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ABSTRACT

Robotic systems in remote surgery have significantly transformed the landscape of modern medical
procedures. These innovations have improved precision, reduced recovery time, and extended specialist
access, especially in underserved regions. However, despite the advancements, several challenges persist.
This paper critically evaluates the benefits and limitations of robotic systems in remote surgery. It
highlights technological issues such as communication latency, system reliability, and lack of tactile
feedback, as well as non-technical barriers such as cost, training, and global accessibility. Through case
studies, the paper examines the current state of robotic systems in telesurgery and suggests future
directions for overcoming existing hurdles.
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INTRODUCTION
Surgical procedures have undergone massive evolutions since their inception several centuries ago.
Medical professionals have moved from open surgeries to laparoscopic and, more recently, robotic
systems. The growing designs of robots for these systems have encouraged further research in this
innovative direction. Early applications of these robots mostly paralleled human actions from the console
and were, thus, termed "hands-free" surgery. As these robots began to take a more automated approach, a
symbiotic form of surgery became increasingly tangible across surgeon groups in both medical and
paramedical fields such as engineering. With the potential for remote surgery having become a reality,
exploring what one could not do in robotic systems furthered the field by trying to correct these flaws.
Additionally, creating a robotic surgery system without identifying its limitations would be "an injustice
to the potential applications that have not yet been explored that really may require it" [1, 27. The
addition of human-like dexterity reduced the fear of errors in large complex human surgeries, also
eliminating the risk of fatality. This provided further innovations in cases of mass disasters and the need
for increased accessibility to specialists in developing countries. The benefits of the increased precision
provided with dexterity could increase patient satisfaction with surgical outcomes. Surgery using
minimally invasive techniques allows patients a faster recovery time, thereby reducing any additional
costs the longer recovery normally entails. While the process of removing human error and injury due to
a system by using feedback control was reaching high levels in most other fields, the belief was that it
would also help the healthcare system in further reductions in insurance fees, medication, and various
tests similar to other systems available for diagnostics and treatment. This paper aims to critically
evaluate the advantages of surgical robotics, the criticisms, and, mainly, their effects. A few areas have
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been reached with their best performances, while others seem to continue explaining why utilities have
barely scratched the surface [[3, 4.

Overview of Robotic Systems in Remote Surgery
Robotic systems have revolutionized surgical procedures and have been adopted as a standard practice in
operating rooms across the world. Such systems enable surgeons to perform procedures with high
precision, less trauma, minimal blood loss, and shortened recovery times. The evolution of robotic
systems is attributed to the development of minimally invasive surgical techniques, the field of
telesurgery, space and military research, information exchange, and the development of enabling
technologies such as haptic interfaces, position sensors, and high-speed networks [5, 67]. Robotics have
further evolved in the last two decades, and various specialized systems have been developed,
characterized by enabling features such as teleoperation, haptic feedback, advanced imaging, and other
sensory features. Commonly employed robotic systems for remote surgery purposes can be categorized
into four types: end effectors, mobile robots, master-slave robots, and wristed robotic arms. These
systems are utilized to provide patients or subjects with minimally invasive therapy interventions, and
they can be integrated into MRI scanners, CT scanners, and angiography suites. Additionally, these
robotic systems enable the performance of surgery, tissue and pathology biopsies, muscle and joint
treatments, explorative surgery, and cough tests [7, 87. The integration and certification of robotic
systems with the existing medical equipment comply with the relevant harmonized standards and
regulatory agencies. In recent years, the market trend for robotic systems, including teleoperated remote
systems, vibratory-based systems, and MRI-compatible robots, has shown an increasing interest in using
robots for this type of intervention. Furthermore, teleoperated robotic systems that can interact with a
surgeon using haptic feedback in real-time are also included in the market trend, providing a
comprehensive overview that future robotic systems will consider regarding restrictions on market
demand. As a result, concerning the utility function, medical robotic devices should not pose any potential
danger, ensuring the safety of the devices [[9, 107].

Benefits of Robotic Systems in Remote Surgery
Remote robotic systems provide an efficient means of improving precision and dexterity in the context of
remote surgery. Robotic systems help turn the surgeon's hand movements into those with improved
precision, providing superior control and tactile sensitivity. This added level of fine motor control and
precision potentially translates to improved patient outcomes. Through the use of haptic feedback, robotic
telemedicine allows surgeons to "feel" in a very limited fashion the forces encountered during surgery.
Broadly speaking, operational ranges for remote and robotic systems are user-programmable. These
features could potentially make for an easy transition to increasingly common, albeit in many cases
uninitiated, robot-assisted surgical procedures of increased technical complexity such as partial
nephrectomies or reconstructive surgery. Robotic remote surgical systems offer a platform for less
invasive surgeries, which in turn might benefit the patient in terms of reduced scarring and/or improved
recovery time in comparison to more radical open surgeries [11, 127]. The use of robotic systems also has
the potential to improve the overall healthcare environment. The advent of minimally invasive surgery
demonstrates extensive economic advantages, reduced pain and recovery times for the patient, and
reduced displacement and fatigue for otherwise standing assistant staff in the crowded, unergonomic,
radiation-laden environments of most major surgical subspecialties. Expanded use of ambidextrous
telesurgical systems could serve as an excellent means of mathematically defining the non-verbal and
partially directed intricacies of a given surgical robotic system. This definition could foreseeably be
employed as part of the training process. Insomuch as remote surgical robotic systems might offer points
of entry for direct multiple remote operator control, the resultant points of operation of the robot are
assumed to be very similar, if not identical. The robotic extension of minimally invasive laparoscopic
surgeries therefore will not differ from side to side with minor exceptions. Given the preponderance of
dual-console surgically oriented robots in laparoscopy, a practicing laparoscopic surgeon would in theory
not have to take the "oft" console whenever passing back and forth on a remote or robotic surgical case.
In current practice, the off console is indeed vacated during a switchover. The number of surgeon-staft
available to be off-console is often limited; however, necessitating some form of automatic robotic
transition on the "off" console [13, 147].

Challenges and Limitations of Robotic Systems in Remote Surgery

Robotic systems have become an attractive option for the execution of remote surgeries. Despite this, the
technology also presents researchers with numerous challenges, both of a technical and a non-technical
nature. At the end of the day, the most desirable properties of a robotic system for surgical intervention
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are that it can reliably reproduce what a surgeon wishes to do. The majority of technological limitations
of these systems are related to the digitization of the human operator and patient, and the transmission of
commands over a network. First, there exists the problem of time delay in the communication line
between the human and the robotic system, and the reflected delay arising from the control system
present within a robotic system. The latency and low data throughput of the available technologies will
also determine the burden of the data compression strategy potentially implemented to reduce the impact
[15, 167. The cost of purchasing, as well as the maintenance of such remote surgical robotic systems, is
also a downside of present implementations. Although most developed countries can afford such expenses
and incorporate the use of such systems in their medical facilities, there exist many developing countries
that would struggle to do this. Most of the robotic systems proposed are composed of state-of-the-art
technologies and thus are very expensive to produce. Apart from the expenses, other factors that should
be taken into account for implementation in a hospital are the respective training programs needed for the
surgeons to get used to the technologies and prior experience with telecommunication software and
human control. It should be noted that the surgical robot is traditionally looked upon as the surgeon's
arms. Mastering the controls that the robot offers may be the most difficult hurdle that surgeons may
have to encounter. The feeling of deoculus manibus that the surgeon may have would be comforting [17,
187. Based on the distance present and the time delay, or to be more specific, the consequences of an
insurmountable and unmanageable time delay, it is generally accepted that there are four types of
teleoperations. Although any teleoperator could be a form of remote surgery, we shall focus on the details
of communications performance. Teleoperation systems are subjected to the constraints of asymmetry
(even though surgeons and patients are performing in the same physical environment, the surgeon is
subject to much more feedback). There is also little or no tactile feedback available in control systems, and
psychophysical transparency, and abilities to manipulate remote objects, are limited. In addition to the
note at the beginning of this paper, there should be emphasis on some of the preliminary discussions
about teleoperations, humans at a remote location, robotics, etc., including those on safety and reliability.
These are currently live discussions in the robotics community. Furthermore, while these issues are
significant in other teleoperation arenas, they are, for the most part, less mature and have significant
challenges that must be addressed. Hyper research is therefore dedicated to these topics [19, 207].

Case Studies and Examples
To concretely examine the problems associated with developing a robot for remote manipulation and
telesurgery, we have developed a small series of prototype systems. These systems are: 1) a small five-
degree-of-freedom robotic arm for basic research; 2) a pair of nine-degree-of-freedom arm/hand robotic
systems designed for control and study of the issues involved in preparing the operation fields of remote
surgery; 3) a master-slave force-controlling robotic system that is cable-operated; and 4) an optically
tracked master-slave force-reflecting robotic system capable of providing base isolation. These systems
exhibit the basic technologies involved: integrated robot design, base isolation, and advanced
human/machine interfaces all implemented using a small number of degrees of freedom in each arm in
keeping with a measure of controller simplicity, possibly easing the burden that LEDs and head-mounted
optics impose on the surgeon [21, 227]. For each unique interface and researching its potential, we have
executed a series of simple manipulation experiments and occasionally generated models of forces and
torques caused by blunt or sharp tools. For example, we have determined some force properties of forced
probing where a feedback loop is governed by passive manipulation of the robotic systems by the
operator. As a result, we are accumulating the requisite practical knowledge with a few robotic system
degrees of freedom currently available in readily deployable, cost-effective systems [23, 24°].

Future Directions

Recently, the advent of robotic systems for remote surgery suggested potential support for performance
improvement due to cognitive overload. In this paper, we discussed the motivations for pursuing robotic
surgical systems and existing robotic-assisted systems for semi-automated and teleoperated procedures.
Although progress suggests that such systems have clinical potential, there are still limitations, such as
variations in cognitive load monitoring, the assessment of surgical skills, and the ethical impact of
performing general surgery without clinical training, which must be addressed. Future work must
carefully consider these limitations and aim to expand on areas of promise for validated progress. The
possible distribution of high-quality surgical care and knowledge on a global scale has been established as
a future direction for medical innovation by robotics companies. The demand for surgery is expected to
evolve in alignment with the growing prevalence of non-communicable diseases in developing countries.
It will be crucial that future developments of robotic surgical technology focus on addressing the
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limitations of remote systems previously discussed and plan more broadly to generate innovative
solutions for the healthcare demands of tomorrow. The development of such surgical technological
systems will require collaboration between a wide interdisciplinary range of stakeholders: technologists
and engineers must work with medical professionals to develop clinically relevant, evidence-based
systems that can be trusted through the regulatory process. Given these large-scale collaborative systems
development projects, the true potential of robotic surgery could still lie in the future. Building upon the
present discussions in remote technology, recent advances in robotic applications in telesurgery are also
prominent. There is ongoing research in telesurgery systems, and this project is a progenitor of
telesurgical robotics [25, 26, 27 ].
CONCLUSION

While robotic systems for remote surgery have shown considerable promise, several significant
limitations hinder their widespread adoption and effectiveness. Key challenges include communication
delays, lack of tactile feedback, and the high cost of implementation, particularly in developing countries.
These factors restrict the potential for large-scale deployment and comprehensive use. Nevertheless,
advancements in robotics, teleoperation, and interdisciplinary collaboration between engineers and
medical professionals continue to push the boundaries of what is possible. Future research should focus on
improving system reliability, reducing costs, and enhancing the training processes for surgeons, while
also addressing the ethical concerns around performing surgeries remotely. The future of remote surgery
lies in overcoming these challenges, fostering innovation, and ensuring that the benefits of this
technology are accessible worldwide.
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