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Abstract

Telerobotics has emerged as a pivotal technology across multi-
ple domains, including industrial automation, healthcare, and telep-
resence. This narrative review synthesizes current research and
advancements in telerobotics, analyzing its impact on efficiency,
precision, and human safety. The review also explores key chal-
lenges such as latency, cybersecurity vulnerabilities, and economic
constraints that hinder widespread adoption. Finally, future direc-
tions are discussed, emphasizing improvements in network reliabil-
ity, human-machine interaction, and cost-effective implementations
to expand the practical applications of telerobotics.
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Introduction

To understand telerobotics or teleoperated surgery, we must first
recognize the meaning and function of a surgical robot. A surgical
robot is a “computer-controlled electromechanical device that can
be programmed to aid the positioning and manipulation of surgical
instruments”, especially in laparoscopic approaches, thus helping
surgeons perform complex procedures more easily, improving over-
all patient care.!

Surgical bots are categorized according to their function: pas-
sive robots perform sequences of movements programmed preoper-
atively or serve as guidance to a precise surgical target (usually
marked preoperatively); active robots require the surgeon to directly
manage the bot intraoperatively.

Many robotic devices have been developed,? mainly divided
into robotic camera holders (e.g., AESOP [Intuitive Surgical,
USA], VIKY [EndoControl, France]), which provide a steady plat-
form for the optical camera, dismissing the need for a camera
holder assistant; immersive telerobotic surgical systems (e.g., Da
Vinci [Intuitive Surgical, USA]); and open remote-control stations
(e.g., Senhance [Asensus Surgical, USA], Hugo [Medtronic,
Ireland/USA]).3

The aim of this narrative review is to explore the topic of robot-
ics and telesurgery from a multidimensional perspective, with par-
ticular emphasis on technological advancements, the application of
telerobotics in emergency settings, the current challenges associated
with its implementation, and potential future implications. The deci-
sion to address these themes stems from the growing clinical rele-
vance of remote surgery. Indeed, the advent of hyper-specialized
surgical fields — such as geriatric surgery, HPB surgery, and bariatric
surgery, among others — may create significant opportunities for the
use of this approach, not only for performing remote surgical inter-
ventions but also for telementoring.

The strengths of this review lie in its transversal approach, inte-
grating the various aspects mentioned above to provide an up-to-
date overview of the current potentials and limitations of teleoper-
ated surgery. As a narrative review, it does not provide a systematic
assessment of the quality of included studies nor a quantitative syn-
thesis of data; rather, the reflections offered are based on a critical
and qualitative selection of the literature, aimed at guiding a com-
prehensive understanding of the phenomenon and identifying key
areas for future development.

Materials and Methods

This narrative review was conducted using a structured litera-
ture search aimed at collecting and synthesizing current evidence
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and insights on robotic and teleoperated surgery, with a focus on its
historical development, technical evolution, emergency applica-
tions, ethical implications, and prospects.

The literature search was carried out using two major scientific
databases: PubMed (MEDLINE) amd Google Scholar.

The following search terms and keyword combinations were
employed to identify relevant publications: telerobotics, teleopera-
tion, telepresence robotics, robotic surgery, remote surgery, digital
health, automations, robotics, telemedicine, remote control, and
robot-assisted surgery.

Boolean operators (AND, OR) were used to refine the results,
and additional articles were identified by examining references with-
in selected studies.

Inclusion and exclusion criteria

The inclusion criteria comprised: i) articles published in
English; ii) peer-reviewed studies, clinical reports, narrative
reviews, or institutional documents; and iii) publications address-
ing clinical, technological, ethical, or regulatory aspects of robotic
or teleoperated surgery.

The exclusion criteria included: 1) non-English publications; and
il) entries available only as abstracts or lacking sufficient detail for
comprehensive assessment.

Selection process

Titles and abstracts were screened for relevance. Full texts of eli-
gible articles were reviewed and thematically categorized into sec-
tions reflecting the structure of the review: origins and development,
present limitations, emergency applications, regulatory and ethical
concerns, and future directions.

Discussion

Origins and early developments of robotic
and telepresence surgery

Before the first robotic prototypes emerged, laparoscopic sur-
gery had already marked a major shift in the surgical field, driven
by pioneers like Kurt Semm and Erich Miihe.* This breakthrough
led to the conception and successful execution of countless surgi-
cal procedures.’

The development of surgical robots was, in fact, a direct
response to the need to overcome the limitations of conventional
laparoscopy — such as two-dimensional vision, limited instrument
articulation, and poor ergonomics — while retaining its major advan-
tages: reduced morbidity and postoperative pain, lower complication
rates and severity, shorter hospital stays, faster recovery times, and
smaller, more aesthetically acceptable incisions.

The first and most significant milestone in the history of robotic
surgery can be traced back to 1985, when the industrial robot PUMA
200 was employed for the first time in neurosurgery, tasked with
positioning a needle for a CT-guided brain biopsy. This pioneering
procedure marked the beginning of the exponential spread of robotic
surgery across all other surgical disciplines.®’

In those same years, Joseph Rosen (a plastic surgeon) and Scott
Fisher (computer scientist) devised the first ideas of telepresence
surgery, combining a robotic telemanipulator system for hand sur-
gery being developed by Philip Green (mechanical engineer) with
the virtual reality systems being developed by Michael McGreevey
and Stephen Ellis (lead scientists at the NASA Ames Research
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Center). They hypothesized a virtual console, a head-mounted dis-
play for live images, and the surgeon wearing electronically wired
gloves (also known as data gloves) that would detect hand motions
and control the subsequent manipulation of the remote robotic
instruments.® Due to technical obstacles (lack of resolution and
instrument dexterity), they reverted to a prototype with a console, a
monitor to view the video image of the surgical site, and handles as
controllers for telemanipulation.’

The notion of telepresence surgery garnered significant interest
within the military for combat casualty care; consequently, in 1994,
the inaugural remote telesurgical procedure, an intestinal anastomo-
sis on ex vivo porcine intestine, was executed utilizing a wireless
microwave connection between a surgical console and a military
vehicle equipped with the robotic prototype. Its potential was seen
as a means to overcome healthcare staff shortages in remote, near-
inaccessible, hostile areas.?10

The 1990s witnessed the development of the inaugural laparo-
scopic camera holder robot, known as the Automated Endoscopic
System for Optimal Positioning (AESOP), engineered by Yulun
Wang, as well as the first telesurgical cholecystectomy on a female
patient, conducted by Drs. Jacques Himpens and Guy Cardiere in
Belgium. Since its creation, robotic technology has found itself
establishing a symbiotic relationship with surgeons, leading to great
enhancements in performances.!!

The first intercontinental telerobotic telementored procedures
were performed in 2000 between two operating sites, 8,000 km apart
(Rome-Baltimore). Five urologic procedures were accomplished
using the AESOP device, with analog (audio/video) signals transmit-
ted via four high-capacity telephone lines and digitally converted by
a modem. The remote mentoring surgeon had control of the laparo-
scope, telestration, and electrocautery.!? The operating timing was
proportional to conventional laparoscopy, and the signal latency
amounted to 700 ms, which didn’t altogether affect the accomplish-
ment of the procedures.!3

From the outset, it has been evident that transmission speed con-
stitutes a critical factor in the feasibility and implementation of
telesurgery.

This led in 2001 to the first true remote robotic cholecystectomy
performed by a NYC surgeon on a patient in France (the so-called
Lindbergh operation) via a high-speed terrestrial optical-fiber net-
work.!* The movements executed by the NYC surgeon became
apparent within 155 ms on his video screen.!’

Another important example of telerobotic remote surgery
occurred in 2003 between two Canadian hospitals 400 km apart.
Twenty-one patients underwent complex general surgery procedures
(Nissen fundoplication, right hemicolectomy, anterior rectal resec-
tion, sigmoid resection, laparoscopic hernia repair) with the aid of
the Zeus-TS (Computer Motion, USA) surgical system and an IP-
VPN network connecting the arms of the Zeus system to a remote
robotic console where the expert surgeon took command of the
robot’s arms. An interesting fact is that the internet network included
an active line and a redundant active backup line ready in case of
failure of the first one; moreover, the quality of service of the line
was set to perform at the highest priority, ensuring signal transmis-
sion at the most rapid rate possible and with priority over any other
traffic on the network. The overall signal latency was 135-140 ms,
of which 14 ms was due to network delay between the two locations,
and the rest to compressing and decompressing the video signals.
Although the latency was perceived by the telerobotic surgeon, it
caused no inconvenience in the procedures. !¢

The impact of variable time delays on surgical performance
between two remote sites was examined during a robot-assisted
laparoscopic cholecystectomy on a pig at two French sites spaced
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1,000 km apart. The time lag was artificially increased from the stan-
dard 20 ms up to 551.5 ms. The acceptable time-delay limit was
around 330 ms.

Current challenges, ethical and legal
considerations

Following the exploration of the historical milestones that have
shaped the field of robotic and telepresence surgery, it becomes
essential to critically assess the current capabilities and limitations of
these technologies. As their use continues to expand across various
surgical disciplines, understanding both their strengths and inherent
challenges is crucial to inform future development, clinical applica-
tion, and integration into standard surgical practice.

Among the most appreciated features of telepresence systems is
the ability to create a fully immersive surgical experience, simulat-
ing the sensation of being physically present at the operative field.
This is made possible through high-definition 3D imaging, real-time
audio-video transmission, and precise remote manipulation of robot-
ic instruments.!” The robotic instruments are 8 mm wide (compared
to the 5 mm in conventional laparoscopy), and allow high levels of
dexterity due to 7 degrees of freedom (vs. the 4 of conventional
laparoscopy), mimicking natural wrist-like movements while auto-
matically minimizing physiological hand tremor and abolishing the
fulcrum effect of laparoscopic instruments. !8:19

However, “all that glitters is not gold”, for even robotic surgery
has its flaws. For example, it incurs higher costs both in purchase
and manipulation, longer operational mean time (including set-up
and disassembly time), a larger volume occupied by the device,
training expenses, and equipment maintenance and replacement. A
major drawback is the lack of haptics, or tactile feedback.2° The sur-
geon cannot actually feel the texture and resistance of the tissues as
the instrument meets and handles them, but has to settle on visual
cues, previous surgical experience, and knowledge of the anatomy
and surgical planes. Other limiting factors include mechanical or
electronic breakdown/dysfunction of the robotic equipment,?' the
current absence of artificial intelligence automation of the devices,
the time delay necessary to convert video-audio communications
and surgical movements into electronic signals, the bandwidth and
time delay of telecommunication lines, and problems with multi-
quadrant surgeries. Moreover, for some procedures, there is no high-
quality evidence that robot-assisted laparoscopy is superior to con-
ventional laparoscopy or laparotomy.?2

Remote or telepresence surgery adds another layer of complex-
ity, requiring robust safety measures to address risks like mechanical
or electrical failures, signal delays between the operating room,
robotic console, and remote site, internet outages, and the need to
quickly convert to open surgery if complications arise.

More recently, cybersecurity has become a critical concern: as
with any electronic system, robotic surgical devices are vulnerable
to hacking. Malicious attacks could disrupt communication or, in the
worst cases, lead to harmful or even fatal actions, posing potentially
catastrophic consequences.

Considering these concerns, the scientific community has
acknowledged the necessity to establish regulations governing the
use of robotics and telemedicine. Thus, in 2006, at Mount Sinai
Medical Center in NYC, a multidisciplinary group, the SAGES-
MIRA Robotics Consensus Conference, assembled to draft guide-
lines regarding the training and credentialing, clinical application,
surgical risks and benefits, and potential research.!® In 2021, a
position paper on the use of robotic surgery in emergency settings
was drafted by the WSES.?3 Robotic surgery in emergent surgical
cases overall includes socio-economically disadvantaged patients,
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ethnic minorities, extreme age groups, very often multiple comor-
bidities and late-stage diseases, and requires a hemodynamically
stable condition.?*

The role of robotic surgery in emergency setting (ROEM) study
in 2023 sought to define a protocol on the feasibility of robotic sur-
gery in acute settings such as acute cholecystitis, obstructed hernias,
and acute diverticulitis.?’ The different studies taken into considera-
tion, including those by Milone et al.,?® Kudsi et al.,?” and Curfiman
et al.,*® all concluded that the robotic platform is suitable and has
overall better outcomes and fewer complications despite higher
costs and appropriate expertise.?’ The same results are shown in
emergent major oncologic gastrointestinal robotic procedures.? It is
worth noting that the results of these studies, although encouraging,
are not statistically significant compared to open or laparoscopic
approaches.’!

An international survey in 2022, the Artificial Intelligence in
Emergency and Trauma Surgery (ARIES) project, was aimed at
obtaining surgeons’ opinions and perspectives on the topic.3233 A
WSES consensus statement on a laparoscopic-first approach in acute
settings has been recently published, and it hints at the possibility of
taking into consideration robotic technology if equipped with due
skill, experience, and appropriate platforms.3*

However, the adoption of robotic surgery, both in elective pro-
cedures and in urgent and emergency settings, is still expected to
face medico-legal and ethical challenges in the coming decades.?
The establishment of structured robotic training programs, the
updating of informed consent forms, and the enactment of clear laws
and specific guidelines are necessary. These issues will need to be
addressed within the scientific community in the coming years in
order to prevent legal disputes, malpractice claims, and concerns
regarding legal liability involving multiple stakeholders.3

Future perspectives and emerging technologies

The future of robotic emergency surgery is intertwined with that
of technological development,’” including tactile and kinesthetic
inputs, artificial intelligence and deep learning, nanotechnology, and
the automation of robots.3® Many companies are striving to create
valid substitutes for the Da Vinci platform.?® The Senhance platform,
for example, is able to provide tactile haptic force and has polarized
glasses that allow a 3D eye-tracking camera, which centers the
image at the point the surgeon is looking at.*0 The MiroSurge is a
telemanipulated robotic system that incorporates 3-5 instrument-car-
rying arms that can be mounted almost freely on the surgical table
rails,*! and the SPIDER (Asensus Surgical, USA) is a single-port
robotic platform developed for minimally invasive surgery that
allows the insertion of 4 flexible instruments through a single-inci-
sion site.*?

Regarding scientific research, space agencies like NASA have
been leading remote teleoperated procedures in extreme environ-
ments, such as underwater laboratories (e.g., the NASA Extreme
Environment Mission Operations project (NEEMO) missions)
since 2001; in 2007, they managed to complete a suture on a pup-
pet in simulated zero-gravity conditions via telementoring, with a
3 s signal latency at most. It is important to note that these experi-
ments are conducted on Earth, whereas in space, communication
latency can reach up to 24 min for receiving requests from the
spacecraft and an equal duration for transmitting responses from
the ground control center. 43

The military also uses underground/underwater or otherwise
inaccessible environments to conduct autonomy tests on surgical
robots that could be deployed to perform “damage control” surgical
procedures* near the front lines of a war zone as part of mobile sur-
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