable of preparing the femoral 
canal and implanting the cementless stem [14].

A new multicenter study was carried out between 1994 and 1998 on 136 different 
hips, demonstrating an improvement in implantation of the femoral stem in terms of 
alignment, adjustment, and filling of the femoral canal, in addition to the absence of 
intraoperative fractures with the use of ROBODOC in relation to conventional sur-
gery, with no differences in relation to the functional “Harris Hip Score” seen over 
the course of a 2-year follow-up. The following sequence was used in the procedure: 
preoperative preparation, including implantation of locator pins, computed tomog-
raphy, preoperative planning, surgical configuration of the workstation in the operat-
ing room, surgical steps with sequential anatomical exposure, pin location, 
registration, and robotic preparation of the femoral cavity [14].
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Certain issues were reported as increasing surgical time due to the respective 
learning curve and operational errors in the recovery system, which caused the robot 
to interrupt operation if the monitoring system detected any failures, such as a bone 
movement. These interruptions were followed by a lengthy process required to 
restart the system. There was also increased blood loss compared to the control 
group resulting from the abovementioned operational issues. Additionally, the fact 
that a previous surgical procedure was necessary in installing locator pins prior to 
the carrying out of computed tomography for use as a parameter may present an 
additional potential risk [14].

Much like ROBODOC, the CASPAR System (Universal Robot Systems; Rastatt, 
Germany) also uses preoperative computed tomography and robot assistance to 
provide support during milling and positioning of the femoral stem in the canal. 
However, certain studies presented divergences in results. A study comparing 
contact between the femoral stem and bone in surgeries performed using the 
CASPER system and the conventional method showed a mean contact in the nail- 
bone interface of 93.2% in procedures assisted by the robot compared to 60.1% 
using the manual method, which meant that robotic surgery provided 33% more 
contact [15].

Another study, however, demonstrated that, in ten patients undergoing total hip 
arthroplasty assisted by the CASPER system assessed using preoperative and 
postoperative CT, with values compared with procedures involving preoperative 
planning, a mean difference of 7.8° in the angles and 1.8 and 1.2 mm in the medial 
and lateral deviations was found. Researchers therefore concluded that it could not 
be safely stated that positioning of the implant would be as accurate as claimed by 
the manufacturer. Another article involving an 18-month follow-up presented a 
longer mean duration for the CASPAR procedure (CASPAR, 100.6  min; 
conventional, 51.5  min), above-average hemoglobin loss (CASPAR, 4.5  mg/dL; 
conventional, 3.3 mg/dL), similar complication rates (CASPAR, two dislocations, 
one sciatic paresis, one deep infection; conventional, one dislocation, two fractures) 
with inferior functional scores (Merle d’Aubigné and Postel, CASPAR, 10.1–16.0 
points; conventional, 8.3–16.6 points), and inferior function of the hip abductor 
musculature, with a higher incidence of the postoperative Trendelenburg sign 
(CASPAR, 61.1%; conventional, 25.7%; p = 0.0014); such data led the author to 
conclude that the presence of significant functional impairment after robotic- 
assisted arthroplasty should be taken into account before recommending the proce-
dure [16–18]. This illustrates the challenges and concerns that were encountered 
when robots were first used in total hip arthroplasty. The company representing the 
CASPER system eventually filed for bankruptcy, and this robot is currently no lon-
ger in use.

The robotic system that is most used in THA is the MAKO system (Stryker Ltd, 
Kalamazoo, Michigan, USA). MAKO Surgical was founded in 2004 for the purpose 
of providing medical applications, in addition to a wide variety of other computer- 
assisted surgery technologies. First adapted for partial knee replacement, with the 
first procedure performed in 2006, development for use of these technologies in the 
hip was carried out in October 2010. This robotic arm system was cleared by the 
FDA in 2015.
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The latest system available on the market is the ROSA® Hip System (Zimmer 
Biomet, Warsaw IN, USA), which was cleared by the FDA in August 2021. The 
following sections will offer a more detailed description of the technologies that are 
currently in use.

2.2  MAKO

The Interactive Orthopedic System “MAKO Robotic Arm” (Stryker Corporation; 
Kalamazoo, MI, USA) was used to perform a hip arthroplasty for the first time in 
2015 [19]. Preoperative planning is implemented using computed tomography 
images of the pelvis and lower limbs. The process of scanning and preparing the 
images is carried out by representatives from the manufacturer. The orientation and 
depth of the acetabulum must be adjusted as appropriate and computer-simulated 
results verified along the coronal, sagittal, and transverse planes in order to guarantee 
that the implant is properly positioned. Surgeons may, as necessary, select the most 
appropriate component size for restoring hip length and establishing the appropriate 
offset. Additionally, the femoral osteotomy line must be measured using the 
MAKO’s software in order to determine the femoral neck length during surgical 
procedures [20]. Orthopedic Surgeons have been using the Lewinnek safe zone as a 
guide for cup placement for over 40 years. Studies have shown that greater than 
50% of total hip arthroplasty dislocators have cups placed within this safe zone. One 
shortcoming of the Lewinnek safe zone is that it generically applies to all patients, 
regardless of their individual bone morphology, kinematics, implant choices or 
placement. Mako Total Hip has integration of features that allow a surgeon to assess 
a patient’s functional pelvic tilt and virtual range-of-motion (vROM) to help achieve 
functional implant planning [21]. This study shows that the vast majority of THAs 
planned with standing combined anteversion between 30 to 50° and sitting com-
bined anteversion between 45 to 65° had impingement and concluded functional 
combined anteversion, which considers both cup and stem position, should be used 
when identifying an ideal position for impingement-free ROM [22]. 

The MAKO system operates through a robotic arm that is guided by a patient- 
specific 3D computer model derived using computed tomography in conjunction 
with anatomical points collected during surgery. In addition to pelvic tilt, data on 
femoral anteversion are collected by tomography in order for acetabular and femoral 
components to be properly adjusted during the surgical procedure. The MAKO 
system’s robotic arm makes use of tactile feedback technology (i.e., the surgeon 
maintains partial control of the action of the robotic arm during implantation). 
Therefore, if there are any deviations from the pre-established surgical plan, the 
robotic arm offers tactile resistance, and, if the deviation persists, an audio alert is 
triggered and the arm subsequently deactivated. The system was adapted to perform 
the procedure through posterolateral and anterior approach, and this choice is made 
by the surgeon.
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The first step involves placing three pins in the thicker portion of the iliac crest, 
at which optical trackers will be connected to locate the pelvis movements that 
occur during the procedure. In the case of the posterior approach, the patient is 
placed in lateral decubitus, and the distal reference is placed on the patella prior to 
preparation and placement of surgical fields. Pins are then positioned on the 
ipsilateral iliac crest. After surgical access has been made, the femur is registered 
and verified in the system.

A femoral marker is placed on the large trochanter in order to record the com-
bined offset, as well as the length of the patient’s limb prior to the operation. Once 
the femoral cut has been made, a new reference point is positioned above the ace-
tabulum in the posterosuperior region, in order to allow points to be obtained along 
the margin of the acetabulum using a calibrated pointer. The acetabulum is then 
reamed for cup placement using a haptic robotic arm guide acetabular reaming for 
cup insertion.

Once this step is complete, the femoral stem and the neck cut can be planned and 
manually performed or the system offers the ability to navigate the femoral 
osteotomy level and implantation of the stem by a mapping registration of the 
proximal part of the femur in order to optimize the adjustment of the femoral 
version. In this case, the femoral mapping will precede acetabular reaming and cup 
insertion.

One of the advantages of Mako system is you can use it with your prefferd 
approach, Posterior, Lateral or Anterior approach. In cases in which the direct ante-
rior approach is used, the procedure is performed with the patient in the supine 
position both with or without the use of a specific traction table. In cases in which a 
conventional table is used, the lower extremities are prepared separately using bilat-
eral sterile fields, which allows intraoperative lengths to be compared and stability 
testing to be performed. This field completely covers both legs, leaving the anterior 
part of the iliac crest and the anterolateral region of the thigh visible on both sides 
and protected by a transparent adhesive sterile field.

Three reference pins are placed in the contralateral pelvis, and the anterior and 
inferior part of the greater trochanter are marked on the femur. A single acetabular 
cutter can be used in accordance with preoperative planning. Acetabular preparation 
is carried out using the robotic arm, in addition to impaction of the final implant. 
Navigation is carried out during insertion of the stem, if the option for insertion 
using the improved technique is chosen, with the objective of adjusting the size of 
the neck and prosthesis offset and adjusting the limb’s dysmetria. The surgical pro-
cedure may be adapted as previously demonstrated [23].

Only two or three surgeons should generally participate in the surgery. An instru-
mentation nurse and a circulating nurse are responsible for preparing the instrument 
and content. A representative from the manufacturer operates the software and 
adjusts the pin detector as needed. The Mako System was introduced with a goal of 
providing more accurate implant positioning and alignment to plan, to help restore 
anatomy and biomechanics and enhance patient outcomes. In a clinical trial includ-
ing 110 patients, acetabular cup position was compared between preoperative plan, 
assessment, and achieved radiographic measure. Results confirmed that 
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intraoperative robotic-arm assistance achieved greater accuracy in preparation and 
position of the acetabular cup during THA [24]. A study involving six surgeons at a 
single institute, in which 1,980 THA surgeries were evaluated. Robotic-arm assisted 
surgery resulted in a significantly greater percentage of components placed in 
Callanan’s safe zones than all other modalities, including navigation- and fluoros-
copy-guided approaches [25]. Anaother study has demonstrated robotic-arm 
assisted surgery is accurate to 1.0 ± 0.7mm for leg length/offset. Compared to man-
ual THA, robotic-arm assisted THA was five times more accurate to plan in cup 
inclination and 3.4 times more accurate to plan in cup anteversion. A potential ben-
efit of robotic-arm assisted THA is that it has been shown to be significantly more 
accurate in reproducing COR when compared to manual implantation, which may 
result in reduced incidence of hip dislocation [26].

2.3  ROSA

Another device used in robot-assisted hip arthroplasty is the “ROSA® Hip System,” 
which consists of the “ROSA® Recon Robotic Unit,” an optical unit and touch 
screen (optional), and the “ROSA® Tablet” (Zimmer Biomet, Warsaw IN, USA). 
The “ROSA® Hip System,” when used in conjunction with the “ROSA® Recon 
Robotic Unit,” supports surgeons in performing total hip arthroplasty by offering 
resources that assist in impaction of the acetabular prosthesis during the direct 
anterior approach. The intraoperative workflow and surgical concepts implemented 
in the system are therefore aligned with the standard for the anterior route as well as 
in order to assess any discrepancies in limb length and femoral offset [27].

This system does not use computed tomography imaging or optical navigation 
through means of bone tracking pins. The digital data used during the surgical 
procedure, in order to restore the biomechanics of the joint and positioning of the 
components, is generated only provided through fluoroscopy and is able to correlate 
between the preoperative template and post-procedure data. Fluoroscopic guidance 
is used during the surgical procedure to obtain an image of a level pelvis and assess 
bone preparation and the positioning of components, as well as equalize potential 
limb dysmetria.

Prior to implementing the technique, a fluoroscopic image of the pelvis in antero-
posterior (AP) is acquired (offering an image of both teardrops, obturator foramen 
and symmetric obturator foramen). A photo of this image is then captured using the 
“ROSA® Tablet,” thereby ensuring that the entire fluoroscopic imaging circle is cap-
tured. Automatic detection of the fluoroscopy image area is framed within the cam-
era view, and if necessary the region of interest is adjusted on the ROSA Tablet 
screen while ensuring that the following areas were not excluded: both hip teardrops 
are visible, both obturator foramen are shown completely, and alignment of the coc-
cyx corresponds to orientations for preoperative radiography if preoperative imag-
ing was carried, as well as whether orientation of the image is representative of an 
AP X-ray.
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During the procedure, it is mandatory that the Robotic Unit is positioned on the 
side of the hip being operated upon and that the surgeon is on the same side as the 
Robotic Unit. The surgical technique is therefore implemented with resectioning 
and milling of the femoral canal. The instrument used to position the acetabular cup 
is inserted into the articular space and connected to the robotic arm. The robotic arm 
is then positioned for tilting and implementing of the target acetabular version and 
its values shown on the screen. Robot assistance is used to impact the acetabular 
cup. The femoral canal is prepared using manual instrumentation and a test stem is 
inserted and reduced.

A new hip image is subsequently acquired, and the dissymmetry measurement is 
displayed on the test and validation panel for the selected components in addition to 
projections for all compatible implant combinations. Once the femoral component 
is implanted, a final image is obtained and the reference points reviewed and 
confirmed on the tablet. A study was carried out to assess radiological results for 
accuracy of the orientation of the acetabular component and the ability to equalize 
the limbs between robot-assisted and manual hip arthroplasty in a group of 
arthroplasty surgeons experiencing a high volume of procedures. The percentage of 
cases within the Lewinnek and Callanan “safe zones” was significantly higher for 
the robot-assisted group compared to the manual group (100% vs. 73%, p = 0.002), 
and discrepancy in the lower limbs was not statistically significant between the 
groups [27].

The advantages offered by the “ROSA® Hip System” include the fact that special 
imaging is not required (low cost). Additionally bone trackers are not used and there 
is no change in the surgeon’s work routine or respective surgical approach. The 
ROSA Hip System may not be suitable for use in cases involving hip pathology with 
significant bone loss, active infections in the hip joint region, revision surgery, 
presence of undesirable radiopaque elements during intraoperative image 
acquisition, adverse side effects in implants provided by the implant manufacturer, 
and implants that are not compatible with the system.

To understand the real benefit of using these robotic-assisted technologies, many 
factors must be analyzed, since clinical success is multifactorial in nature. Evidence 
of the advantages and disadvantages of using these systems is provided below.

2.4  Advantages

2.4.1  Length of Stay

The costs over 9 days of post-operations were evaluated following manual versus 
robot-assisted arthroplasty, including 938 cases of assisted THA and 4670 manual 
THA. Patients that had received post-assisted THA were significantly less likely to 
be admitted to certified nursing facilities and required fewer home visits from 
healthcare workers when compared to patients that received manual arthroplasty 
[28]. Another analysis performed recorded an average hospital stay of 2.69 days for 
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758 patients receiving assisted THA, compared to 2.82 days in 758 patients receiv-
ing conventional THA [29].

2.4.2  Risk of Dislocation

A retrospective cohort study compared the rate of postoperative dislocation, and a 
displacement rate of 5% was found during the early postoperative period for manual 
arthroplasty and 3% in the late postoperative period versus 0% in the cohort of 
patients receiving robot-assisted arthroplasty in the first 2 years after surgery [30].

Another study was carried out at a single institution between 2016 and 2020 and 
involves 13,802 primary, unilateral, elective, and posterior-approach arthroplasties, 
of which 1770 were assisted by robot, 3155 were performed through navigation, 
and 8877 were performed manually. The robot-assisted group had an odds ratio of 
0.3 (95% confidence interval 0.1–0.9, p  =  0.046) compared to manual THA for 
reoperation due to dislocation, and surgeries performed through navigation 
presented an odds ratio of 3.0 for reoperation due to dislocation (95% confidence 
interval 0.8–11.3, p = 0.114) compared to the robot-assisted group. It can therefore 
be concluded that the THA-RA is associated with a lower risk of review due to 
dislocation within 1 year of surgery when compared to the manual THA performed 
using the posterior approach [31].

2.4.3  Acetabular Reaming, Cup Implantation, and Leg 
Length Discrepancy

Kong et al. [32] assessed whether the laterality of hip arthroplasty would affect the 
positioning of the acetabular component and whether the robot could reduce the 
surgeon’s impact on implant positioning. Although there was no statistical difference 
in the functional score for the pre- and postoperative periods, the anteversion of the 
implant in the left hip was significantly higher than in the right hip in the group for 
which surgery was performed manually, while statistical differences were not 
observed in the group receiving robot-assisted THA.

Additionally, the manual surgery group was more likely to present a difference 
in positioning between the bilateral hips (77% vs. 45%, p = 0.000) and positioning 
outside the target zones than in robot-assisted arthroplasties (70% vs. 48%, 
p  =  0.001). It was concluded that the surgeon’s laterality tended to influence 
positioning of the implants and robot-assisted arthroplasties were capable of 
eliminating this adverse effect. In another study in patients involving a minimum 
monitoring period of 5 years, functional scores (Harris Hip Score, Forgotten Joint 
Score-12, Veterans RAND-12 Mental, Veterans RAND-12 Physical, 12-Item Short 
Form Mental Survey, 12-Item Short Form Physical Survey, visual analog scale and 
satisfaction) were evaluated, in addition to implant positioning and revision rate 
comparing a group of 66 patients undergoing manual arthroplasty and 66 patients 
receiving the robot-assisted technique.
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Placement of acetabular implant using robotic THA presented a ninefold and 
4.7-fold reduction in risk of placement outside Lewinnek and Callanan “safe zones,” 
respectively (relative risk, 0.11 [95% confidence interval, 0.03–0.46]; p = 0.002; 
relative risk, 0.21 [95% confidence interval, 0.01–0.47]; p = 0.001). Additionally, 
patients receiving assisted surgery presented lower absolute values for discrepancy 
in lower limb length, global displacement (p = 0.091, p = 0.001), and significantly 
higher functional scores [33].

During a meta-analysis that was carried out, 14 different articles were included, 
which revealed that the robot-assisted group presented fewer intraoperative 
complications, an improved angle, and higher safe zone placement rate than the 
group receiving a manual procedure. However, the two groups presented similar 
functional scores, as well as total number of complications [34].

2.4.4  Bone Preservation

Robotic-arm assisted THA has also been associated with preservation of bone stock. 
One study that was performed compared the size of the acetabular component in 
relation to the size of the femoral head in patients undergoing robotic surgery 
(MAKO) or manual surgery, with 57 representatives included in each group. The 
size of the acetabular dome in relation to the patient’s native femoral head was sig-
nificantly higher in the robotic surgery group when compared to the manual group, 
which implies that a reduced amount of bone loss occurs in robotic surgery [35].

2.4.5 Clinical Results

Three groups of 100 consecutive THAs (first 100 manual THAs; last 100 manual 
THAs; and first 100 Mako Total Hips), were reviewed. Mako Total Hip resulted in 
significantly higher modified HHSs (92.1 ± 10.5 vs. 86.1 ± 16.2, p = 0.002) and 
UCLA activity levels (6.3 ± 1.8 vs. 5.8 ± 1.7, p = 0.033) than manual THA at mini-
mum one-year follow-up [36]. Patient satisfaction post-THA is high, where patient 
satisfaction at a minimum of two-year follow-up was assessed. For the Mako Total 
Hip cases considered in this study, mean patient satisfaction was a high 9.3 out of 
10 [37]. 

2.4.6  Cost-Effectiveness

A study that was performed looked at the cost-benefit ratio of total hip arthroplasty 
performed using robotics compared to manual surgery, considering medical costs 
from the payer’s point of view in order to observe the impact of choosing each 
treatment on the costs incurred. Potential outcomes were categorized as infection, 
dislocation, revision, or no complications, and their cumulative costs were counted 
for a period of 1 year over a 5-year study horizon [38].
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Results for the cohort indicated a higher profitability of robotic-assisted arthro-
plasty when compared to the conventional method in terms of costs incurred by the 
healthcare system and private insurance providers during a 5-year period. Robot-
assisted arthroplasty was found, on average, to reduce costs for Medicare and pri-
vate insurance by $945 and $1810, respectively, when compared to conventional 
arthroplasty. It was therefore concluded that robot-assisted arthroplasty would be 
more effective than the traditional method in the public or private system when 
direct medical costs are considered [38].

A study that compared hospital metrics, including length of stay, discharge, hos-
pital complications, and costs, was carried out, during which robotic-assisted, com-
puter-assisted, and conventional arthroplasty were assessed using a database 
containing data from 4,699,894 arthroplasty procedures performed between 2008 
and 2017. Both robot-assisted and computer-assisted THA presented above-average 
hospital costs relative to conventional arthroplasty, which suggested that more 
comprehensive cost analyses in terms of hospital costs and higher index procedures 
are needed in order to determine the true added value of robot-assisted THA in 
offering support for healthcare services [39].

Another model was constructed in order to evaluate the cost-effectiveness of 
robotic and conventional intervention in degenerative hip disease, using a 1-year 
evaluation cycle with a 5-year follow-up, with robotic surgery found to offer the 
most effective cost in 99.4% of the evaluated cases [40].

2.5  Disadvantages

2.5.1  Learning Curve

A retrospective study evaluated the cases handled by a single surgeon, analyzing the 
learning curve in the clinical surgical outcome for three groups: the first 100 patients 
receiving conventional THA (G1), 100 patients receiving conventional arthroplasty 
(G2), and the first 100 patients receiving robot-assisted THA (G3). Unlike the other 
two groups, there were no reported cases of dislocation at the 1-year market in the 
G3 group [41]. Redmond et al. analyzed the positioning of implants, the duration of 
surgery, and the rate of complications occurring since the start of their study on 
robotic procedures. This series assessed results for a single surgeon and also made 
use of three patient groups: group A with the first 35 patients, group B with the next 
35, and group C with the final 35 patients. Given the accuracy of the implant and the 
time required to complete the operation, the author reported a rapid learning curve 
and a complete acquisition of the procedure after the first 35 cases [42].

For Kayani et al., a learning curve of 12 cases was observed in positioning of the 
acetabular dome through robotic assistance. The learning curve did not present a 
reported effect on accuracy in restoring native hip biomechanics or in obtaining the 
positioning and orientation of the acetabular implant proposed during preoperative 
planning [43].
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2.5.2  Operative Time

Meta-analysis was used to assess three studies in terms of surgical time, and, 
although the results presented a shorter surgical time in conventional arthroplasty, 
the combined analysis of the data showed no statistically significant difference 
between conventional and robot-assisted groups [13].

Another study evaluated controlled clinical trials published between 1998 and 
2018 with regard to the clinical efficacy of the two approaches. Results demonstrated 
that the conventional group required a shorter operating time when compared to the 
robot-assisted group (95% CI [7.50–33.94], p = 0.002) [34]. Heng et al. evaluated 
outcomes for surgical time, length of hospital stay, and surgical complications in 
patients undergoing robotic arthroplasty MAKO vs. manual surgery and surgical 
time in terms of the required learning curve: an average of 96.7 min was required 
for the robotic group and 84.9 min for the conventional group. However, the study 
suggested that each robotic operation was approximately 1  min shorter than the 
previous operation and the average time for the last ten cases was reduced to 
82.9 min. It was therefore concluded that the learning curve involved in reducing 
operative time totaled 35 cases [44].

3  Complications

Data collected from 162 patients undergoing robotic arthroplasty with a minimum 
follow-up of 2 years revealed the following intra- and postoperative complications: 
three trochanteric fractures (1.9%), three calcaneus fractures (1.9%), two deep vein 
thromboses (1.3%), one infection (0.6%), one aseptic hematoma (0.6%), one foot 
drop (0.6%), and one case of loosening of the femoral stem (0.6%) [45].

A meta-analysis was carried out that included ten trials comparing the complica-
tions observed in robotic and conventional arthroplasty, which were subsequently 
divided into eight subgroups: intraoperative fracture, nerve paralysis, severe pain, 
knee pain, dislocation, heterotopic ossification, revision surgery, and total number 
of complications. Results suggested that intraoperative complications were less fre-
quent in robot-assisted THA, while fewer cases of dislocation and revision were 
seen in the conventional THA group. With regard to the total number of complica-
tions, there was no statistical difference observed between the methods [34].

4  Limitations

Robotic surgery has evolved over the years and its use in hip arthroplasty has the 
potential to improve accuracy in implant placement. Limitations, however, arise 
whenever the respective operation involves dependence on the engineering team 
and the respective cost-benefit ratio. Additionally, integration of the spinopelvic 
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sagittal balance in the planning carried out by the software should also be taken into 
consideration during potential development of the systems, which is already 
underway in MAKO.

5  Conclusion

The use of robot-assisted hip arthroplasty has been increasing in recent years, and it 
is essential that surgeons familiarize themselves with the main differences between 
the options present under current systems available on the market, including 
autonomy, preoperative planning software, and implant options, and follow the 
most up-to-date literature on the subject. Robotic THA can achieve the same clinical 
results provided by traditional surgeries and offer fewer intraoperative complications 
and improved implant positioning. The traditional arthroplasty initially presented a 
shorter operating time and intraoperative bleeding. Within the current context, long- 
term performance data would help to better define the role that robotics play in hip 
arthroplasty and determine whether optimized implant positioning leads to improved 
implant survival over time.
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1  Introduction

Robot-assisted surgery in a human patient was first reported by Kwoh in 1985 when 
the PUMA 560 robotic surgical arm was used for a neurosurgical needle biopsy 
while being guided by computed tomography [1]. Since then, robot-assisted surgery 
has found a growing niche in medicine, gradually becoming integral to improvements 
in surgical care, with potential applicability across numerous surgical specialties. 
Present and emerging robotic systems promise improvements in surgical scope, 
capability, efficacy, reproducibility, safety, and cost—over manually performed 
procedures. This is due in part to their increased precision, ability to reproducibly 
perform repetitive tasks, and the ability to overcome a number of human physiological 
limitations. Integrating robotics with other support capabilities such as imaging 
systems and sensors further extends the relevant competence of human-robot 
cooperation.

The expansion of robotic applications in the field of minimally invasive surgery 
has been marked by success, with systems such as the da Vinci (Intuitive Surgical 
Inc., Sunnyvale, CA, USA) being perhaps the most notable to date. Despite rapid 
implementation in surgery, the near-term intention is not for robots to replace 
surgeons, but that they function as assistants. Potential roles include but are not 
limited to working cooperatively directly with the surgeon or in the role of a 
specialized tool directed by the surgeon. Therefore, the concept of robot-assisted 
surgery is at present a most fitting framework by which to envision the role of 
robotics in microsurgery [2].

Ophthalmic microsurgery is a highly specialized microsurgical niche dealing 
with surgical procedures performed on the eye. Of the various ophthalmic 
microsurgical subspecialty areas, intraocular vitreoretinal microsurgery remains 
among the most technically challenging, despite recent advances in the field. The 
use of robotics offers numerous potential solutions to the challenges of retinal 
microsurgery, which include, but are not limited to, a confined space, a fragile and 
nonregenerative surgical target, micron-scale movement requirements, and 
visualization challenges [3].

Unassisted ophthalmic surgery requires a dexterous, stable, and precise surgical 
approach that lies at the limits of human motor function to perform [4]. Membrane 
peeling in vitreoretinal surgery, for instance, is known as one of the most delicate 
routinely performed surgical tasks, not only in ophthalmology but among all 
microsurgical disciplines. In this setting, microsurgical force measurement 
experiments show that typical intraoperative forces applied to retinal tissue by 
microsurgical instrument tips are routinely less than 7.5 mN. Forces on this order of 
magnitude are often below the threshold of the surgeon’s tactile sensitivity [5–7]. 
Further complicating retinal membrane peeling is surgeon physiological hand 
tremor, which can prevent procedure completion and significantly increase the risk 
of iatrogenic retinal damage from unintentional tool-to-tissue contact [8]. Another 
challenge to be overcome encompasses the ergonomic aspects of ophthalmologic 
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surgical practice that may predispose ophthalmologists to a high rate of acquired 
musculoskeletal disorders at a relatively early career age.

With these and other factors in mind, robotic technology has continued to develop 
with current advancements nearing feasibility for routine clinical use. The barriers 
of dexterity, visualization, force perception, tremor, and ergonomics in ophthalmic 
surgery have all been significantly diminished by recent advancements in robotics 
for microsurgery [9–12]. Despite these and other improvements, vitreoretinal 
surgery still has many challenges to overcome. As a result, many studies developing 
robotic applications in ophthalmic surgery focus on vitreoretinal surgery. This 
chapter presents an overview of potential current vitreoretinal applications and the 
role of the prevalent robotic platforms developed to date (Fig. 1).

Robotic technology has only recently begun to be integrated into the ocular 
microsurgery field; therefore, its development, progress, and penetration are in their 
infancy relative to other surgical disciplines where the role is now better defined. 
This relative delay in robotic adoption is in part attributed to unique technological 
challenges present in ocular surgery. Barriers such as the need to operate on the 
order of millinewton (mN) forces and on single micron-scale surgical targets and 
others have delayed the full promise of a robotic system for vitreoretinal surgery 
[13]. Another potential explanation for delayed adoption of robotics into vitreoretinal 
surgery relates to application-specific challenges inherent in engineering machines 
that work safely and with micrometer precision, within a fragile and tightly confined 
anatomic work space. A high cost, intrinsic learning curves, longer surgical times, 
and patient acceptance present other current challenges to robotics in 
ophthalmology [14].

Fig. 1 Flowchart showing possible interactions between the ophthalmic surgeon and the robotic 
assistant
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2  Ophthalmic Diseases That May Benefit 
from Robot-Assisted Surgery

2.1  Membrane Peeling

In retinal microsurgery, precise manipulation of delicate and often transparent tis-
sues is carried out by applying very small forces, the majority of which are below 
the surgeons’ tactile sensory threshold [15]. Membrane peeling is a common task in 
vitreoretinal surgery, during which excessive peeling forces or inopportune 
maneuvers can lead to retinal trauma, hemorrhage, and tears. Iatrogenic operative 
trauma may be a cause of prolonged surgery times, failure to achieve surgical 
objectives, and suboptimal visual outcomes [16, 17]. Membrane peeling is among 
the essential tasks in vitreoretinal surgery and has generally been accepted as a 
fundamental step in prevalent procedures such as macular hole repair (internal 
limiting membrane (ILM) peeling) or in epiretinal membrane removal (epiretinal 
membrane peeling, which can also be associated, or not, with ILM peeling). The 
ILM is an approximately 2.5 μm thick layer [18] formed by a basement membrane 
that constitutes the boundary between the retina and vitreous surface. It is adherent 
to the retinal surface and is transparent, requiring staining to visualize well. The 
goal of ILM peeling is to delaminate this micron-scale fibrous membrane from the 
inner retinal surface and relieve pathologic tractional forces from the retinal surface.

With this background, Edwards et al. [19] reported the first-in-human study that 
used a teleoperated robotic device called Preceyes to perform membrane peeling 
surgery, in 2018. Twelve patients undergoing dissection of an epiretinal or internal 
limiting were randomly assigned to either robot-assisted or freehand surgery. 
Surgical outcomes were not significantly different in either group and the procedure 
took longer when performed with the robot. Despite no clear measurable early 
advantage for robotic assistance, high precision and minimal tremor maneuvers 
were clearly demonstrated in the human eye. As a result, this proof-of-concept 
series of robotic microsurgical procedures has opened the field of ophthalmic 
microsurgery to potential next-level improvements and applications in robotic 
microsurgery.

2.2  Retinal Vein Cannulation

Retinal vein occlusion is among the most prevalent retinal vascular disorders and a 
frequent cause of vision loss that is second only to diabetic retinopathy [20]. Current 
standard of care treatment options focus on mitigating downstream sequelae of the 
occluded vessel, such as macular edema, retinal neovascularization, vitreous 
hemorrhage, and traction retinal detachment, rather than directly addressing the 
retinal vascular occlusion. While each of the complications of retinal vein occlusion 
has management options that are variably effective (laser therapy, intraocular 
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injections of steroid or anti-VEGF drugs, and surgical approaches), none of these 
definitively addresses the underlying cause (vascular occlusion) and even when 
successful can leave the patient in chronic therapy and with some level of continued 
vision loss [20, 21].

Weiss et al. [22] demonstrated the relative safety of performing vitrectomy fol-
lowed by freehand retinal vein cannulation for infusion of tissue plasminogen acti-
vators (t-PA) directly to the thrombus. The hypothesis was that this would improve 
vision. Twenty-eight patients with central retinal vein occlusion and vision loss 
were enrolled. However, 25% of this study population experienced procedure- 
related postoperative vitreous hemorrhages and one patient had a postoperative reti-
nal detachment, demonstrating just some of the technical challenges inherent in this 
unassisted freehand approach.

Human retinal veins are at their largest most proximally just prior to entering the 
optic nerve. At this point they measure on the order of 125 μm. By way of comparison 
the size of one of the smallest structures that vitreoretinal surgeons target for 
treatment, the ILM, is on the order of 2.5 μm [18]. Human hand tremor is variable 
but it is not unusual for it to be on the order of 100 μm when translated to the tip of 
a vitreoretinal instrument [23]. Therefore, for vitreoretinal microsurgery to be 
performed, human physiological tremor must be overcome. Robotic assistance 
using fully stabilized robotic tools is a logical potential approach. In the case of 
treating retinal vein occlusion, a further advantage of robotic assistance is not only 
the provision of efficient and safe cannulation, but also the intraluminal stabilization 
of the needle in the vein, allowing for the extended infusion period required for 
delivery of therapeutic agent to the thrombus [24].

Various robotic assistant modalities have been proposed over the past 20 years 
[25]. However in 2018 the world’s first-in-human robot-assisted retinal vein 
cannulation study was performed [21]. Four patients diagnosed with retinal vein 
occlusion were treated using the KU Leuven robot, a co-manipulated robotic 
assistance device. This investigation demonstrated that it was technically feasible to 
safely inject an anticoagulant into a 100 μm width retinal vein over a “prolonged 
period” of 10 min, using robotic assistance.

2.3  Subretinal Injections

The field of gene therapy has made remarkable strides in recent years. The United 
States (US) Food and Drug Administration (FDA) approval of Luxturna in 2017 
(the first US gene therapy for a genetic disease) marked a new cycle of innovation 
in ophthalmic therapy [26]. Luxturna is an intraocular suspension with a gene 
transfer vector that employs an adeno-associated viral vector capsid as a delivery 
vehicle for the human DNA necessary to replace the protein product of the RPE65 
gene in the retinal pigment epithelium, via injection into the subretinal space. 
However, the emerging era of ocular gene therapy extends beyond Luxturna, 
bringing a broad array of new treatments for inherited retinal disease [27].
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In this context, subretinal drug delivery has become increasingly useful and 
accepted in both scientific research and clinical application due to the more direct 
effects on the targeted cells in the subretinal space. This provides a new therapeutic 
method for vitreoretinal diseases, including but not limited to gene therapy [28]. 
Ideally, subretinal injection would result in the placement of the entire therapeutic 
solution in the subretinal space in immediate proximity to the targeted photoreceptors 
and RPE cells [29].

Unlike intravitreal drug delivery, which is relatively simple in practice, subreti-
nal delivery is associated with a number of technical challenges. Moreover, its 
effectiveness relies on several factors, including the surgical delivery of drug to the 
subretinal space while minimizing eye trauma and any negative effects on the 
therapeutic agent. Similar to vein cannulation, subretinal injection not only involves 
accessing the correct anatomical space but also requires the ability to maintain the 
needle tip position stably in the correct position for the entire (sometimes prolonged) 
duration of drug injection. Among the challenges to performing minimally traumatic 
injections is the ability to form and maintain an injection bleb without drug refluxing 
throughout the duration of the injection phase. To achieve this, it is essential to 
minimize surgeon tremor to avoid enlargement of the needle entry point and injury 
to the associated tissues [30].

Faced with such novel surgical challenges, Ladha et al. [29] recently published a 
comparison between manual and robotic assistance in simulated subretinal injections 
in an artificial retina model using Preceyes Surgical System (Preceyes BV, 
Eindhoven, the Netherlands) as the robotic platform. They showed that the robotic 
device was associated with improved tremor, diminished retinal entry hole size, 
prolonged allowable injection times, and a higher rate of bleb formation with a 
reduction in drug reflux through the injection entry point. Edwards et al. [19] have 
used the Preceyes teleoperated robot to successfully inject recombinant t-PA beneath 
the retina to displace sight-threatening hemorrhage in three patients. This work 
reinforces the concept of robotic assistance for subretinal injections in the setting of 
retinal gene therapy.

3  Ophthalmic Robotic Devices

The ophthalmic robots can be broadly categorized into three main groups: teleoper-
ated systems, co-manipulated or cooperative platforms, and handheld robots.

3.1  Teleoperated Robots

Telerobotic surgery represents a major area of interest and progress over the last 
decade due in part to the substantial number of potential high impact applications. 
Telepresence is the presentation of a remote environment in a natural way, thus 
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generating a sense of presence in remote locations. This concept describes the basis 
of both telemedicine and telerobotics [31]. The increasing acceptance of robot- 
assisted surgery commensurate with advances in telecommunications has led to 
progress in related technology and the further development and the use of 
telemedicine, extending from telepresence to telesurgery [32]. Teleoperated robotic 
surgical systems now allow a surgeon who is remotely located to provide various 
levels of training or patient care from a distance [16].

Teleoperated robotic platforms are divided into two main components: a master 
console, where the surgeon receives visual and tactile feedback, allowing him/her to 
control the active part of the robot, which is called the follower console and is 
located in a remote location [33]. The da Vinci Surgical System was the first 
telemanipulation robot to receive complete FDA approval [34] and has since been 
widely applied in various types of minimally invasive surgery. However, the 
microscopic scale of eye surgery and the rotational instability of the globe within 
the orbit place additional demands on the system that preclude the implementation 
of da Vinci-like systems in the ophthalmic surgical field [35].

To date, the Preceyes Surgical System is not only the first robotic device to be 
used in a safety and feasibility study for intraocular robotic surgery but also the first 
robotic surgery system dedicated to ophthalmology to become commercially 
available (Fig. 2) [19]. Originated in the Netherlands, the Preceyes robot positions 
the surgeon at the head of the operating table, where the robot is attached to a 
headrest. A motion controller positioned in the surgical field records the surgeon’s 
movements, which are filtered in real time and enhanced by a computer before 
being transmitted to the slave console. In addition, Preceyes utilizes a hybrid 
approach that allows intraoperative switching from freehand to robot-assisted 
surgical steps and to simultaneously operate the robot with one hand while 
manipulating a handheld instrument with the other.

The intraocular robotic interventional surgical system (IRISS) is another exam-
ple of a teleoperated robot [36]. It was developed through a partnership between the 
Department of Mechanical and Aerospace Engineering of the University of 
California and the Jules Stein Eye Institute, motivated by the goal of performing 

a b

Fig. 2 (a) The Preceyes Surgical System developed by the Preceyes BV, Eindhoven, the 
Netherlands. (b) Operating room setup. (Figure kindly provided by Dr. Gerrit Naus, CEO and 
Co-founder Preceyes BV, Eindhoven, the Netherlands)
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complete, multistep, intraocular surgical procedures. The IRISS master console 
includes two joysticks and the robotic tissue manipulator (slave side) consists of 
two independently controllable arms, each capable of holding two automatically 
interchangeable surgical tools. These tools may consist of many types of 
commercially available microsurgical instruments that have been adapted to fit the 
surgical manipulator with a large range of motion. The robotic platform is positioned 
between the patient and surgeon in the surgical setup, in a way that the surgeon 
works from a surgical cockpit. The IRISS has been shown to be effective in 
completing many key steps in a variety of intraocular surgical procedures in 
postmortem porcine eyes, such as capsulorhexis, lens cortex removal, core 
vitrectomy, and retinal vein cannulation, and is now capable of performing an entire 
cataract extraction [37]. Therefore, this teleoperated system may eventually be 
suitable for performing both anterior and posterior segment ocular surgery.

3.2  Co-manipulated/Cooperative Robots

In a co-manipulated, also known as a cooperative robotic, system, the surgeon holds 
and maintains direct manual control over the motion of the surgical tool, which is 
simultaneously held by the robotic platform. The robot is then able to provide direct 
assistive compensation to the surgeon, e.g., physiologic human hand tremor or 
others, to meet the performance, accuracy, and safety requirements of microsurgery 
[13, 38–41]. Various surgical instruments, whether conventional or “smart,” can be 
attached to the robotic tool holder [38, 42, 43].

In this setting, the Steady-Hand Eye Robot (SHER) was developed by the Johns 
Hopkins University research team (Fig.  3) [44, 45]. This device is able to 
cooperatively guide instruments enabled to sense micro-forces exerted by the 

Fig. 3 The Steady-Hand 
Eye Robot developed by 
Johns Hopkins University
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instrument to the eye, and to filter out any tremor via the robot’s stiff mechanical 
structure, as it follows the user’s motion [46–49]. In addition, the SHER is also 
capable of detecting tool tip micro-forces, in a way that provides effective assistance 
to perform surgical tasks safely and efficiently [44, 50–55]. Balicki et al. [56] went 
beyond the force sensing feature and integrated OCT-based distance sensors at the 
robot tool tip to enable vitreoretinal surgical interventions that utilized the 
maintenance of a constant distance from the retina, thereby avoiding inadvertent 
collision with tissue, as well as facilitating the targeting of anatomical structures 
inside of the eye.

Despite continuing improvements, the American SHER remains in preclinical 
development. The first, and for now the only one, co-manipulated robotic assistance 
device that has migrated to the living human eye environment as a clinically 
applicable robotic platform is a Belgian robot [57] that in 2018 successfully injected 
an anticoagulant into the retinal veins of four patients with retinal vein occlusion. 
The injections were carried out over 10 min in a phase 1 clinical trial [21]. This 
device consists of a parallel arm mechanism with a mechanical remote center of 
motion controlled through a spherical mechanism that provides motion scaling, 
tremor compensation, and scaled force feedback [13].

Although more complex than the handheld robots, the co-manipulated robots can 
still be built at a lower cost than teleoperated platforms due to the non-requirement 
for separate master and follower consoles [58]. A limitation of co-manipulated 
robots is their inability to provide variable motion scaling, semi-automation of 
surgical tasks, or improved ergonomic conditions for surgeons, as compared to 
teleoperated systems [35].

3.3  Handheld Robots

The handheld robots are manually operated enhanced surgical instruments equipped 
with a limited distance sensing and servo action capability that allows autonomy. 
The tools provide the user with real-time information during each surgical maneuver, 
and a resulting automated response that, depending on the function, can compensate 
for the surgeon’s physiological limits in the challenging surgical environment of the 
eye [59, 60]. While guided and manipulated by the surgeon’s hand, the handheld 
robots can correct actions, attenuate interaction forces with the target tissue, and 
augment surgical capabilities to an optimized level during each step of the surgical 
procedure [61, 62].

An example of such a function is providing real-time force information during 
tissue manipulation at levels beneath human tactile abilities [63]. Tool action is 
programmed to respond to various force levels, potentially limiting excess force 
related to surgical complications. Visual, tactile, and auditory feedback are among 
the effective ways to communicate intraoperative forces to a surgeon [16, 64]. 
Similarly, obtaining live intraocular optical coherence tomography (OCT) scans 
during surgery can direct surgeon decision making based on intraoperative 
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Fig. 4 The Micron 
handheld 
micromanipulator from 
Carnegie Mellon 
University

information [65]. An active handheld OCT imaging system developed by Yang et al. 
[66] is capable of canceling hand tremor, as is the Micron [67], which consists of an 
externally guided portable micromanipulator designed to remove tremor and 
increase positional accuracy (Fig. 4).

Handheld instruments are intrinsically intuitive for a surgeon to handle, mechan-
ically simpler, and significantly less expensive to produce than large robotic plat-
forms. Moreover, the motion control of the tool remains in the surgeon’s hands, 
which may enhance safety, as the surgeon can manually finish a procedure in the 
case of robotic failure or unexpected patient movement. Alternatively handheld 
robots can simply be used to perform the portions of a procedure that are less effec-
tively/efficiently executed freehand [68, 69]. An inherent limitation of handheld 
robots is the requirement to be continuously held and guided by the surgeon [58].

4  Conclusion

Ophthalmic surgery, and especially vitreoretinal surgery, represents a unique set of 
opportunities amenable to the potential advantages of robotic surgery. Increasingly 
widespread use of robotic platforms and a greater number of potential applications 
in the ophthalmologic surgical field are expected. Now however, the implementation 
of the full potential of surgical robotics in ophthalmology relies on the further 
development of technological platforms and integrated robotic systems that add 
significant value over current manual surgical techniques. Ultimately, the surgeon 
equipped with a robotic system will be able to perform procedures that are currently 
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impossible in a freehand environment. It is expected that further developments will 
improve the safety, efficiency, efficacy, and cost of these robot-assisted procedures.
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Robotic Devices in Gynecology

Renato Moretti-Marques, Mariana Corinti, Vanessa Alvarenga-Bezerra, 
Luisa Marcella Martins, and Mariano Tamura Vieira Gomes

1  Introduction: History and Reality of Robotic Surgery 
in Gynecology

Technology is increasingly ingrained in our daily lives, and, of course, medicine 
would be no different. In gynecology, the advent of robotic-assisted devices has 
taken a large role in benign and malignant pelvic disease. What was previously only 
possible to be seen through large incisions and palpated with the hands is now 
possible to be seen with magnification through small orifices, with three-dimensional 
vision, and using instruments that reproduce and enhance human hand movements.

Since 1998, when the first tubal anastomosis was reported using the ZEUS robot 
[1], the use of robotic surgery in gynecology has not only improved outcomes but 
also opened the horizons for new perceptions of anatomy and dissection.

In April 2005, the da Vinci Surgical System (Intuitive Surgical, Sunnyvale, CA, 
USA) gained the Food and Drug Administration (FDA) approval for gynecologic 
surgery procedures. Since then, robotically assisted hysterectomies had an 
exponential crescent along with the open abdominal surgery decline in Western 
countries [2]. As of 2015, over 3400 robotic systems were in use around the world. 
The da Vinci system remained the main robotic device for over 20 years having 
released four generations of multi-arm robots and being used in various surgical 
fields [3, 4]. More recently, in 2018, the da Vinci Single-Port (SP) a single-arm 
robot was approved for use in urologic surgeries and was also used for hysterectomies. 
In the same year, approximately 265,000 gynecologic procedures were performed 
robotically in the world [5–7].
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In the last decade, other robotic systems have emerged and have been approved 
for gynecological use. The Senhance Surgical System (TransEnterix Surgical Inc., 
Morrisville, NC, USA), a pioneer in providing haptic feedback, received the CE 
(Conformite Europeenne) mark certification in 2016 and in 2017 became the first 
new robotic system to receive FDA clearance since 2000 [8]. Also, Versius Surgical 
System (Cambridge Medical Robotics Ltd., Cambridge, UK) and Avatera system 
(avateramedical GmbH, DE) received the CE mark in 2019 for use in Europe [9, 
10]. In Korean and Japanese markets the robotic systems Revo-I (Meere Company 
Inc., Yongin, Korea) and Hinotori (Medicaroid Corporation, Kobe, Japan) are 
available for use [11, 12].

Other large companies compete in the robotic surgery market, such as Medtronic, 
Johnson & Johnson and Google, Titan Medical Inc., and Stryker Corporation, 
among others. Unavoidably, each emerging system has to be compared to the 
existing gold standard da Vinci and generate data evaluating potential effectiveness 
and safety.

2  Robotic Systems in Gynecology

2.1  Approved

The current robotic systems are summarized in Table 1.

Table 1 The current robotic systems are summarized in Table 1

DOF degrees of freedom, FDA US Food and Drug Administration, SP single port, 3D three- 
dimensional, KMFDS Korean Ministry of Food and Drug Safety, NA no available data, JMHLW 
Japanese Ministry of Health, Labour and Welfare [7, 13, 14]
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2.1.1  da Vinci Surgical System

The da Vinci Surgical System was FDA cleared for use in gynecologic laparoscopy 
in 2005; since then, its usefulness has been recognized, expanding the horizons of 
minimally invasive surgery (MIS) to the detriment of conventional surgery [2]. 
Publications on robotic surgery grew dramatically and the da Vinci system from 
Intuitive Surgical, the patent holder up to 2020, was the only platform put to the test.

Robotic technology has improved the ability to perform complex gynecologic 
surgeries, on either benign or malignant diseases. Initially, owing to the high cost of 
robotic surgery, it was focused on malignant pathologies whose costs are more 
easily borne by the healthcare system, but currently, the trend is likely to become a 
common procedure for the treatment of benign diseases as well [2, 15].

Complex procedures involving patient obesity, lysis of adhesions, abundant 
suture, nerve-sparing dissection, anastomosis and exploration of the retroperitoneal 
space benefit from the robotic system use.

The da Vinci Surgical System comprises three components: the surgeon console, 
the vision cart, and the patient side cart with four robotic arms manipulated by the 
surgeon. The latest four-arm da Vinci generation is the Xi version (Fig. 1), released 
in 2014, and its applications include general, cardiac, colorectal, otolaryngology, 
neurosurgery, thoracic, gynecologic, and urologic surgery. Its features include a 
three-dimensional (3D) high- definition (HD) camera with a binocular view and up 
to three instrument arms, which articulate at the wrist of the instrument with seven 
degrees of freedom (DOF). There are several available series, including the da Vinci 
S, Si, X, Xi, and SP (Single Port), with the newest versions having haptic feedback 
for the operator.

Another benefit of the da Vinci Xi and Si system is being able to count on an 
extra console for teaching cases, in which the main surgeon passes the robot 
command to the surgeon in training, being able to supervise and correct him during 
his learning process (Fig. 1).

Fig. 1 Top image: picture was taken at Hospital Israelita Albert Einstein operating room, a proc-
toring case using a double console. Bottom image: surgeon seated on console and proctor pointing 
out on vision cart touchscreen. (Photos: courtesy of Dr. Renato Moretti-Marques’s personal 
archive)
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Advantages and Disadvantages

Robotic surgery still presents controversial results in the medical literature. Some of 
its advantages are faced with challenges such as oncologic safety, length of surgery, 
cost, and, even, aesthetic outcomes [16]. However, few studies focus on the concept 
of surgeon’s comfort; most studies take into account the operational outcomes, 
which undergo an objective rather than a subjective assessment [17]. There are 
many advantages and a few disadvantages of robotic surgery as shown in Table 2 [18].

Anesthesia and ERAS (Enhanced Recovery After Surgery) Protocol Applied 
to Gynecology Minimally Invasive Procedures

The anesthesiology team should be aware of the procedure extension and complex-
ity, in particular, changes in physiology brought about by Trendelenburg positioning 
(around 30°) and CO2 pneumoperitoneum, essential to ensure patient safety and 
proficient procedure.

Before inducing general anesthesia, the patient must be properly monitored. This 
applies to caliber access, pulse oximetry, capnography, electrocardiography (EKG), 
blood pressure monitoring (invasive if indicated), temperature, level of consciousness, 
and neuromuscular controls.

The prolonged Trendelenburg position can result in rare but relevant complica-
tions in the recovery period that must be known by the anesthesiologist, such as 
laryngeal edema, postoperative confusion, and delirium presumably secondary to 
cerebral edema and inadequate clearance of CO2. Studies suggesting this link have 
been underpowered due to the small numbers involved [19].

Postoperative pain relief is usually achieved through a multimodal analgesia 
technique. Intravenous dipyrone and non-steroidal anti-inflammatory drugs are 
commonly used at our institution, in an attempt to reduce the use of narcotic 

Table 2 Advantages and disadvantages of the robotic platform
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medication, as recommended by the Enhanced Recovery After Surgery (ERAS) 
guideline [20]. The use of transversus abdominis plane (TAP) blocks and wound 
infiltration with local anesthesia has also been described as preemptive anesthesia 
concepts. The neuraxial blockade is generally not required for postoperative pain 
relief and thus is rarely used. Nausea and vomiting may persist in the postoperative, 
principally due to ileus, and anti-emetic medication should be prophylactically 
prescribed [19].

Patient Positioning, Port Placement, Docking, and Instruments

Patient Positioning

In pelvic gynecological procedures, attention to the patient’s positioning is essential 
in order to ensure safety. The patient should be placed in a dorsal lithotomy position 
with adequate sacral protection and support, legs placed in stirrups under 
compression stockings and pneumatic compression devices, and arms should be 
padded with foam and tucked alongside the body with bedsheets. To avoid cephalad 
movement in a steep Trendelenburg position, the operating table should have a gel 
pad to allow friction and molding to the patient’s body. When surgery estimating 
time is over 2  h, it is also recommended to protect bone projections with foam 
dressings in order to avoid pressure injuries (Fig. 2).

Port Placement

Port placement is vital to a successful procedure. The objectives of port placement 
are to prevent arm collisions and maximize the range of motion of instruments and 
endoscope. The port placement should be planned according to the surgical 
procedure and physical patient characteristics. It should be thoroughly discussed 
with a senior surgeon to avoid the inadequate port placement and difficulties to 
carry out the surgery.

In general, the camera port is placed in the umbilical scar and should be at a 
minimum of 10 to 20 cm to the targeted surgical field. For a successful procedure, 
determine door placement based on a pattern of parallel lines:

• Inflate before measuring and place the patient in Trendelenburg.
• Use the camera location as the center point (keep it 10–20 cm from the target 

anatomy).
• Draw parallel lines 8–10 cm (in the da Vinci Si) or 6–10 cm (in the da Vinci Xi) 

apart based on the line from the target anatomy to the chamber door.
• Place da Vinci doors along the lines, keeping a distance of 10–20 cm from the 

target anatomy and a distance of 8–10 cm and 6–10 cm from other da Vinci ports.
• Triangulate da Vinci ports so they are closer to or farther from the target anatomy 

as needed for the procedure.
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Fig. 2 Patient position before draping. (Photo: courtesy of Dr. Moretti-Marques’s personal 
archive)

• In the case of accessory ports, keep a distance of at least 5 cm (in the da Vinci Si) 
and 7 cm (in the da Vinci Xi) from other ports, with a clear trajectory to the target 
anatomy.

• Reattach the patient cart (in the da Vinci Si) or set a new target (in the da Vinci 
Xi) if you are working on more than two quadrants.

In general, ports are placed in an arch or “W” in the da Vinci Si and in line with 
the da Vinci Xi (Fig. 3).

An example is performing a para-aortic lymphadenectomy in the Si platform. In 
this case, the surgeon could dock the camera in the umbilical scar or supra-pubic 
port according to the para-aortic region interested. The other arms should be placed 
in a “W”-shaped fashion in order to keep the forceps centralized and the optics in an 
oblique position. The “W” disposal can also be used for sacrocolpopexy once the 
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Fig. 3 Examples of port placement in the da Vinci Si (left) and Xi (right). (Photo: courtesy of Dr. 
Renato Moretti-Marques’s personal archive)

pelvic surgical field is deep and narrow, requiring medial arms to avoid restrictions 
and limitations caused by a pelvic side wall and promontory prominence. In the Xi 
platform, the ports are placed in line and the boom is rotated for both pelvis and 
lower abdomen for a para-aortic lymphadenectomy (Fig. 4).

There is a discussion from an aesthetic point of view about robotics being worse 
than laparoscopy due to the size and location of the incisions. In some cases, we can 
perform side incisions that promote great satisfaction for the patient because the 
scars are imperceptible (Fig.  5). Of course, we must always evaluate each case 
individually, taking into account the anatomical limitation, the type of surgery, and 
the patient’s physical shape.

Docking

The patient cart approximation to the operating table must be done by an unscrubbed 
trained team and guided by the scrubbed surgeon. For the Si platform, in pelvic 
gynecological surgery, it is possible to perform central docking between the patient’s 
legs or side docking [21], which is as effective as allowing uterine manipulation and 
removal of surgical specimens (Fig. 6). To access the upper abdomen, as for para- 
aortic lymph node dissection or diaphragmatic endometriosis, it is necessary to 
undock all arms, move the patient cart, and reposition it to the patient’s shoulder 
(Fig. 7).

On the Xi platform, the patient cart is positioned to the patient’s left, and the 
target anatomy can be selected on the display. For multi-quadrant surgeries, it is not 
necessary to reposition the cart, just uncouple the arms, move the boom, and set a 
new target (Figs. 8 and 9).
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Fig. 4 Robotic hysterectomy and pelvic and para-aortic lymphadenectomy for endometrial cancer 
using the da Vinci Xi platform. Both four robotic arms were used. Double docking was performed: 
first pelvic left lateral docking, followed by lower abdominal lateral docking for aortic approach. 
(Photo: courtesy of Dr. Renato Moretti-Marques’s personal archive)

Instruments

The da Vinci platform has an infinity of surgical instruments, most of them with an 
articulated tip, called EndoWrist, which helps a lot in the range of motion.

These are some examples of 8 mm caliber EndoWrist instruments, among many 
others better described in the Intuitive catalog [22].

In gynecological surgery we mostly use the monopolar scissors, Maryland or 
fenestrated bipolar forceps, the large needle, or Mega SutureCut™ needle drivers, 
and when there is a need for a third arm we use grasping forceps such as the 
ProGrasp or Cardiere forceps. Eventually, for robotic myomectomies, the tenaculum 
forceps can be used to traction the leiomyoma.
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Fig. 5 Robotic treatment of posterior compartment endometriosis using the da Vinci Si platform 
in a side docking. Ports were placed on both abdominal flanks, plus a 5 mm laparoscopic assistant 
port, and the patient had a satisfactory esthetic result. (Photo: courtesy of Dr. Renato Moretti- 
Marques’s personal archive)

2.1.2  Hugo™ RAS

The Medtronic Hugo™ robotic-assisted surgery (RAS) system received the CE 
mark approval for urologic and gynecologic procedures in October 2021 and has 
already been tested in Europe and Latin America [23]. The system includes high-
definition 3D imaging and electromechanical devices for performing minimally 
invasive surgery. The three main components of the Hugo™ RAS system are the 
arm carts, the system tower, and the surgeon’s console.

The Hugo™ RAS system is compatible with the following devices:

• Medtronic Hugo™ RAS System Multi-Hinged Surgical Instruments
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Fig. 6 Side docking for the lower abdomen and pelvis in the Si platform. (Photo: courtesy of Dr. 
Renato Moretti-Marques’s personal archive)

Fig. 7 Side docking for the upper abdomen in the Si platform. (Photo: courtesy of Dr. Renato 
Moretti-Marques’s personal archive)

• The 3D endoscope and Karl Storz imaging system (0° and/or 30° with chip-on- 
tip technology when used with a designated adapter)

• Covidien Valleylab™ FT10 electrosurgical generator
• VersaOne™ Trocar Placement System and Trocar Placement System reusable 

VersaOne™
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Fig. 8 Patient cart placed on the patient’s left side, the boom is rotated to the pelvis, and the target 
is set on the uterus as observed in the left picture. (Photo: courtesy of Dr. Renato Moretti-Marques’s 
personal archive)

Fig. 9 Patient cart placed on the patient’s left side, the boom is rotated to the upper abdomen, and 
the target is set on the liver as observed in the left picture. (Photo: courtesy of Dr. Renato Moretti- 
Marques’s personal archive)

The system couples permanent materials that the hospital already has, such as 
the Karl Storz imaging system, trocars, and electrical generator, in order to make the 
implementation process cheaper and consequently lower surgery costs.
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2.1.3  Senhance Surgical System

The Senhance Surgical System (TransEnterix, Morrisville, NC) was FDA cleared in 
2017 and introduced to the market at a competitive price by using standard reusable 
endoscopic instruments. The system is composed of an open surgeon console and 
up to four detached robotic arms, the same concept as Hugo™ RAS. The platform 
can use 5  mm instruments, 3  mm instruments for micro-laparoscopy, and 
fluorescence for enhanced visualization.

Some initial studies have been reported as of initial experience using the 
Senhance platform in gynecological surgery [24–27]. This was the first system to 
provide haptic feedback to the surgeon; however, instruments are not wrist-jointed, 
maintaining the disadvantages of the laparoscopic concept, similar to the 
laparoscopic platform simulator. Also, criticisms include larger size, restricting 
space in the operating room, and longer time to dock the robotic arms [28].

2.1.4  Revo-I Surgical System

The Revo-I (Meere Company Inc., Yongin, Korea) received approval for commer-
cial use from the Korean government in August 2017, but it has not received FDA 
or CE mark to date.

The system, which is quite similar to the da Vinci Si system, consists of a four- 
arm patient cart, a closed surgeon console, and an HD vision cart. The 3D endo-
scope is 10 mm in diameter and fully wristed instruments reusable for up to 20 
times [11].

Only one study associated with gynecology was published assessing tubal 
reanastomosis in porcine models. Urology and general surgery already use Revo-I 
in their procedures, but the fact that it was approved only in Korea may limit further 
publications [29].

2.1.5  Versius Surgical System

The Versius Surgical System (Cambridge Medical Robotics Ltd., Cambridge, UK) 
received the European CE mark in March 2019. The system is composed of an 
operator console and modular wristed robotic arms in individually portable and 
lightweight carts. Each robotic arm has a shoulder, an elbow, and a wrist joint to 
mimic human movements. The console has an open design and requires polarized 
glasses for 3D HD vision (Fig. 10). The surgeon can choose to operate in a sitting 
or a standing position while controlling the system through joystick handles from 
which he receives haptic feedback [30]. Like Hugo™, the platform also uses Karl 
Storz video system and permanent laparoscopic trocars, which could possibly 
lower costs.
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Fig. 10 Versius Surgical System demonstration. (Photo: courtesy of Dr. Mariana Corinti’s per-
sonal archive)

The system has been used in preclinical testing and few, but relevant, studies 
have been published demonstrating the feasibility of the system in other surgical 
specialties [31]. The first clinical report of 30 radical hysterectomies has been 
published in 2021 [32]. More studies are still awaited to possibly prove superiority 
in terms of cost-benefit face to the dominant da Vinci.

2.1.6  Avatera

The German robot, Avatera system (avateramedical GmbH, Jena, Germany), is 
another robotic recently cleared device (November 2019) in Europe. It is not 
commercially available yet, but will focus on gynecology and urology minimally 
invasive procedures [33]. Avatera is composed of two main units, the patient cart 
and the surgeon console or the control unit. The patient cart has four robotic arms, 
three for the 5 mm fully articulating instruments and one for the 10 mm endoscope. 
All the instruments are single use and disposable.

The surgeon sits in an adjustable chair at the console and a microscope-like eye-
piece provides 3D full HD vision without enveloping the entire head of the surgeon 
for easier communication with the surgical team. Finally, the instruments are con-
trolled by loop-like handles. To date, there is no published data describing the use 
of the Avatera system, and the publication of clinical studies is awaited.
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2.2  Other Robotic Systems: Awaiting Approval

There are some new robotic platforms to be launched in the market. Medtronic’s 
greatest competitor Johnson & Johnson had postponed the Ottava robotic system. 
They offer unrivaled flexibility and control compared to the rest of the market, with 
six arms to provide more control and flexibility in surgery, while its arms will be 
integrated into the operating table. Additionally, at the time of its unveiling, the 
company said the platform has a zero-footprint design to enable patient access, 
increase space in the operating room, and improve workflow [34].

The Enos (previously known as SPORT) robotic system from Titan Medical will 
mainly act as a single site platform, aiming to focus the surgical procedure through 
just one orifice in the human body. The platform is composed of a single cart, with 
a 25 mm single port arm with one camera and two articulated instruments.

3  Robotic-Assisted Surgery in Benign 
Gynecological Diseases

In this topic, the robotic-assisted surgery (RAS) will be discussed with a focus on 
the da Vinci system and the current clinical studies available in the body of literature.

3.1  Hysterectomy

Hysterectomy is the second most common gynecological procedure in the USA, 
with approximately 433,000 cases a year. It can be done in several ways: vaginal, 
laparoscopic, or abdominal. Although more than half of the cases are performed as 
abdominal surgery since 2010 the trend is increasing towards minimally invasive 
surgery [2].

Since the first case series reported in 2002, robotic-assisted hysterectomy has 
continued to grow [35]. A recent Cochrane Review was published in 2019 [16], 
which included a total of 12 randomized control trials (RCTs) conducted after 2007. 
Eight of these studies examined laparoscopic hysterectomy, two of which included 
hysterectomy for malignant disease.

Low-certainty evidence suggests there might be little or no difference in intra/
postoperative complications and blood transfusions rates between robotic-assisted 
and conventional laparoscopic surgery. However, other authors have also found that 
once the learning curve has been done, there is a reduced operative time, reduced 
blood loss, and a reduced hospital stay in patients treated robotically [36].

Performing a hysterectomy for benign causes (Fig. 11) should be approached 
primarily by vaginal or conventional laparoscopic approach. Rationally, robotic 
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Fig. 11 Steps of a robotic hysterectomy for abnormal uterine bleeding using three robotic instru-
ments: monopolar curved scissors, Maryland bipolar forceps, and large needle driver, helped by 
the use of a disposable uterine manipulator. (Photo: courtesy of Dr. Renato Moretti-Marques’s 
personal archive)

surgery could be reserved for difficult cases, such as large uteri, or when significant 
anatomic distortions are suspected. Deep endometriosis, difficult and multiple 
myomectomies, pelvic inflammatory disease or abscesses, and previous uterine 
artery embolization suggest that robotic technology could offer some advantages 
mainly due to the fine dissection required [37, 38].

3.1.1  Costs

Clinical value is calculated by dividing the clinical outcome by the cost necessary 
to deliver it. Differences in clinical outcomes and cost differentials across the 
various routes of hysterectomies lead to different clinical values. Vaginal 
hysterectomy has the highest value, and traditional laparoscopic hysterectomy has 
an intermediate value, whereas some may argue that robotic hysterectomy (given 
the high costs with essentially equivalent outcomes) and abdominal approaches 
(given the less favorable clinical outcomes) have less value. This analysis does not 
take in surgeon comfort or proficiency with any given approach. Future considerations 
should be given to improving surgical training in the various methods of hysterectomy 
as most surgeons are not highly proficient in all routes of hysterectomy, including 
robotic, conventional laparoscopic, open, and vaginal hysterectomy.
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3.2  Myomectomy

Myomectomy is indicated for patients of childbearing age with abnormal uterine 
bleeding, bulky symptoms, and a desire to preserve fertility. Prior to the surgical 
approach, the number, size, and location of the fibroids must be evaluated. In more 
complex cases, in which bleeding control and agility in the suture are required, 
robotic surgery plays a sensitive role (Fig. 12) [39]. It is one of the most commonly 
performed benign robotic procedures. Studies show blood loss, postoperative pain, 
and transfusion requirements similar to laparoscopic myomectomy [40]. An 
advantage observed with the robotic procedure was a greater mass of removed 
fibroids suggesting that, for complex cases such as large fibroids, this modality 
could be a reasonable option [39, 41]. A meta-analysis published in 2019 corroborates 
a lower incidence of intra- and postoperative complications with the robotic 
platform [16].

Fig. 12 Steps of a robotic myomectomy using three robotic instruments: monopolar curved scis-
sors, Maryland bipolar forceps, and a large needle driver. Uterine arteries were temporarily clipped 
to minimize bleeding, and a 7 cm fibroid was enucleated, protected, and removed through posterior 
vaginal fornix. (Photo: courtesy of Dr. Renato Moretti-Marques’s personal archive)
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3.3  Deep Endometriosis

Endometriosis is an estrogen-dependent chronic inflammatory condition that affects 
up to 10% of women in their reproductive period. It is associated with pelvic pain 
and infertility [42]. This disease can be asymptomatic or be associated with 
dysmenorrhea, chronic pelvic pain, dyspareunia, as well as cyclic urinary and 
intestinal symptoms according to the disease topography [43].

The indication for surgery in endometriosis depends on the site of involvement, 
on the refractoriness of the clinical treatment, or on infertility (Fig. 13).

A meta-analysis published in 2020 [44] confirmed that robotic surgery is safe 
and feasible in patients affected by endometriosis, mainly in specific severe cases, 
not being inferior to laparoscopy techniques. Thanks to depth perception with the 
freedom of movement of robotic instruments and increased dexterity, RAS allows 
obtaining higher surgical precision on dissection and lesion excision [45].

In special cases such as diaphragmatic endometriosis the robotic pathway allows 
for an easier approach due to articulated robotic arms in a hard-to-reach region [46]. 
Diaphragm full-thickness excision was already reported in the literature [47].

Fig. 13 Complete cul-de-sac obliteration due to left ovary cystic endometrioma, compromising 
ureters, uterine torus, lateral parametria, rectum anterior aspect, and recto-vaginal septum. Fine 
dissection for structure identification was necessary, taking care to avoid injuries. A total 
hysterectomy, left adnexectomy, and complete endometriotic lesion excision were performed. 
(Photo: courtesy of Dr. Renato Moretti-Marques’s personal archive)
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3.4  Adnexal Masses

Robotics is seldom used exclusively for approaching adnexal masses, except for 
challenging cases, such as the presence of multiple adhesions and the need for 
delicate dissection of structures (Fig. 14).

It is important to emphasize good planning of the surgical strategy, calculation of 
the risk of malignancy through tumor markers, and imaging tests performed by a 
qualified professional.

Fig. 14 The picture demonstrates the pelvic blockage by multiple adhesions due to dermoid 
adnexal torsion in a late diagnosis. After complete anatomic reestablishment, the complete torsion 
is identified and the salpingo-oophorectomy is done. The bag protective surgical specimen is 
retrieved through the umbilical scar. (Photo: courtesy of Dr. Renato Moretti-Marques’s personal 
archive)

R. Moretti-Marques et al.



193

Fig. 15 Steps of a sacrocolpopexy in a post-total hysterectomy patient. A “Y”-shaped polipro-
pilene mesh is attached over the posterior and anterior vaginal aspects and cranially tractioned for 
fixation into the sacral promontory anterior longitudinal ligament. (Photo: courtesy of Dr. Renato 
Moretti- Marques’s personal archive)

3.5  Pelvic Organ Prolapse

Abdominal sacrocolpopexy is the gold standard in the treatment of apical prolapses 
(Fig. 15). When compared to transvaginal approaches, it showed a lower rate of 
recurrence and less postoperative dyspareunia [48].

4  Robotics in Malignant Gynecological Diseases

4.1  Cervical Cancer

The Laparoscopic Approach to Cervical Cancer (LACC) trial results and other com-
plementary studies show worse recurrence rates and overall survival in minimally 
invasive surgery compared to open surgery in radical hysterectomy for early-stage 
cervical cancer [49]. On the other hand, there are many arguments that suggest the 
oncological principles were unfollowed in those studies. New studies are coming to 
elucidate this issue. The international multi-center, open-label randomized con-
trolled trial Robot-Assisted Approach to Cervical Cancer (RACC) and A Trial of 
Robotic Versus Open Hysterectomy Surgery in Cervix Cancer (ROCC) are ongoing 
and aim to answer whether robotic surgery has an effect on cancer outcomes [50].

Robotic Devices in Gynecology



194

Fig. 16 Right pelvic sentinel lymph node excision during a radical trachelectomy for FIGO IB1 
squamous cell cervical carcinoma. (Photo: courtesy of Dr. Renato Moretti-Marques’s personal 
archive)

What we do know is that minimally invasive surgery is superior to open surgery 
in short-term perioperative outcomes such as blood loss, length of hospital stay, and 
complications in patients with early-stage cervical cancer treated with radical hys-
terectomy [51, 52].

For fertility-sparing surgery in early-stage cervical cancer cases, radical trache-
lectomy is performed. The literature and ongoing studies failed to prove worse 
oncological results in minimally invasive surgeries in up to 2.0 cm cervical tumors, 
mostly in non-residual lesions in surgical specimens. The robotic surgery is useful 
not only for avascular space dissection but also in the identification of sentinel 
lymph nodes, by the use of near-infrared light on indocyanine green available on da 
Vinci platforms (Fig. 16), and the tailoring nerve-sparing parametrectomy.

There is no data based on randomized controlled trials (RCTs) to affirm the MIS 
could not be applied to radical trachelectomy. The most extensive experience in this 
field comes from laparoscopic-vaginal-assisted surgery, the Dargent’s procedure 
[53, 54].

There is no doubt that once performing minimally invasive surgery on cervical 
cancer, the LACC trial results should be known and discussed with the 
multidisciplinary team and the patient. There are no more excuses to not prevent the 
malignant cell spillage before and during the surgery. The vaginal flap envelopes 
and covers the cervix, and the non-uterine manipulation procedure and the non- 
touch tumor surgery are oncological concepts that should be strictly followed.

4.2  Uterine Cancer

The history of robotic surgery in gynecology overlaps the decrease of open surgery 
in gynecologic oncology since 2005. Two feasibility studies regarding initial 
endometrial cancers were published. The well-known risk factors and comorbidities 
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Fig. 17 Robotic treatment 
of early-stage endometrial 
cancer using the da Vinci 
Si platform. (Photo: 
courtesy of Dr. Renato 
Moretti-Marques’s 
personal archive)

of endometrial cancer-associated indicate the high risk of perioperative complications 
rates in surgical staging for this neoplasm. Robotic-assisted surgery (RAS) was 
proved successful especially for staging early endometrial cancer (stages I and II), 
due to the lower complication rates (wound infection, evisceration, and urinary 
fistula) compared to open surgery and conventional laparoscopy [52–54]. Obesity, a 
condition commonly found among endometrial cancer patients, is one of the most 
challenging barriers to performing MIS. The choice of robotics in these cases seems 
to have an important benefit over laparoscopy and laparotomy (Figs. 17, 18, and 
19). Years later, the LAP2 trial demonstrated that there were no worse oncological 
outcomes compared to open surgery. Since then, the MIS, mostly by robotic 
assistance, became the standard of care [55].

4.3  Ovarian Cancer

Ovarian cancer is one of the most lethal gynecological cancers. The majority of 
patients are diagnosed in advanced stages and high mortality rates are found. The 
minimally invasive surgery is used in ovarian cancer patients for a long time, and the 
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Fig. 18 Robotic treatment of early-stage FIGO IA2 endometrioid endometrial cancer using the da 
Vinci Xi platform. The camera port was placed cephalad to umbilical scar due to high uterine 
volume (960  cm3). The robot was very useful for fine dissection and safe exposure of noble 
structures. Hysterectomy was performed by clipping the uterine artery at the origin, dissecting 
avascular spaces, such as medial paravesical, medial pararectal, vesicouterine, and vesicocervical 
for safe identification of the ureter and dissection of the tunnel to the bladder. Minimal energy use 
was employed, prioritizing plastic clips. Before the beginning of the surgery, the cervix was 
enveloped, and at the end the vagina was closed for specimen abdominal removal, through 
Pfannenstiel incision. (Photo: courtesy of Dr. Renato Moretti-Marques’s personal archive)

Fig. 19 Structure 
identification on the case 
above. (Photo: courtesy of 
Dr. Renato Moretti- 
Marques’s personal 
archive)

laparoscopy for histological study and to evaluate the extension of carcinomatosis is 
used until the current days. The management of suspicious adnexal masses requires 
the surgeon’s skills to perform the hysterectomy, the full pelvic and para-aortic 
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lymphadenectomy, and omentectomy. The laparoscopic technique requires a long 
learning curve for younger surgeons and the robotic surgery indications find room 
in some of those situations.

4.3.1  Staging of Early Ovarian Carcinoma

The recommended treatment by the International Federation of Gynecology and 
Obstetrics (FIGO) for apparently early-stage ovarian carcinoma consists of surgical 
staging based on hysterectomy, bilateral adnexectomy, omentectomy, pelvic and 
aortic lymphadenectomy, multiple peritoneal biopsies, and appendectomy (for 
mucinous histology). A multi-quadrant surgery is needed; thus, the best surgical 
strategy should be considered [56].

Some studies show that, in terms of operative time, robotic surgery is shorter com-
pared to laparoscopy and both are longer compared to open surgery [57, 58]. However, 
estimated blood loss (EBL) and length of stay (LOS) were higher in laparotomy 
compared to laparoscopy and robotics. Besides, there was no impairment in surgical 
staging, there was no increase in the number of complications, and oncological out-
comes were similar [58, 59]. Despite the worldwide growth of robotic surgery and 
probable access so more patients benefit from this technology, data still needs 
improvement. Most of the studies are retrospective, with a small number of patients, 
and were carried out in centers whose surgeons had extensive robotic training.

4.3.2  Debulking Advanced Ovarian Carcinoma

The role of robotic surgery in the treatment of patients with advanced-stage or 
recurrent ovarian cancer is still debated, and the literature is again based on case 
series and case-control studies. The standard treatment for advanced epithelial 
ovarian cancer (AEOC) patients includes primary open cytoreductive surgery, with 
maximal effort to achieve complete tumor resection, followed by platinum-based 
chemotherapy.

Even with the old robot platforms S and Si, when faced with neoplastic involve-
ment of the upper abdomen, it is up to the surgeon to choose the alternatives: con-
version to conventional surgery, conversion to laparoscopy, or redocking to access 
the upper abdomen, prolonging the surgical time.

The fourth generation of the da Vinci® robots, the Xi model, seems to have solved 
this dilemma. The greater flexibility for choosing the entrance of the optics and 
instruments allows easy and agile access to the upper floor, in addition to the 
possibility of changing the position during surgery [60].

In a study with 76 patients with peritoneal carcinomatosis due to ovarian cancer, 
they were divided into 3 groups according to the surgical access route and subdivided 
according to the degree of complexity of the procedure. The expected results of 
lower blood loss and length of hospital stay were observed in the minimally invasive 
surgery groups (robot or laparoscopy). As the surgical complexity increased, a 
significant increase in surgical time was observed among robot-assisted patients. 
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Despite this, the survival time was similar in the three evaluated groups and the 
disease-free time was longer in the robot group, probably due to patient selection 
bias [57, 61].

As for the trocar implant, a fearsome complication due to the use of the tech-
nique, a systematic review published in 2015 by Lavazzo identified 20 cases of 
metastasis at the portal site in robotic surgery (11 cases of endometrial cancer and 9 
cases of cervical cancer); however, approaches for ovarian cancer were not included 
[62]. Another review with 115 robot-operated cases did not identify any metastases 
from the trocar puncture site [62, 63]. To avoid this event, the tissues should be 
resected under protection and the trocars must be removed only after the pneumo-
peritoneum deflation to avoid the so-called chimney effect.

With no significant differences in terms of operative time, RAS had less blood 
loss and a lower conversion rate to laparotomy [55, 56]. Also, the introduction of 
robotic surgery for endometrial cancer has reduced costs due to reduced patient stay 
and complications in morbidity obese patients [57].

5  Robotic-Assisted Surgery in Special Cases

5.1  Uterine Transposition

Other procedures performed successfully with robot assistance are ovarian transpo-
sition and uterine transposition (Fig. 20) [64–67].

Fig. 20 Surgical steps of the robotic uterine transposition. (Photo: courtesy of Dr. Renato Moretti- 
Marques’s et al. published article [67])
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5.2  Abdominal Cerclage in Pregnancy

A recent innovative and promising application is abdominal cerclage for cervical 
insufficiency for either idiopathic cause or after radical trachelectomy [68, 69].

5.3  Robotics in Mastology

There are reports in the medical literature on nipple-sparing robotic mastectomy; 
however, the FDA warns patients and health professionals that the safety and 
effectiveness of robotic-assisted surgery (RAS) devices for use in mastectomy 
procedures or in the prevention or treatment of breast cancer has not been established.

6  Perspectives

In conclusion, robotic surgery, also called robot-assisted laparoscopic surgery, is a 
surgical modality that demands structure, availability of materials, and a well- 
trained multidisciplinary team.

The known benefits of minimally invasive surgery and the additional benefits of 
robotic surgery already mentioned above encourage us to recommend this surgical 
modality even more. Ergonomics, precision of movements, articulated movements, 
and the efficiency of mono- and bipolar energy provide surgical efficiency and safer 
access to difficult anatomic regions compared to conventional laparoscopy or open 
surgery. The fact that the trocars are practically fixed avoids the well-known 
“chimney factor” with the trocars that come out and are replaced in the abdominal 
wall. It is believed that robotic surgery can be of great value when properly used, 
respecting the exclusion criteria of minimally invasive surgery in the treatment of 
gynecological diseases.
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Robotic Devices in Neurosurgery

Paulo Porto de Melo

1  Introduction

Neurosurgery is the medical specialty that most requires absolute precision. We, 
neurosurgeons, face daily the fear of unintended lesions due to errors related to the 
proximity of critical structures or to the limits of human dexterity to manipulate 
microsurgical instruments when operating on deep, narrow, and eloquent corridors.

In some cases, for example, one has to insert a screw inside an osseous corridor, 
called pedicle, surrounded by the dural sac with the medulla inside and exiting 
nerve roots above and below this corridor, in a total area of about 10 mm. In other 
cases, as a brainstem tumor, the neurosurgeon operates and removes tumors inside 
an area which has, in a cylindrical section, no more than 16 mm and carries inside 
all the body information (including sensory, motor, autonomic, and vegetative 
pathways).

Because of the inherent architecture of the central and peripheral nervous sys-
tem, the neurosurgeon almost always operates with the aid of microsurgical devices 
such as loupes or surgical microscopes, with high magnification and special lights, 
trying to eliminate shadows and enhance visualization of critical structures.

Allied with all the abovementioned characteristics, the central nervous system is 
usually protected by thick bones, which makes the surgery last long due to the 
access route. The longer the surgery, more tired the surgeon gets, with an increase 
in tremor occurrence and decrease on performance, increasing the risk of unin-
tended surgical damage.

When you present neurosurgeons with a system which is capable of providing 
magnification, tremor filtering, and motion scaling (providing more precise 
operation in the tiniest corridors), you are actually giving them a potential solution 
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to their biggest adversaries and, ultimately, increasing the safety and chances of 
good outcomes.

2  History in Neurosurgery

The need for improved outcomes, visualization, dexterity, precision and reduced 
costs, invasion, and tremor points out to robotic assistance as a promising field in 
neurosurgery.

As a matter of fact, since 1988, there have been reports of the use of robotic 
assistance to obtain this, as the paper published by Kwoh et al. [1], where an ancient 
robotic system, called PUMA, was interfaced with a computed tomography (CT) 
scanner to perform brain tumor biopsies, resulting in not only faster but also more 
accurate procedures.

Automation, per se, is an old concept in humanity and has been brought to life as 
early as in the Iliad, where Homer described automatons built by Hephaestus 
(Vulcan), the god of metallurgy. Homer elaborated instruments that followed 
programming, being automatic by definition. Automation, as a concept, is widely 
acknowledged as soon as in the fourth century BC, being described in the also 
classic The Politics, by Aristotle. Aristotle described the concept of a society where 
each instrument would be able to do its own work, “obeying or anticipating the will 
of others” which is, long story short, the core principle of all the master-slave robotic 
systems employed nowadays in medical specialties.

Centuries later, in 1898, after the fantastic contributions made by early scientists 
as Leonardo da Vinci, Nikola Tesla [2] described the concept of teleautomaton, a 
method of controlling automations from a certain distance, an advancement that 
was received, as almost everything in science, with skepticism and surprise.

It took yet another century for mankind to testify the use of remote manipulation 
in the surface of Mars, via the Sojourner Mars rover, or in the operating rooms 
across the planet with the multiple robotic platforms nowadays available.

In the following decades, automation met computer science, and the use of robot-
ics is always at the cutting edge of human endeavors, with systems designed to 
perform highly dangerous and precise tasks in this planet or at remote locations 
such as the moon and Mars. They are widespread now on a huge variety of fields of 
our modern society, from the assembly of automobiles to the manipulation of 
nuclear reactors and from the assembly of tiny micro-components of a cell phone to 
the highest precision stitches placed by a neurosurgeon on a brain vascular 
anastomosis, reaching nanometers.

As stated above, robotics began to pave its way in neurosurgery in the 1980s, 
with the development of computer-assisted stereotactic guidance. Arteriovenous 
malformations that were on difficult access regions, were successfully treated by the 
State University of New York, at Buffalo, by Kelly et al. [3–6].

A seminal paper published by Drake et  al. [7], in 1991, showed deep-seated 
benign tumors, previously considered beyond therapeutic possibilities without 
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significant morbidity-mortality, were successfully removed on six children without 
mortality or morbidity.

Robotics was also soon adopted on the most revolutionary aid for neurosurgery, 
the surgical microscope. Focus and magnification are no longer manual but 
robotically administered and automated, along with laser precision distance 
estimation on the most recent systems, which gives modern neurosurgeons superb 
visualization when compared to the practice of heroes as Harvey Cushing, who had 
no magnification or special lights at all, leading to better outcomes, safer procedures, 
and inclusion of patients previously considered as beyond surgical possibilities.

The inability of the current robotic systems on providing haptic feedback was 
one of the main critics and theoretical drawbacks for the widespread adoption of 
robotic aid in super-microsurgical procedures. Liverneaux et al. [8], in a paper pub-
lished in 2011, demonstrated that haptic feedback is not useful on micro sutures 
using 9-0 and 10-0 suture lines since long before the brain realizes that the knot is 
tied, the force applied will produce its rupture, making the surgeon to rely on his/her 
vision and dexterity instead of haptics.

Sutherland et  al. [9–11], from the University of Calgary, developed a robotic 
system compatible with magnetic resonance imaging (MRI) machines and specific 
for neurosurgery, called NeuroArm. The system has the advantage of being capable 
of using real-time data obtained by an intraoperative MRI, for example, enhancing 
even more the precision of the surgeon, but its main obstacle to wide acceptance is 
the high cost involved on an MRI-compatible operating room to be used only with 
neurosurgery, making it difficult to convince hospital directors to invest a lot of 
money in a system that will pay itself only on the long term.

There are several other specific neurosurgical robotic systems that were devel-
oped during the last decades trying to introduce new features such as haptic feed-
back or a greater number of robotic arms.

Davies et al. [12], from the Imperial College, developed the Neurobot, for exam-
ple, which is a specially designed robotic platform for neurosurgery in which the 
system compensates the brain shift that occurs due to the intraoperative drainage of 
CSF with real-time ultrasound that, once fused with preoperative MRI, adjust the 
position of structures in real time.

De Momi et  al. [13], from Italy, described in a paper published in 2010 the 
ROBOCAST, a robotic system which has not only haptic feedback but also artificial 
intelligence and path-planning integration and is suited for keyhole neurosurgery.

In a similar path, 2004 has witnessed the launch of a robot designed only to aid 
in complex spine surgery. The platform, called SpineAssist and developed by Israeli 
company Mazor, intends to provide optimal trajectory for the implant of 
transpedicular screws by means of positioning a working channel, robotically, based 
on preoperative CT scan and MRI, with real-time intraoperative navigation and 
rigid stereotaxy, reducing the need for X-ray checks [13] during surgery, reducing 
the exposure of the patient and surgical team to radiation with at least the same 
accuracy with conventional surgery, but requiring less operative time and promising 
a lower rate of complications. Retrospective data of 3271 pedicle screws in 635 
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cases demonstrated a 98.3% accuracy rate with this robotic system as reported by 
Devito et al. [14].

3  Current Robotic Devices in Neurosurgery

The problem with the above mentioned systems and other systems developed for 
neurosurgery remains the same: they generate an initial high investment for a robotic 
platform to be used solely by neurosurgery, which makes the return of investment 
long, in a field where the advances are speedlight. In other words, it would be very 
likely that new and better systems appeared before the initial investment paid itself.

This is the main reason that drives hospital managers to invest in robotic plat-
forms that can be shared by multiple specialties, as is the case of da Vinci, by 
Intuitive Surgical. The system, initially developed by DARPA, an agency linked to 
the Department of Defense of the United States of America, was sold to Intuitive 
Surgical, who made some enhancements. It provides motion scaling, based on 
pantographic movements, high magnification, optimal illumination, and tremor 
filter, besides having an available training platform. Its main advantage is that it 
already has a vast amount of papers describing its successful use in diverse fields 
such as urology, gynecology, vascular and plastic surgery, orthopedics, and, of 
course, neurosurgery.

A diverse array of procedures have already been published as odontoidectomy, 
intrauterine myelomeningocele repair, paraspinal schwannoma resection, and 
anterior lumbar interbody fusion [15–20]. The author, himself, has published some 
papers regarding nerve harvesting and brachial plexus surgery [21–23], with good 
results regarding dexterity and minimally invasive access for surgeries of the 
brachial plexus.

Robotics has also got into alternative methods of treatment of neurosurgical dis-
eases, as is the case with radiosurgery and CyberKnife.

Radiosurgery, introduced by Lars Leksell in 1951, consists of a frame-based 
system that provides localization and treatment for neurosurgical lesions without 
performing a craniotomy. This is obtained after the placement of a stereotactic 
frame on the patients’ skull and application of multiple beams of ionizing radiation 
focused on a single point in a three-dimensional space. The radiation originates 
from Cobalt, and each beam has itself a low radiation dose, thus avoiding injury to 
the normal tissue, but when the multiple beams combine at intersection point, the 
energy is destructive and achieves treatment therapy doses. Automated positioning 
of the patient soon was incorporated, providing higher accuracy rates (within 
0.1 mm in any direction of the 3 main axes). The robotic control of collimator size 
and position allows effective and exact control of complex targets near critical 
structures [24, 25].

CyberKnife, from Accuray, consists of a major advance with the association 
between radiation therapy and robotics. It features real-time image guidance 
achieved through diagnostic X-rays and robotic integration [26–28]. The system is 
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composed of a compact x-band linear accelerator mounted on a robotic arm, 
orthogonal diagnostic X-ray cameras with amorphous silicon detectors for real-time 
tracking, and an automated robotic couch.

The robotic arm provides six degrees of freedom and compensates for any pos-
sible patient or lesion movement during treatment to deliver accurate and efficient 
therapeutic radiation at any accessible direction.

4  Conclusion

Despite the numerous and notorious advances in robotic surgery, there are still some 
limitations on existing platforms such as high diameter of current cameras, 
preventing its use for endonasal neurosurgery, for example, and the lack of specially 
designed microsurgical instruments for neurosurgery, still not available for systems 
as da Vinci, for example.

The development of instruments and minimization of existing cameras will pro-
vide broader use of robotic platforms in neurosurgery, keeping in mind that these 
systems are designed to enhance human capabilities, as in any other tool that was 
incorporated into medical practice such as laparoscopy, endoscopy, surgical 
microscope, loupes, or even microsurgical instruments.
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Robotic Microsurgery

Onuralp Ergun, Ahmet Gudeloglu, and Sijo J. Parekattil

1  Introduction

From its early beginnings, microsurgery has been a challenging field so multiple 
attempts have been made to ameliorate the technique. Robotic platforms made a 
huge impact on the field providing the ease of microsurgery-specific instrumentation, 
increased optical magnification, improved surgical efficiency, and absent tremor. In 
this chapter, we present the current and novel robotic platforms, emerging 
technologies, and optimization for robotic systems.

2  Current and Novel Robotic Platforms

Although it is controversial to define the first robotic surgery in literature, many 
honor Kwoh et al. [1] who used the PUMA 560 (Unimation, Danbury, CT, USA) 
robotic system for neurosurgical biopsies in 1985. The dominating robotic platform 
of the modern era, da Vinci® (Intuitive Surgical Inc., Sunnyvale, CA, USA) was first 
utilized in 1997 during a cholecystectomy case performed by Jacques Himpens [2]. 
This platform came with the ability to provide high-definition optical magnification 
up to 12–15 times, better control over the endoscope, wider range of motion of the 
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Fig. 1 Symani Surgical 
System

instruments, elimination of tremor, and decreased surgeon fatigue [3]. Robotic- 
assisted microsurgery is becoming the standard of care in many settings, promoting 
further interest in the development of adjunctive instruments and novel platforms.

Symani Surgical System (Medical Microinstruments Inc. [MMI], Calci, Italy) is 
one of these newer platforms (Fig. 1). Despite having limited human studies, the 
preliminary studies show promising results for this system. Lindenblatt et al. reported 
successful utilization of this novel platform in humans undergoing lymphatic sur-
gery in early 2022. 100% patency rate was achieved in a total of 10 anastomoses 
including robotic lymphovenous, robotic lympho-lymphatic, and robotic arterial 
anastomoses under the size of 1 mm done on 5 patients [4]. Advantages to this sys-
tem could be the following: wristed micro instruments allowing for movement in 7 
planes, lower cost than other widely used platforms, and high accuracy of the robotic 
arms, whereas the limitations might be the lack of an internal optical unit making the 
system dependent on complementary surgical setup, lack of high evidence studies 
with more patients, and having only two robotic arms that can be used at once.

MUSA (Microsure, Eindhoven, the Netherlands), another robot, was introduced 
in 2021 (Fig. 2). Early studies showed propitious results indicating the platform is as 
successful in treating breast cancer-related lymphedema as the standard manual 
lymphatic drainage therapy conducted in a randomized manner [5]. Longer follow-
up in this cohort still suggests the robot is feasible and comparable to standard care 
[6]. To our understanding, this platform has advantages like being more feasible for 
super microsurgical procedures, being easily maneuverable, and being compatible 
with standard surgical microscopes and microsurgical instruments. The limitation of 
this platform could be the lack of cost-related information available to the public.
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Fig. 2 MUSA Surgical 
System

Furthermore, a short time ago, another robotic platform named KangDuo 
(Suzhou Kangduo Robot Co., Ltd., Jiangsu, China) emerged supported by human 
studies in urological cases [7–9]. The evidence so far suggests the robot is safe and 
feasible in a microsurgical setting. In a prospective manner, this robotic platform is 
the only one providing a study comparing its efficacy and safety to another robot, 
the da Vinci® [10]. We also want to state that there is no reported data for the cost of 
this platform too which might be considered a limitation. On the other hand, the cost 
is expected to be groundbreaking in the robotic field based on the expenses of 
development reported by the manufacturer (25–30% of expenses for the development 
of the da Vinci® robot [9]).

3  Robotic Microsurgical Instrumentation

Despite the newly launched robotic systems, da Vinci systems are still the most 
commercially available robotic system approved by the FDA. Currently, there are 
more than 5500 da Vinci robots worldwide [11]. The da Vinci systems typically 
have three components: the surgeon console, a patient cart with one camera arm 
providing three-dimensional (3D) high-definition vision and three instrument arms 
that provide a wide range of motion, and an imaging tower. The system supports 
more than 40 types of robotic EndoWrist instruments. Black Diamond microforceps, 
micro bipolar forceps, Potts scissors, and curved monopolar scissors are the most 
commonly used EndoWrist instruments in robotic microsurgical practice (Fig. 3) 
[12]. These instruments are docked into the robotic arms controlled by the surgeon 
through the console. The system also grants the surgeon 10–15 times digital 
magnification and motion scaling.

Robotic arms are attached to 8  mm trocars, and the instruments are passed 
through. This also applies to ex  vivo surgeries for stability purposes. Robotic 
instruments are advanced 2–3 inches beyond the trocar tip for maximum range of 
motion. The Black Diamond microforceps are generally used for microdissection, 
retraction, and as a needle driver for sutures even smaller than 10-0. The bipolar 
microforceps are mostly utilized for microdissection and retraction in addition to 
hemostasis by fine cauterization. Furthermore, they can be used as a needle driver 
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a b

c d

Fig. 3 da Vinci Robotic Platform Microsurgical Instruments. (a) Black Diamond microforceps. 
(b) Microbipolar forceps. (c) Potts scissors. (d) Curved monopolar scissors

for sutures that are larger in size (6-0). Both instruments can be used with 
supplementary microsurgical tools that will be covered later in this chapter.

Although similar in many ways, the da Vinci had three devices historically. Their 
latest Xi system has some upgrades to its predecessor, the Si system, including 
thinner robotic arms with increased joint numbers, better accuracy, and shorter 
docking times.

4  Optical Magnification

Microsurgery needs enhanced optical view usually up to 20 to 25 times magnifica-
tion. The da Vinci optical units can only support magnification up to 15 times and 
may cause pixelation at that level. This could be a limitation for microsurgery and 
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Fig. 4 VITOM Magnification System. (a) Camera and its holder. (b) Its setup before docking. (c) 
The view in the surgeon console (lower left-hand side view from VITOM camera). (d) Its position 
during the procedure

could be overcome by adjunctive optical systems. In our practice, we utilized a new 
technique with a fifth nitrogen-powered robotic arm that has a video lens system 
named VITOM (Karl Storz, Tuttlingen, Germany). This system offers up to 25 
times magnification without compromising the HD quality. It can also be integrated 
into the TilePro system (Intuitive Surgical Inc.) of the surgeon console which cre-
ates a multi-tab view on the screen of the surgeon resembling a cockpit field (Fig. 4). 
This allows the surgeon to simultaneously view the image in multiple magnification 
levels (regular robotic camera and the VITOM camera views) in addition to the 
surgical systems that are connected to the tower (i.e., real-time microscope view for 
intra-op semen analysis). We use VITOM in our robot-assisted vasovasostomy and 
vasoepididymostomy cases routinely applied to TilePro. The authors believe this 
improves efficiency in many ways: allows two-angle view of complex structures in 
the microsurgical environment which allows a better understanding of the anatomy, 
eliminates the need to zoom in and zoom out by providing differently magnified 
images at the same time, and allows the surgeon to handle semen analysis in real 
time without leaving the console. Further information on our procedures promoting 
these devices and their results will be assessed later in this chapter.
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5  Assisting Intraoperative Devices

Despite the superiorities of robotic systems in microsurgery, there’s still the issue of 
tactile feedback that is crucial in all means of surgery. Without the tactile feedback, 
dissecting anatomical structures, feeling tumors, and adjusting strength when tying 
sutures become harder. Although there is evidence that visual perception over time 
can result in almost similar error rates with tactile feedback [13], attempts have been 
made to help the surgeon with certain tasks during the microsurgical procedure. 
These include but are not limited to Firefly fluorescence imaging (Intuitive Surgical 
Inc.), micro-Doppler imaging, and VeinViewer (Christie Digital Systems, Cypress, 
CA). Additional sensory navigation is contributed by these technologies.

6  Firefly Fluorescence Imaging

Firefly technology is a da Vinci integrated imaging system that allows the surgeon 
to assess vascular perfusion. This imaging system can be thought of as a special 
near-infrared filter that emits a certain wavelength of light when there is a special 
chemical (indocyanine green [ICG]) in the field. ICG when given IV binds to plasma 
proteins and accumulates in tissues that are well vascularized. There are numerous 
studies in various surgical departments [14–16] wielding ICG for challenging 
anatomy, but to our understanding, it is mostly used in urological procedures with 
unexpected anatomy, in distinction of tumor vs. normal tissue, and in ureteral 
surgery [17–19]. Also, this integrated technology allows better identification of 
spermatic arteries during robotic microsurgical varicocelectomy (Fig. 5).

Fig. 5 ICG application 
during robotic 
microsurgical 
varicocelectomy
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7  Micro-Doppler Sensing and Ultrasound

A flexible, open, or laparoscopic drop-in micro-Doppler (Vascular Technology Inc., 
Nashua, NH) probe emerged around 2010. The system works on the same principle 
as a Doppler setting during ultrasound imaging but comes with special sterile dis-
posable probes that can be easily set up for robotic surgery. The system uses audi-
tory output to help identify blood flow (Fig.  6). There are two distinct types 
depending on the wavelength/frequency of the sound produced by the device. 
8 MHz probe is used to detect larger vessels (4–5 mm) and 20 MHz is used for 
vessels that are smaller than 2 mm. One limitation of this device is that it has no 
imaging and solely gives auditory feedback. On the other hand, it is very easy to 
recognize blood flow and estimate the location of the vessel without the need for 
any imaging.

Another novel device has been developed by Hitachi (Hitachi Aloka, Wallingford, 
CT). This probe provides up to 6 cm depth imaging with Doppler flow imaging 
option. The images can be synched with TilePro as mentioned before for surgeon 
comfort and efficiency. Robotic platform is excellent for utilizing these additional 
devices in the surgical field as it has steady arms that can be used to hold the probes 
without the need for a qualified assistant. It allows the surgeon to keep operating 
with two arms while using the additional arm for holding the device in place and has 
real-time images/sounds (Fig. 7).

Fig. 6 Micro-Doppler 
probe during robotic 
microsurgical 
varicocelectomy
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Fig. 7 Identification of the spermatic cord vessels via micro-Doppler probe

8  VeinViewer

A new biomedical advancement was made for inaccessible veins called VeinViewer. 
The system works on the principle of near-infrared light fluorescence. The system 
emits a certain wavelength of light to the patient’s skin and hemoglobin in veins gets 
excited by this light and starts to emit another wavelength of light which is ulti-
mately captured and processed by the device. The system automatically projects a 
greenlight over the skin indicating the vessels’ demarcations. The system has been 
proved advantageous in a randomized trial on the pediatric population [20]. In uro-
logical practice, it has been found useful in defining venous structures in 
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Fig. 8 VeinViewer utilization during robotic microsurgical varicocelectomy

hypospadias cases [21]. In our experience, we found the device to be beneficial for 
detecting varicose veins during robotic-assisted microsurgical varicocelectomy 
(Fig. 8). It comes in handy, especially in difficult cases where there’s extensive scar 
tissue. Like the micro-Doppler, the device also lets us know if the vessel is a vein or 
artery which helps tremendously during these procedures.

9  Tools for Ligation/Ablation in Robotic Microsurgery

Microsurgery requires precise ligation and delicate dissection of the surrounding 
tissues. Instruments with monopolar and bipolar electrocautery technology are most 
commonly sufficient for this purpose; however, electrical energy tends to disperse 
in close proximity which may become important in microsurgical applications. 
Novel advancements have been made to provide easier, more precise techniques 
with less thermal spread.

10  Flexible Fiber Optic CO2 Laser Probe

Carbon dioxide energy has been in use since the 1960s. Nevertheless, its use with a 
flexible probe was introduced in the late 2000s [22]. This technology has been used 
by multiple specialties of medicine [23–25] thanks to its minimal energy spread 
property. The laser has a long wavelength of 10.6 μm. This causes high absorption 
from the target tissue and water around it. High absorbance of this energy results in 
the conversion of the energy to heat energy in a small designated area that has been 
irrigated with saline, preventing damage to the surrounding structures [26]. We 
reported our experience with CO2 laser technology (OmniGuide, Cambridge, MA) 
compared to monopolar electrocautery (ERBE Inc., Atlanta, GA) on a fresh human 
cadaver spermatic cord model [27]. We found remarkably decreased peripheral tis-
sue damage caused by CO2 energy versus standard monopolar technology. The 
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Fig. 9 Flexible fiber optic CO2 laser probe provides highly precise dissection

Black Diamond microforceps was used to effectively maneuver the flexible probe. 
The tip of the CO2 laser probe provided a blunt edge that also helped to separate 
tissue planes while ligation was performed. This tool can be considered for proce-
dures with delicate anatomy requiring precise ablation and minimal thermal injury 
to nearby structures (Fig. 9).

10.1  Water-Jet Dissection

High-pressure water-jet dissection is done by a high-pressure stream of saline 
through a probe (Erbejet 2, ERBE Inc., Atlanta, GA). This technique has been 
applied to various procedures mostly in neurosurgery [28, 29]. Recently it has been 
used for ureterolysis procedures in cases with retroperitoneal fibrosis resulting in 
excellent dissections [30]. In our practice, we demonstrated the use of this advance-
ment to ablate small nerve fibers on the vas deferens while preserving the blood 
vessels in animal models [31]. We also utilized this technology during robotic tar-
geted microsurgical denervation of the spermatic cord to ablate residual nerve fibers 
in specific locations around the vas deferens that are thought to be responsible for 
chronic scrotal content pain (Fig. 10) [32, 33].
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Fig. 10 High-pressure water-jet dissection for the remaining nerve fibers

11  Robotic Microsurgery: Current Urological Applications

From our standpoint on urologic robotic microsurgery, we have a large, possibly the 
largest, cohort of patients with chronic scrotal content pain and male infertility. We 
mostly utilized the robotic platform for robotic-assisted vasectomy reversals 
(RAVR) during the robot-assisted vasovasostomy (RAVV)/vasoepididymostomy 
(RAVE) stage. We have results from 264 RAVR cases (162 bilateral RAVV, 102 
RAVE) with a median 12-month follow-up. Patency rates, defined as >one million 
sperm/ejaculate, were 91% in the RAVV group and 60% in the RAVE group. In 
addition, we used the robot for our varicocelectomy procedures in 588 cases. 65% 
of patients undergoing this procedure for oligospermia had a significant improvement 
in their sperm count and motility, and azoospermia converted to oligospermia in 
15% of patients. 72% of patients, who underwent the procedure for scrotal pain, had 
a significant decrease in pain. In these two applications, our results proved the 
robotic approach is not only comparable to pure microsurgical approach but also 
very efficient for the surgeon.

Another use of the robot in our practice was in microsurgical testicular sperm 
extraction procedures (micro-TESE). We brought the robot in after the scrotum was 
delivered and kept it until the sampling was done and assessed under the microscope 
displayed on the surgeon’s console. We also found the fourth robotic arm to be 
beneficial for deeper dissection when there’s no viable sperm from the initial 
sampling stage.
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Lastly, we used the robot for robotic-assisted targeted microsurgical denervation 
of the spermatic cord (RTMDSC), a procedure we defined and developed for chronic 
scrotal content pain treatment algorithm explained in detail in our previous studies 
[33, 34]. We used the robotic platform with the adjunctive instruments like the CO2 
laser probe, micro-Doppler, and hydro-dissection probe. We performed 1356 
RTMDSC cases between 2008 and 2020. With 70  months of median follow-up, 
84% of our patients encountered a significant decrease in pain by 6 months post-op. 
There were only 98 complications (95 of which were minor complications like 
hematoma at the surgical site, wound infection, etc.) and we concluded this robotic 
technique to be safe and feasible.

12  Robotic Microsurgery: Future Applications

As technology advances, imaging tools are expected to improve. Robotic systems 
bring the perfect infrastructure for the integration of such advancements. More 
application areas for potentially better outcomes combining these technologies 
should be explored with more studies.

12.1  Confocal Laser Endomicroscopy

Confocal laser endomicroscopy (Cellvizio, Mauna Kea Technologies, Paris, France) 
is an optical imaging method frequently used by gastroenterologists and 
neurosurgeons [35–37]. This technology allows the surgeon to evaluate the histology 
of tissues on a cellular level intraoperatively. It implements real-time in vivo images 
up to 1–5 μm resolution. A synchronous laser beam provides optical imaging with/
without fluorescein. Figure  11 shows the utilization of this technology captured 
from the surgeon console (TilePro is used for real-time visualization) during a 
robotic microsurgical spermatic cord denervation case.

12.2  Multiphoton Microscopy

Multiphoton microscopy is an additional modality that measures nonlinear interac-
tions between a laser photo beam and tissues of interest [38]. This technology has 
sharper image quality than confocal microscopy and can even show subcellular 
structures. This device can identify nerve fibers in tissues without any contrast- 
enhancing markers. Multiple studies suggesting the use of this modality for micro-
surgical denervation of spermatic cord based on animal models have been made [39, 
40]. In addition to the imaging properties, the device can also be used as a cellular 
level ablation tool when laser energy is increased accordingly.

O. Ergun et al.



221

Fig. 11 Confocal laser endomicroscopy view in the surgeon console (lower right-hand side)

12.3  Prototype Platforms

Several new robotic platforms are being developed and multiple have been on the 
human trial stage. SPORT (Single Port Orifice Robotic Technology; Titan Medical 
Inc., Toronto, Ontario, Canada) is one such new platform focusing on minimal 
invasiveness. It has multiple abstract appearances in Europe but results with more 
human studies should be pursued. The same company rebranded its system to Enos 
robotic single-access surgical system in 2020, but more studies are yet to be 
published about this platform.

An interesting robotic system was named Sofie (Surgeon’s Operating Force- 
Feedback Interface Eindhoven) and was developed at Eindhoven University of 
Technology in the Netherlands back in 2010. This robot was developed to be the 
first robotic system with tactile feedback but was never made publicly available. It 
is still unknown what advancements/pullbacks have been made on the project. 
Tactile feedback in robotic surgery might be an area of primary focus for the 
upcoming robotic platform developments.
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13  Conclusion

Despite the superiorities of robotic platforms in microsurgery, there are limitations 
that have partially been explained in this chapter. High costs and lack of tactile 
feedback are the two major limitations of all the current platforms. For the time 
being, tactile feedback can be overcome with the help of the abovementioned 
adjunctive tools. Cost seems to be in a decreasing trend over the years inversely 
correlated with the number of new platforms announced. So far, we have been able 
to reduce the out-of-pocket costs for our patients undergoing robotic procedures by 
increasing surgical throughput. In order to do this, we have increased the daily 
number of robotic-assisted microsurgery cases which ended up covering a similar 
amount of time to pure microsurgical cases. This improvement resulted from 
surgical efficiency, higher case volumes, and decreased dependence on a skilled 
assistant. The authors have performed over 2000 robotic-assisted microsurgical 
procedures in urologic settings and continue to explore new applications in urology.

There is a growing market in the robotic field with many more competitors added 
every year which will likely benefit both the healthcare quality and cost in the 
future. Newer and cheaper robotic platforms are likely to emerge as well. We hope 
future surgical advancements in this area will be easier to access worldwide to 
improve the quality of care. Needless to say, more prospective, randomized studies 
on these new platforms with more patients followed up for longer periods are 
warranted.

Financial Disclosure The authors report no financial disclosures or sponsors for this chapter.
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New Platforms in Robotic Surgery

Gustavo Cardoso Guimarães

1  Introduction

In the late twentieth century and early twenty-first century, the first steps toward a 
high-performance robotic system were taken.

Since the 1970s, agencies such as the US National Aeronautics and Space 
Administration (NASA) have been interested in the application of telesurgery for 
application to astronauts, with the idea that a machine equipped with surgical 
instruments could be remotely controlled by a surgeon in the Earth performing 
surgery on an astronaut on a space station. Similarly, the US Defense Advanced 
Research Projects Agency (DARPA) invested in developing a remote telesurgery 
unit that would allow for operating wounded on the battlefield. These initiatives led 
to advances in robotic telesurgery concepts and telecommunications technologies 
that enabled the 2001 Lindbergh Operation, in which French physician Jacques 
Marescaux and Canadian surgeon Michel Gagner performed a remote 
cholecystectomy from New York City on a patient in Strasbourg, France [1].

In 1978, Unimate developed the PUMA (Programmable Universal Manipulation 
Arm), which was later used in 1985 to perform stereotactic biopsies in 
neurosurgery [1].

In 1988, the Probot robot used for transurethral resection of the prostate was 
developed by Imperial College London. The system uses an image-guided three- 
dimensional model of the prostate, and the surgeon determines the area for resection. 
Based on these data, Probot calculates and performs the excision, and the procedure 
is performed by the robot autonomously, leaving the surgeon to supervise the 
procedure [1].
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In 1992, ROBODOC (Integrated Surgical Systems, Sacramento, CA, USA) was 
launched to assist in orthopedic hip replacement surgery, where this robotic system 
performs the preparation of the femoral implant cavity. It comprises a computerized 
preoperative planning workstation (ORTHODOC) and a five-axis robotic arm 
(ROBODOC). In August 2008, ROBODOC obtained FDA approval for total hip 
replacement. This technology was sold to Curexo Inc. in 2007, which in 2014 
became THINK Surgical, Inc. [1, 2].

The first robotic system for use in laparoscopic surgery was introduced by 
Computer Motion (Santa Barbara, CA) in 1994. The AESOP moved your arm 
through voice commands from the surgeon.

In 1996 the ZEUS robot (Computer Motion), a fully integrated system, com-
posed of arms and surgical instruments controlled by the surgeon, introduced the 
very concept of telepresence, in which the surgeon (master) commands the servo 
(robot). The ZEUS robot consisted of three arms, each independently attached to a 
surgical table, having an AESOP arm controlling the endoscope and two other sur-
gical arms with four degrees of freedom [2].

The da Vinci robotic surgical system (Intuitive Surgical, Sunnyvale, CA) was 
introduced in Europe in 1997, and Dr. Guy Cadiere performed the first procedure, a 
robot-assisted laparoscopic cholecystectomy, in Brussels. The da Vinci became the 
first FDA-approved robotic surgical system in July 2000. In 2003, Intuitive Surgical 
acquired Computer Motion.

Since then, Intuitive Surgical’s da Vinci system has become the most widely used 
robotic system in the world [1]. Its first model had only three arms but already had 
seven degrees of freedom and three-dimensional (3D) vision due to the 
binocular camera.

In the last 20 years, it has had continuous evolution and has passed with constant 
advances since the release of the da Vinci version and soon after the da Vinci S 
(Fig. 1).

The da Vinci Si model of third generation and soon after a fourth generation of 
robotic systems, the da Vinci X models and the da Vinci XI.

Fig. 1 da Vinci Surgical 
System S
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Still considered a fourth generation, Intuitive Surgical launched the da Vinci SP 
system. This is now changing from the idea of systems with multi-ports to the 
single-port system, hence the nine da Vinci SP (single port).

More recently, a significant number of new robotic platforms have been launched 
on the market, not only for robots for use in laparoscopic procedures, such as the da 
Vinci by Intuitive Surgical, but also for other medical specialties.

Some of these new platforms and systems are already being commercialized in 
different parts of the world, other robotic platforms are in different stages of devel-
opment, a fact that makes it virtually impossible to exhaust in a single chapter all the 
new technologies that exist and that will be launched in future years. However, the 
reality is that we will experience a new era in surgery in the coming years with a 
change in the way of performing surgeries with benefit for patients, surgical teams 
and the entire health system.

2  New Platforms

2.1  Platforms in Orthopedic Surgery

The ROSA Robotic Knee System (Zimmer Biomet, 2012) was approved by the 
FDA in 2019 with a rapid acceptance since then. The SA system was designed for 
total knee arthroplasty. In a 2020 study by Seidenstein and colleagues, it showed 
that surgeries with the ROSA system were more accurate and reproducible than 
with conventional instrumentation [3]. In the same way that it showed more accu-
racy in relation to target angles and resection thickness [4], there were fewer cases 
with outliers and 100% of cases within 3° of the targeted neutral alignment and 
lower outliers with the ROSA Knee for all angles of bone resection [3, 4].

The Mako® Total Hip 4.0 Robotic System is a robotic arm for assisted surgery, 
launched by Stryker in 2020 with the aim of performing robotic knee and hip 
arthroplasty surgery. This system uses 3D reconstruction of the region to be operated 
for the planning system (SmartRoboticsTM) [5].

The new Mako Total Hip 4.0 software is designed to enhance the user experience 
with region-based, approach-specific pelvic registration and allows for implant 
position planning, considering changes in pelvic tilt in various positions and 
allowing for visualization of the relationship between the femur and pelvis and their 
components to help detect the risk of a possible impact. Using AccuStop™ haptic 
technology and a patient-specific CT scan, the Mako Total Hip enables single-stage 
reaming and guided impactions to help promote accurate implant placement [5].

The Mazor™ X robotic system was launched in October 2021 by Medtronic for 
robotic-guided spinal surgery.

The Mazor platform incorporates the StealthStation™ S8 surgical navigation 
capabilities existing in the Mazor Core Technology robotic-assisted surgery 
platform. Real-time image guidance, visualization, and navigation are informed by 
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interactive 3D planning and information systems to provide workflow predictability 
and procedural flexibility. This three-dimensional platform allows you to visualize 
the anatomy and structures of the spine in relation to each other, allowing access to 
plan and simulate spinal cages and screws in advance, with the aim of increasing 
surgical efficiency and precision. It also integrates Midas Rex™ MR8 high-speed 
electric drill systems that enable improved trajectory accuracy, starting with pilot 
hole creation and offering dissection tools and accessories designed to drill 
accurately at speeds up to 75,000 rpm, allowing the surgical team to use intersomatic 
features navigated in the Mazor system to visualize disc preparation and interso-
matic placement during a robotic surgery in an orthopedic surgery procedure [6].

2.2  Cranial Robotic Guidance Platforms

Medtronic’s Stealth Autoguide™ robotic cranial guidance platform is designed to 
provide stereotaxic positioning and trajectory guidance for neurosurgical procedures.

The Stealth Autoguide™ System is a remotely operated positioning and guid-
ance system that is designed for any neurological condition where the use of stereo-
taxic surgery may be appropriate such as stereotaxic biopsy, stereotaxic 
electroencephalography (EEG), and laser tissue ablation. It offers continuous real- 
time visualization, feedback, and robot-assisted motion that allow fast and accurate 
alignment to surgical plans for cranial procedures. The system allows the integration 
of StealthStation™ with Midas Rex™ drilling technology, enabling efficient 
workflow with minimal operating room space [7].

The Neuromate® robot, launched in 2019 by Renishaw for stereotaxic brain pro-
cedures, provides a platform that can be used in a wide range of functional neuro-
surgical procedures such as electrode implantation procedures for deep brain 
stimulation (DBS) and stereoelectroencephalography (SEEG), as well as stereotactic 
applications in neuroendoscopy [8].

2.3  Robotic Platforms for Endoscopic Procedures

Monarch, Auris. In 2018 Auris Health received marketing approval for a robot for 
endoscopic procedures. Initially for bronchoscopy and more recently for endo- 
urological procedures, it comprises an endoscope with a telescopic design and inte-
grated camera for continuous vision and accurate access, offering a four-way 
articulation and cutting-edge 3D tracking technology to support guided access. All 
control is done by an easy-to-use joystick [9].

Still with the same concept, Intuitive launched in 2019 the Ion (Intuitive Surgical) 
for performing endoscopic procedures. With an “ultrathin” design, it has advanced 
maneuverability allowing navigation to peripheral pulmonary branches and features 
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a 3.5 mm outer diameter catheter with a 2.0 mm working channel allowing access 
to small and difficult to navigate. It also features a peripheral vision probe that 
allows direct vision while navigating [10].

2.4  Robots for Endovascular Procedures

Corindus CorPath GRX (Siemens Healthcare). It presents an integrated robot proposal 
for endovascular examinations and treatments, both for cardiac and peripheral vascular 
and neurovascular procedures, and features a radiation-protected workstation and a set 
of joysticks and touchscreen controls that translate the doctor’s movements during 
surgery for endovascular. Robot-assisted intervention allows accurate measurement of 
anatomy and device positioning with the added benefit of radiation protection for the 
clinician and potentially reduced radiation exposure for medical staff and patients [11].

3  Robot in Ophthalmology

R2D2 – Robotic Retinal Dissection Device (Oxford University). It is a robot created 
for retinal eye surgery. The R2D2 is designed to eliminate tremors during instrument 
movement allowing for precise, millimeter-wide movement within the eye. Without 
using the R2D2, surgeons need to slow the pulse and make precise movements 
between heartbeats. With the use of R2D2, it is possible to perform high-precision 
procedures that cannot be done by the human hand. The robot uses 7 independent 
computer-controlled motors to make precise movements at a scale of 1/1000 mm. 
The eye surgeon uses a joystick and touchscreen to control the robot and can monitor 
its progress through a surgical microscope [12, 13].

3.1  New Platforms for Laparoscopic Surgery

Versius CMR Robotic System (Cambridge Medical Robotics). From an English 
start-up founded in 2014, it quickly developed a really light, versatile, and modular 
system. In 2015 it presented its prototype and in 2019 it already performed its first 
surgery on humans. It was introduced in India and in England in 2019. With rapid 
expansion, it announced its first 5000 procedures performed, in more than 50 cen-
ters spread across 13 countries, in multi-specialties, in June 2022.

It presents the concept of an open console modular robot and full HD 3D vision 
with the use of glasses. Unlike other systems, its control console used by the surgeon 
can be used both in a sitting and standing position. And all controls, both arms, 
camera, and power are on the handpiece, not using foot control [14].
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Hugo RAS (Medtronic). It received the approval of the European Community 
(CE mark approved) in October 2021. This robotic system from the Medtronic 
company comes with the proposal to be modular, with an open console and full HD 
3D vision system, and with the use of glasses. It was approved in the European 
Community in 2022 and its primary use in humans was in 2021 [15].

Ottava surgical robotic system (Johnson & Johnson). The Ottava system was 
designed with six arms to allow greater control, flexibility, and patient access during 
surgery; it was planned that throughout 2021, Johnson & Johnson should work on 
validating the Ottava system and plans to start clinical trials in 2022; however, the 
company announced the expected delay of 2  years due to technical and supply 
difficulties [16].

Senhance Surgical System (Asensus Surgical, Inc., formerly TransEnterix, Inc.). 
It received FDA marketing clearance in March 2021 for use in general surgery. Its 
system also uses the concept of modular units and an open console with glasses for 
full HD 3D viewing [17].

Revo-I Surgical Robotic System (Revo Surgical Solution). This robot was 
approved for human use in Korea in 2017 and is basically used only in this country. 
It has attributes and functionality like the da Vinci Si and X system [18].

Hinotori™ (Medicaroid, Japanese company). It was developed as a robotic- 
assisted surgery system to reproduce the surgeon’s sensitive movement and founded 
from a joint venture formed by the partnership between Kawasaki Heavy Industry 
and Sysmex Corporation in 2012.

With the robotic arms coming from a raised base, it allows for an open and wide 
operating field. It maintains the “closed” console concept with 3D vision system 
without the need for additional glasses [19].

DLR MiroSurge robotic system (Institute of Robotics and Mechatronics—
Germany). The MiroSurge Telesurgery DLR System includes a surgeon’s console 
with a 3D display and two tactile input devices and three robotic arms. Two arms 
move the laparoscopic instruments, and the third one guides an endoscope. 
According to the manufacturer, it presents feedback on the force used, allowing the 
surgeon not only to see where the arms are moving but also to partially feel it in the 
haptic input devices [20].

Enos robotic single access surgical system (Titan Medical). The Enos system is 
a system designed to offer single-port access for robot-assisted surgery. It is 
composed of two components: the patient’s car and a console. The company expects 
to receive FDA approval for 2023 [21].

4  Conclusion

It is quite clear that this is an expanding market and that it will change very quickly 
with new devices and companies on the market, as well as new generations of 
existing devices, bringing new functionality and new uses. It is to be expected that 
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with each passing day these systems become smaller, more efficient, faster, safe, 
interactive, and, who knows, even with navigation systems and, why not, autono-
mous functions.
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Single-Port

Dorival Duarte Jr., Artur de Oliveira Paludo,  
Leonardo Martins Caldeira de Deus, Milton Berger, João Pádua Manzano, 
and André Kives Berger

1  Introduction

Platforms for robotic surgery have undergone constant improvements and techno-
logical changes. Since its implementation, approximately two decades ago, the 
quality of optics and the range of motion of instruments and software technology 
have constantly evolved [1]. The global trend in robotic surgery is the development 
of technologies that deliver fine and precise movements, associated with minimally 
invasive surgeries, in the act of endoscopic surgeries or with minimal incisions. At 
this view we have the single-site laparoscopic (LESS) [2] and, later, the da Vinci 
single-port (SP) robotic system.

Hirano et  al. [3] pioneered the LESS concept, using trocars and laparoscopic 
forceps in a single puncture site to perform retroperitoneal adrenalectomy. Rane 
et  al. [4] and Desai et  al. [5] described, on the other hand, the performance of 
laparoscopic LESS nephrectomy. The first study used laparoscopic and optical 
instruments introduced by the R-port, while the second introduced the concept of 
“scarless” with the technique.
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However, the poor reproducibility of LESS techniques seems to have pushed the 
method away from surgeons. According to Moschovas et al. [6], the acceptance of 
laparoscopic procedures among urologists has reduced in recent years, with the 
robotic approach.

Robotic surgeries performed with robotic arms at the same puncture site began 
to be described in 2010 by Joseph et al. [7]. The authors described the “chopstick” 
surgery, which consisted of crossed punctures, achieving a certain triangulation 
with the robotic arms with a good presentation of the surgical target. Tugcu et al. [8] 
and Mattevi et al. [9] also described the clinical use of a single surgical access using 
the arms together with a multiport robot with different diagrams of the robotic arms.

To overcome the challenges related to the LESS and, as part of the refinement of 
minimally invasive surgery, the da Vinci SP platform was created. The first use of a 
da Vinci SP prototype (SP999) was reported by Kaouk et al. [10] in 2014, based on 
11 SP robotic prostatectomies. The progression of the prototype model was 
developed to what we know today as the da Vinci SP (SP1098); and its first 
description of clinical use took place a few years later, in the performance of two 
radical prostatectomies by the same authors [11]. Subsequently, other surgeries, 
such as pyeloplasty and radical nephrectomies, were added to the feasibility of the 
technology, using the GelPOINT technique to introduce the trocater SP [12, 13].

The development of the da Vinci SP model allowed a new paradigm in the con-
cept of robotic surgery. First, the use of multiarmed robots favors, in some situa-
tions, the clashing of robotic arms in patients with little space for triangulations. The 
SP allows robotic arms to be integrated through a single-specific robotic trocar. The 
arrangement and triangulation of the robotic arms is then carried out within the cav-
ity, either abdominal or endoscopic, and using smaller instruments measuring 6 mm 
[1] (Fig. 1).

2  Features

The da Vinci SP has 25 mm trocar, integrated by the scope and three robotic arms, 
all inside your device. The camera is articulated and has an oval shape of 12 × 10 mm. 
In turn, the robotic arms are thinner than those of the multiport model, with only 
6  mm, containing two articulation centers in each arm [1]. Furthermore, each 
instrument occupies a position along the “clock,” i.e., 3, 6, 9, and 12 h [14].

One of the most outstanding features of the da Vinci SP model is the possibility 
of rotating the entire camera system and arms together inside the cavity, with the 
relocation pedal, maintaining the surgical target. The model also allows the 
visualization of a three-dimensional figure with the projection of the surgical 
instruments for spatial orientation to the surgeon on the console.

The SP platform was initially developed to introduce a single trocar into the 
peritoneal cavity [15]. With the trocar inserted, a space of 10 cm from the trocar tip 
to the joint is required. Thus, in small spaces, such as the retrocavity, “floating 
docking” is often performed [15]. The trocar docking outside the cavity is performed 
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Fig. 1 Single-port 
overview. (With permission 
from the corresponding 
author)

10 cm from the skin and the introduction of instruments can be done through the 
GelPOINT Mini (Applied Medical) or the SP access portal (Intuitive) (Fig. 2), and 
even the auxiliary trocar can be placed on the same GelPOINT.

As for docking in pelvic surgeries, the da Vinci SP trocar is placed 20 cm from 
the pubis, under an incision of approximately 3 cm, introduction using the Hasson 
technique, and an angulation of 26° in Trendelenburg [1]. The side docking is then 
performed, contra-laterally to the side of the auxiliary portal. In pelvic surgery, dif-
ferent camera angles may be necessary; in radical prostatectomy, for example, def-
fating maneuver can be performed with 30° flexed down, while neurovascular 
dissection can be performed with 20–30° upward [16].

3  Differences with the Xi Model

The main differences between the multiport and SP system are described in Table 1.

Single-Port
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Fig. 2 Single-port 
GelPOINT docking. (With 
permission from the 
corresponding author)

Table 1 da Vinci single-port x Da Vinci Xi (multiarmed)

Characteristic Model Xi Model SP

Portals Multiport Single-port
Arm spacing Spaced out Elbows are needed to spread out and 

triangulate inside the SP
Working distance Closer to the target Longer working distance
Relocation No relocation (no 

relocation pedal)
Robotic system completely relocated in each 
quadrant of surgery

Scope 0°/30° Flexible 3D technology
Instruments 8 mm 6 mm
Grip and dissection 
strength

Usual Reduced

Sum of incisions 32 mm 25 mm

4  Single-Port and Its Applications

Moschovas et al. [17] published a systematic review of the literature involving PS 
and urology. The authors selected and analyzed 43 studies, with application for 
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clinical use and in cadavers, confirming that the use of the da Vinci SP robot in 
urological procedures is safe and feasible. Some of the studies reported less 
postoperative pain and earlier discharge from robotic SP extraperitoneal surgeries 
compared to multiport surgeries [18, 19]. In a non-systematic review, Moschovas 
et al. filmed the SP radical prostatectomy urological procedures, through a 12 mm 
accessory port in the surgery. The footage helped to study the flexible camera 
movements of the SP and to understand the new technology range of motion [6].

The feasibility of the SP technology was also pointed out by Kaouk et al. [20], in 
a descriptive study of the first 100 cases of their center using the da Vinci SP. In their 
series, only 1% of the patients required surgical conversion due to intense abdominal 
adhesion from previous surgeries.

In different specialties, urology is the pioneer in the use of SP technology. In one 
of the first reviews on the topic [1], the authors described the “step by step” of SP 
robotic radical prostatectomies in a single high-volume service. In this study, 26 
patients were selected between 2018 and 2019, with cT2 pathologies, prostate 
<80 g, and BMI <35 kg/m2. Console time averaged 85.3 min (which decreased as 
the surgeries progressed), operating room time averaged 121.5  min, and the 
estimated blood loss was 50 mL. The hospital stay lasted an average of 16 h 38 min, 
with the removal of the urinary catheter on the fourth postoperative day. The same 
group of authors presented a new review, after 50 SP surgeries from June to 
December 2019, with 80% of patients with cT2 pathology and 20% with cT3 
pathology. The average console time decreased by approximately 5.3 min and 14% 
had positive margins in the anatomopathological examination. Length of urinary 
catheterization and hospital stay was similar [21].

Agarwal et al. [22] presented a series of 49 radical prostatectomy surgeries per-
formed by three different surgeons. Prior techniques and Retzius sparing have been 
described. The authors did not use GelPOINT and performed systematic intraopera-
tive freezing for their cases. The rate of positive margins was 28% and 8% of 
patients had Clavien 1 complications. On the other hand, Ng et al. [23] performed a 
study of complications and surgical conversions in SP procedures. The results of the 
20 patients showed the absence not only of Clavien 2 complications but also of 
surgical conversions.

In the meta-analysis by Hinojosa-Gonzalez et al. [24], which included 6 studies 
and 1068 patients, SP (n  =  324) and multiport (n  =  744) radical prostatectomy 
surgeries were compared, with no evidence of statistically significant differences in 
blood loss (p = 0.25), operative time (p = 0.34), or positive surgical margins. Length 
of stay was significantly shorter in SP (p  =  0.003), with no differences in 
complication rates.

Also in radical prostatectomy surgery, Kaouk et al. [25] described the transvesi-
cal approach for patients with hostile abdomens and low- and moderate-risk pros-
tate cancer, in addition to transperineal prostate surgery.

Two other reviews compared patients undergoing multiport surgery and single- 
port surgery: While Saidian et al. [26] showed no statistically significant differences 
between patients undergoing robotic radical prostatectomy with a da Vinci Xi robot 
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and SP (47 × 48 patients), Vigneswaran et al. [27] found less pain and shorter hos-
pital stay in their SP groups.

In the context of the treatment of benign prostatic hyperplasia, in a recent review, 
Khalil et al. [28] described a series of 75 patients who underwent robotic simple 
prostatectomy surgery, 47 of which were multiport and 28 SP.  Surgical time, 
estimated blood loss, and length of hospital stay had no statistically significant 
difference between the groups. There was a higher rate of complications in the SP 
group, but without statistical significance (42.86% vs. 21.28%, p = 0.09). On the 
other hand, Steinberg et al. [29] reported ten cases of simple robotic SP prostatectomy 
without Clavien three complications. Kauk et al. [30] reported another 10 cases with 
a variation in surgical time of 146–203 min and estimated blood loss of 68–175 mL.

Another feasible urologic surgery with SP technology is radical cystectomy. 
Kaouk et al. [19] described the step by step of a series of 4 cases, in which 75% of 
the reconstructions were intracorporeal shunts. Zhang et  al. [31] also reported 4 
cases, with 100% of the surgeries with intracorporeal bypass and without records of 
Clavien 3 complications. Furthermore, the authors [31] reported superior cosmetic 
results and pain reduction when compared to the open and robotic multiport 
approach.

SP robotic partial nephrectomy is also cited in the literature. Key studies in the 
description of this type of surgery were those carried out by Kaouk et al. [32] and 
Valero et al. [33]. The first authors [32] reported 3 cases of partial nephrectomy, 
with a mean surgical time of 180 min, estimated blood loss of 180 mL, and ischemia 
time of 25 min. Only one case had Clavien 3 complications. The second study [33] 
reported the first case of partial nephrectomy and SP robotic radical prostatectomy 
in the same intraoperative period. The surgical time was 256 min and the estimated 
blood loss was 250 mL.

Surgeons have also applied SP technology in robotic pyeloplasty surgeries. Heo 
et al. [34] described a series of three cases using GelPOINT under the Anderson- 
Hynes technique.

In addition to urology, gynecology has also implemented robotic surgeries 
SP. Iavazzo et al. [35] mention, in a literature review, 18 case series and 8 cases of 
robotic SP hysterectomy, totaling 505 patients. The results showed a mean surgical 
time of 122 min, an estimated blood loss of 50 mL, and a hospital stay of 1.5 days. 
There were 0.8% intraoperative complications and surgical conversion (to multiport 
robotics, laparoscopy, or laparotomy) in 2.8% of cases. Acar et al. [36] reported 11 
cases of SP vaginoplasty, with an operative time of 267 min and an estimated blood 
loss of 131 mL, with only 2 patients with Clavien 3B complications. Sacrocolpopexy 
SP was also described by Ganesan et  al. [37], with 3 cases of operative time of 
198–240 min and estimated blood loss of 10–50 mL.

The expansion of SP robotic surgery in coloproctology and general surgery has 
also been present in recent years. Liu et al. [38] described a review on the subject, 
showing the advances in colonic resections with the SP robot.

Regardless of the surgical specialty or type of surgery, it is worth remembering 
that the comparison between centers that perform SP surgery is difficult, as we must 
keep in mind that in most procedures there is no standardized surgical technique. 
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Likewise, different access routes for the same surgery, different docking techniques, 
different patient selections, and different postoperative routines are performed in SP 
centers, which makes comparison difficult [15].

5  Challenges and Benefits

Regarding console commands and surgical dynamics, understanding the distance 
between the arms, quantifying the triangulation needed to work, and correctly 
relocating the robotic arms are the biggest challenges at the beginning of the da 
Vinci SP learning curve. Likewise, working with flexible camera rotation and 
angulation demands training and expertise.

About training, Maschovas et al. [14] describe the experience of sequenced train-
ing in dry lab, followed by training in wet lab. The next step was the observation of 
5 (five) cases with the da Vinci SP, followed by 2–3 surgeries in the proctorship 
phase [14]. Another challenge faced is the increase in surgical time related to the use 
of the reallocation pedal. Constant use of this pedal increases operative time as the 
entire system is slowly reallocated to a new target [39].

The real benefits of using the SP robot are still being debated [17]. The lack of 
large trials and series that compare the oncological and functional results of the 
 different multiport and SP technologies is one of the future answer that should be 
clarified over time. It is worth mentioning that no benefits were found in the satis-
faction of patients operated by multiport robots and SP in the SSQ-8 questionnaire 
[40]. However, patients were significantly more satisfied with the single scar of SP 
surgeries compared to multiple scars in multiport robotic surgeries.

We still have a lack of data in the literature comparing surgical and functional 
outcomes between patients operated on with multiport robotic surgery and SP. This 
obstacle is due, in part, not only to the few hospitals that have the SP robot (some 
centers in the United States and another center in Korea) but also due to the reduced 
number of certified and qualified surgeons to perform SP surgeries [17]. Few are the 
SP procedures described in some surgeries. In the case of pyeloplasty, cystectomy, 
and ureteral reimplantation, the total number of surgeries described does not reach 
15 surgeries per procedure.

6  Conclusion

As a new technology, SP surgery is feasible and requires training and caution. The 
learning curve of the method is not negligible and the challenges and improvements 
for performing surgeries using this robot must be kept in mind.

Urology is a pioneer in the use and development of the SP platform, with radical 
prostatectomy being the most performed procedure using this robotic system [17]. 
It is expected that, in a few years, there will be an increase in the number of surgeries 
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described with SP, as well as a greater number of comparisons of these surgeries 
with multiport surgeries.

We believe in the subsequent evolution of technology. The da Vinci SP is a ver-
sion 1.0, and as the technology of multiport robots has been refined, we believe that 
new models and options for SP robots will soon be available and with greater tech-
nological complexity built-in.
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Future of Robotic Surgery

Rafael Silva de Araújo, João Pádua Manzano, and Lydia Masako Ferreira

1  Introduction

For two decades, Intuitive Surgical’s da Vinci® system has maintained a monopoly 
on minimally invasive robotic surgical treatment. Restricted patents, well-developed 
marketing strategies, and high-quality products ensure the company’s leading 
market share [1]. However, a lot of Intuitive Surgical’s earliest patents will expire 
within the following couple of years due to nuances in US patent regulation. With 
this in mind, many of Intuitive Surgical’s competitors (with backgrounds in medical 
and industrial robotics) have released robotic packages, some of which are now 
available [2].

More recent robotic systems have been created: ALF-X by TransEnterix [3], 
Single Port (single-port system) [4] and Ion Endoluminal System [5] by Intuitive 
Surgical, Inc., and Monarch robotic endoscopy system by Auris [6] have been 
accredited by the FDA. The Monarch and Ion systems compete for pulmonary use 
and are still in early clinical trials. PROCEPT is an FDA-approved Aquablation 
robotic machine advanced for the resection of benign prostate gland [7], while 
Revo-i (Korea) [8], Single Port Orifice Robotic Technology (SPORT) (Titan) [9], 
Medicaroid (Kawasaki and Sysmex) [10], Versius (Cambridge Medical Robotics) 
[10], and AVRA (German Aerospace Center) are being made around the world [11].

Robotic surgery is just starting to broaden. Merely due to its virtual nature, 
robotic systems will surely be in the middle of future innovations in liver surgical 
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procedure. Completion further drives technological progress as intellectual property 
regulations recede and new groups input the marketplace [12]. We can expect better 
single-incision robotic surgery systems that can be combined with natural body hole 
sampling [13]. In addition, advances in parenchymal anatomical decoys consisting 
of the Cavitron Ultrasonic Surgical Aspirator (CUSA) for robotic systems are 
especially predicted. But we are also on the verge of a technological revolution, 
including “smart instruments,” big data, emerging integrated sensors, and deep- 
learning techniques [12].

2  The General Future of Surgical Robotic Surgery

Harnessing its true potential, we are fast approaching an era of robotic surgery 
where a robot could either perform preprogrammed tasks or learn from its own 
experience through a feedback pipeline of good and not-so-good outcomes 
(reinforcement learning) [14]. In these robots, the automation would be driven by 
deep-learning models (DLM) that are designed, defined, and continuously evolved 
by the application of artificial neural networks (ANN). ANNs are the digital 
equivalent to the biological nervous system. DLM built with ANN are the 
intermediate stage for building autonomous robots. An intelligent robot will 
recognize organs, tissues, and surgical targets to execute a task that is either 
supervised by a surgeon or robot automatically, thereby complementing human 
performance.

To build DLM, large amounts of high-quality annotated data would be required; 
ideally, these data would be sourced from multiple centers following uniform 
standards. It has been observed that DLM, when deployed for clinical use, learn on 
their own and learn much faster than the human brain can ever do. DLM have a 
voracious appetite for data before their performance starts plateauing when the law 
of diminishing returns comes into force. A driverless car continuously captures and 
processes data through multiple sources and, thereby, constantly improves its own 
performance. Similarly, it is feasible to collect surgical data through intraoperative 
sensors and external and internal videos and as a direct feed from machines used for 
monitoring the patient during anesthesia [15]. These sensors could also potentially 
highlight blood vessels, nerve cells, tumor margins, or other important structures 
that could be hard to visualize [16].

The massive data obtained through relevant sources is profoundly rich and its 
immense potential to underline the indicators of surgical performance. DLM built 
with this big data would be able to preempt unexpected events and, correspondingly, 
lend an opportunity to the surgeon to preempt, intervene, and prevent potential 
complications. The futuristic robotic systems would be able to recognize the 
presence of a specific surgeon sitting at the console and provide him/her the instant 
access to one’s own analyzed performance data in the backdrop of the global data 
relevant to the procedure displayed in real time for an instant and smarter surgical 
decision-making. With the advent of cloud services, low latency, and 5G Internet, it 
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has been possible to instantly exchange information between machine–machine, 
machine–human, and human–human [17].

The large image repository of big data and the libraries of past case information 
along with the experience of the master surgeons are rich ingredients of building 
robust DLM. At the simplest level, a surgeon could view the data, animation, videos, 
and simulation for real-time interaction and, accordingly, would harness its immense 
potential in much improved surgical decision-making [18]. Validated DLM would 
be stored in the cloud to access on demand. It would not only overlay clearly laid 
blood vessels in relation to a tumor but also provide “pearls of wisdom” on how an 
expert surgeon would negotiate tricky bends in troubled waters. Furthermore, 
intelligent robots would be capable of selecting appropriate instruments and provide 
high-quality support in decision-making of the surgeon. “Digital Surgery,” a health 
technology start-up company based in London, launched the first dynamic artificial 
intelligence system as a live-operating tool [19].

The reference tool helps to support surgical teams through complex medical pro-
cedures that are described akin to “Google Map for surgery.” Digital surgery system 
aims at five billion people around the world who do not have access to well- tolerated 
surgical care. The platform leverages cameras and computer vision to recognize 
what is happening during surgery while cross-referencing a vast library of surgical 
guides and, thereupon, helps in predicting difficult situations to choose a correct 
approach. Surgical teams get real-time analysis and feedback via audio and visual 
cues, and thereby, they can guide using a wireless pedal. This is a true intersection 
of technology and surgery. Verb Surgical (Verb Surgical Inc., J&J/Alphabet, 
Mountain View, CA, USA) is a digitally enabled surgical platform with advanced 
instrumentation, low-latency connectivity, data analytics, advanced robotics, 
advanced visualization, simulation, and machine learning. The company is project-
ing its goal to democratize surgery and increase information to the surgeon given 
during a procedure [14].

Recently, Intuitive Surgical, Inc. obtained the FDA 510(k) approval for IRIS 1.0 
System which processes medical images and delivers personalized segmented 
image studies (3D anatomical models) to the surgeons as a roadmap to the surgery 
of the patient. The surgeon would be able to manipulate the labeled multiplanar 
reconstructions on their iOS device to develop a surgical plan. It would also be 
possible for the da Vinci surgical system TilePro input to display 3D models and 
high-resolution stereo viewer via hardwire connection from the iOS device. This 
tool will allow image processing, review, analysis, communication, and media 
interchange of multidimensional digital images acquired from CT images [20].

3  Autonomous Robots

The primary prerequisite for developing autonomous robots is the availability of 
reliable, relevant, and robust data. It is from here that additional building blocks, 
generally reliant upon computer vision, may be laid. Computer vision is a 
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deep- learning technique to understand image data and deal with tasks such as object 
detection, classification, and segmentation. Convolutional neural networks are a 
type of deep-learning algorithm designed to process data that exhibits natural spatial 
invariance (images whose meaning does not change under translation). Object 
detection and segmentation algorithms identify specific parts of an image 
corresponding to objects. Currently, some of these tools required to build autonomous 
robots are thought to be 2D surgical scene segmentation, depth-map reconstruction, 
surgical skill evaluation [21], and surgical simulation and planning [22]. Owing to 
the limited availability of high-quality data, many of these building blocks are being 
built from data from a select few competitions. In our excitement at the public 
release of data, we competed in two separate competitions [21, 22]; one for 3D 
segmentation and the other for 2D segmentation. The prior competition is geared 
toward presurgical planning and diagnostics, and the latter is oriented toward real- 
time object detection.

4  Big-Data Capture and Data Sharing

Healthcare is expected to generate 2314 exabytes (one billion gigabytes) of data by 
2020 in the USA that is growing 48% annually (Stanford report), but it is also true 
that most of the data remain uncaptured or unutilized. Currently, we have 
unstructured, heterogeneous data available in silos not ready to be used meaningfully. 
Organizing and cleaning data are labor-intensive, immensely costly, and time- 
consuming tasks [14].

In the current medicolegal climate and data-conscious society, organizing such a 
repository is an endeavor of astronomical complexity and cost. As the balance 
between investment for scientific innovation and keeping it business-wise is often 
difficult to achieve, even for technology companies with deep pockets, it is difficult 
to build such repositories that are integral to building autonomous surgical robots. 
Gaining the consent of patients (current and past) would be an uphill task that has 
potential to be a legal and ethical minefield. As a corollary to this, the world-class 
artificial intelligence researchers have extremely limited access to high-quality 
surgical data for their research, which is a huge missed opportunity for the growth 
of autonomous robotic surgery. It is worth highlighting that the legal agreements 
between hospitals and the companies investing in innovations have been challenged 
by the regulatory bodies guarding the interest of patients, for example, Google and 
the University of Chicago Medical Center data sharing agreement has been 
challenged legally raising privacy concerns [23].
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5  Nanosurgery

The smallest and most interesting leap for minimally invasive surgery is nanotech-
nology, because it would harness many potent facets of biotechnology: robotics, 
natural orifice surgery, and genetic/protein level cellular rearrangements of an ill-
ness. Researchers at the Hospital of the University of Pennsylvania are working on 
ways to use nanotechnology to treat acute respiratory distress syndrome with lipo-
somes targeted to the pulmonary endothelium. They are approximately 100 nm in 
size and function as drug carriers coated with antibodies that bind to the inflamed 
pulmonary capillary endothelium [24].

6  Soft Robots

Equally impressive, but more on a macro scale, the origami robot is an ingested 
robot that unfolds within the visceral lumen and is magnetically controlled 
extracorporeally to image/diagnose or repair damaged organs [25]. Soft robotics 
may offer the greatest integration with the quickest timeline of current technology 
and surgical principles at hand by incorporating minimally invasive access and 
human control. Through soft robotics, the near future of robotics seems most 
attainable. Harvard University’s Octobot is the first fully soft robot that is controlled 
by a microfluidic logic system rather than a rigid chip and fueled by hydrogen 
peroxide cells. In addition, it potentially offers the potential of controlled or 
autonomous intra-abdominal surgery and imaging [26].

7  Conclusion

With so many amazing new and overlapping technologies, surgeons are on the verge 
of a robotic surgery explosion that will yield dozens of unique robotic fusions. How 
can human surgeons remain competitive and at least semiautonomous? Basically, 
the answer lies with the surgeon: surgeons must view the development of robotics 
in surgery as a meaningful journey of discovery to gain more knowledge for the 
benefit of our patients. As robotic surgeons, we are committed to pursuing a safer 
and less invasive platform that, combined with the dual interaction between surgeon 
and robot, will enable us to achieve greater outcomes for patients while ensuring 
that we have holistic identity in their care.
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