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Abstract 

Telesurgery, a rapidly evolving subset of robotic-assisted 

surgery, enables highly skilled surgeons to perform 

operations on patients remotely, transcending 

geographical barriers and enhancing access to specialized 

medical care. This review article provides a 

comprehensive overview of the current landscape of 

emerging telesurgery, focusing on the technological 

innovations that have propelled its advancement, 

including 5G/6G connectivity, advanced robotic 

platforms, artificial intelligence, and sophisticated haptic 

feedback systems. We explore its expanding clinical 

applications across various surgical specialties and 

discuss the profound benefits it offers in bridging 

healthcare disparities, improving patient outcomes, and 

facilitating surgical training. Concurrently, the article 

delves into the persistent technical, financial, ethical, 

legal, and human factor challenges that impede its 

widespread adoption. Finally, we examine future 

perspectives, including the integration of 

virtual/augmented reality, further miniaturization of 

robotic systems, increased autonomy with human 

oversight, and the critical need for global policy 

harmonization. As a transformative force in modern 

healthcare, telesurgery holds immense promise, 

necessitating continued research, interdisciplinary 

collaboration, and robust regulatory frameworks to 

realize its full potential. 

Keywords: Telesurgery, Robotic Surgery, Remote 

Surgery, 5G, 6G, Artificial Intelligence, Haptic Feedback, 

Telemedicine, Healthcare Access, Surgical Innovation, 

Digital Twin. 
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Introduction 

Telesurgery, a cutting-edge application within the broader 

domain of telemedicine, refers to robotically-assisted 

surgical procedures where the operating surgeon is 

physically separated from the patient. This distinction is 

crucial: while telemedicine encompasses a wide array of 

remote healthcare services (including diagnostics, 

consultations, and monitoring), and "remote surgery" 

might broadly include any non-proximal surgical 

assistance, telesurgery specifically denotes the direct 

manipulation of surgical instruments by a surgeon at a 

distance, facilitated by sophisticated robotic systems 

connected via high-speed networks. The concept, once 

confined to science fiction, has rapidly transitioned into 

clinical reality, driven by convergent advancements in 

robotics, telecommunications, and artificial intelligence.
1
 

The genesis of telesurgery can be traced back to early 

experiments in the late 20th century, notably the 

"Lindbergh Operation" in 2001, which demonstrated the 

feasibility of transatlantic robotic cholecystectomy. While 

these pioneering efforts laid the groundwork, limitations 

in network infrastructure, robotic dexterity, and sensory 

feedback constrained widespread adoption. The present 

era, however, marks a significant paradigm shift. 

Emerging telesurgery, underpinned by revolutionary 

technological breakthroughs, offers unprecedented 

opportunities to democratize specialized surgical care, 

address the global disparity in healthcare access, enhance 

surgical precision, and optimize training methodologies. 

This review aims to systematically analyze these 

advancements, survey current clinical applications, 

identify the enduring challenges, and project the future 

trajectory of this transformative field.
2
 

 

Technological Advancements Driving Emerging 

Telesurgery 

The realization of safe and effective telesurgery hinges on 

several interdependent technological pillars that have 

matured significantly in recent years. 

Connectivity and Network Infrastructure 

The bedrock of reliable telesurgery is ultra-low latency 

and high-bandwidth communication. 5G technology has 

been a game-changer, offering peak data rates of up to 10 

Gbps and latencies as low as 1 millisecond (ms), 

drastically reducing the time lag between a surgeon's 

command and the robotic system's response. This 

improved connectivity is critical for maintaining real-

time control and preventing surgical errors. Recent 

human telesurgical procedures, such as an ultra-long-

distance robotic-assisted radical prostatectomy (RARP) 

from Asia to the Middle East, demonstrated an average 

round-trip latency (RTL) of 181.4 ms using a fiber optic 

broadband network with 5G as a backup. 

Looking ahead, 6G networks promise to push these 

boundaries even further. With anticipated data 

throughputs reaching terabits per second and sub-

millisecond latencies, 6G is poised to address 5G's 

remaining limitations in high-density data transmission 

and ultra-reliable low-latency communication (URLLC), 

paving the way for more complex and remote procedures. 

Edge computing complements these networks by 

processing data closer to the source (e.g., at the hospital 

or regional data center), significantly reducing the need 

for data to travel to distant cloud servers, thereby further 

minimizing latency and ensuring rapid decision-

making.
3,4

 

Robotic Surgical Systems 

Beyond the foundational da Vinci Surgical System, a new 

generation of robotic platforms is emerging with 
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enhanced telesurgical capabilities. These include systems 

like Toumai (Microport, China), which has been 

extensively used in multicenter telesurgical studies across 

China for various procedures (e.g., cholecystectomies, 

gastrectomies, radical prostatectomies) over distances up 

to 800 km. Other notable platforms include Ronovo 

Surgical's Carina™, TiRobot® system, CorPath GRX, 

―MicroHand‖, Edge® Multi-port Laparoscopic Surgical 

Robot MP1000, and Kangduo® Robotic System, many of 

which are undergoing clinical trials or gaining approvals 

globally. 

A significant advancement is the integration of haptic 

feedback systems. The Intuitive Surgical da Vinci 5, for 

instance, is the first FDA-approved da Vinci system to 

incorporate integrated force feedback haptic technology, 

allowing surgeons to "feel" the resistance and texture of 

tissues remotely, enhancing precision and safety. 

Furthermore, research into miniaturization and portability 

is yielding promising results, with miniature surgical 

platforms that can fit into a briefcase and operate 

wirelessly, developed for military and expeditionary 

environments, potentially enabling surgery in previously 

inaccessible locations.
5
 

Artificial Intelligence (AI) and Machine Learning 

(ML) 

AI is rapidly becoming an indispensable component of 

emerging telesurgery. AI-based algorithms are being 

developed to: 

1. Compensate for Latency: By predicting network 

delays and adjusting robotic movements or visual 

feedback, AI can help mitigate the impact of inherent 

latency. 

2. Enhance Visualization and Image Processing: AI 

can provide real-time 3D reconstruction, overlay 

augmented reality (AR) guidance onto live surgical 

fields, and analyze images for critical anomalies or 

structures, improving surgical precision. 

3. Surgical Planning and Automation: AI assists in 

pre-operative planning by creating patient-specific 

anatomical models and simulating surgical 

approaches. While full autonomy remains distant, AI 

can facilitate increased levels of automation for 

repetitive or precise tasks, always under vigilant 

human oversight. The concept of a "digital twin 

platform" is also emerging, where a virtual replica of 

the patient or surgical environment is created, 

enabling predictive modeling and enhanced training.
6
 

Cybersecurity and Data Security Protocols: 

With remote connections and the transmission of 

sensitive patient data and control signals, cybersecurity is 

paramount. Robust protocols are essential to prevent 

unauthorized access, data breaches, and system 

manipulation. This includes: 

a) End-to-end encryption for all data transmission. 

b) Secure authentication and authorization 

mechanisms for surgeons and support staff. 

c) Compliance with international data privacy 

regulations such as GDPR and HIPAA. 

d) Redundant systems and fail-safe mechanisms to 

ensure system reliability even in the event of 

cyberattacks or technical malfunctions. Research is 

ongoing to develop semantic constraints and policy 

frameworks that ensure data integrity and privacy in  

complex healthcare robotics ecosystems.
3
 

Current Clinical Applications and Case Studies 

Telesurgery is increasingly demonstrating its clinical 

utility across a diverse range of surgical specialties, 

transforming how and where complex procedures can be 

performed. 
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Expanding Access to Specialized Care 

The most profound impact of telesurgery lies in its ability 

to transcend geographical barriers. It allows highly 

specialized surgeons, typically concentrated in urban 

centers, to operate on patients in remote, rural, or 

underserved areas, where access to advanced surgical 

expertise is severely limited. This directly addresses 

healthcare disparities and ensures that patients receive 

timely, expert care without the burden and risks of long-

distance travel. Successful human telesurgeries from Asia 

to the Middle East for radical prostatectomy exemplify 

this capability. 

Prominent Clinical Procedures 

While early applications focused on relatively simple 

procedures, emerging telesurgery is being applied to 

increasingly complex cases: 

a) Urology: Robot-assisted radical prostatectomy 

(RARP) is one of the most common telesurgical 

procedures due to the well-established benefits of 

robotic assistance in this field. Other urological 

procedures like robot-assisted partial nephrectomy 

(RAPN) are also being performed. 

b) General Surgery: Procedures such as 

cholecystectomy (gallbladder removal), gastric 

surgery (e.g., total gastrectomy, gastrowedge 

resection), and colorectal resections have been 

successfully performed remotely. 

c) Gynecology: Hysterectomies and other 

gynecological procedures are also being explored. 

d) Emergency and Military Applications: The 

development of portable, miniature robotic systems 

for battlefield or disaster relief scenarios holds 

immense promise, enabling critical surgical 

interventions in austere environments.
6
 

 

Surgical Training and Mentoring 

Telesurgery offers an unparalleled platform for surgical 

education. Experienced surgeons can provide real-time 

remote proctoring and mentorship to less experienced 

surgeons in different locations. This facilitates knowledge 

transfer, allows for immediate guidance during complex 

cases, and accelerates the learning curve for robotic 

surgery, particularly in regions where expert trainers are 

scarce. Cost-effective robotic training systems are also 

being developed, allowing wider accessibility for 

training. 

Challenges and Barriers to Widespread Adoption 

Despite its immense potential, widespread adoption of 

telesurgery faces significant technical, financial, ethical, 

legal, and human factor challenges. 

Technical Challenges 

a) Latency Management: While 5G and edge 

computing reduce latency, achieving consistently 

sub-100ms or even lower RTL across vast distances 

remains a challenge, particularly in areas with 

fluctuating network conditions. Even small delays 

can compromise precision and safety. 

b) Bandwidth Requirements: High-definition video 

streams, haptic feedback data, and control signals 

demand substantial and stable bandwidth. Ensuring 

consistent quality of service (QoS) across public 

networks is complex. 

c) System Reliability and Redundancy: Any failure in 

the robotic system, network connection, or power 

supply during a remote operation can have 

catastrophic consequences. Robust fail-safe 

mechanisms, redundant systems, and backup 

protocols are crucial but add complexity and cost. 

d) Interoperability: Lack of standardized 

communication protocols and interoperability 
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between different robotic systems and network 

providers can hinder seamless integration.
7
 

Cost and Accessibility 

The high upfront cost of advanced robotic surgical 

systems (often millions of dollars), coupled with ongoing 

maintenance, software licenses, and specialized training, 

presents a substantial financial barrier. This limits 

adoption, particularly in low- and middle-income 

countries where the need for remote surgical expertise 

might be highest. 

Ethical and Legal Considerations: 

a) Patient Consent: Obtaining truly informed consent 

for a novel and complex procedure like telesurgery, 

especially when the surgeon is not physically present, 

raises new ethical questions regarding patient 

understanding and autonomy. 

b) Surgeon Liability and Accountability: Determining 

legal liability in case of malpractice becomes 

complex, particularly in cross-border telesurgery 

where different national legal frameworks apply. 

Questions arise regarding the jurisdiction, the 

surgeon's license in the patient's country, and the 

accountability of the technology providers. 

c) Licensure and Regulatory Frameworks: The 

absence of unified international licensing agreements 

and regulatory bodies for cross-border telesurgery is 

a significant hurdle. Harmonization of medical 

standards and legal frameworks is essential. 

d) Data Privacy and Security: Protecting sensitive 

patient data transmitted across potentially vast 

networks is critical. Ensuring compliance with 

diverse data protection laws (e.g., GDPR, HIPAA) 

across international borders adds layers of 

complexity.
8
 

 

Human Factors 

a) Surgeon Adaptation and Training: Surgeons 

require extensive training to adapt to the unique 

interface and sensory cues of robotic systems, 

especially with the added dimension of remoteness. 

The absence of direct physical presence can be 

psychologically demanding for surgeons. 

b) Psychological Impact: While technological 

advancements can transmit visual and haptic 

feedback, the lack of direct physical presence and 

immediate, intuitive non-verbal cues between the 

surgical team and patient can create a psychological 

distance. 

c) On-Site Support: Despite the remote surgeon's 

expertise, a highly skilled and well-trained on-site 

surgical team (anesthesiologist, nurses, local surgeon 

capable of intervening if necessary) is absolutely 

critical for patient safety in case of technical failure 

or unexpected complications.
5,6

 

Future Perspectives and Emerging Trends 

The field of telesurgery is characterized by rapid 

innovation, with several trends poised to reshape its 

future: 

Integration with Virtual and Augmented Reality 

(VR/AR) 

VR and AR can significantly enhance the telesurgical 

experience. AR overlays can provide surgeons with real-

time anatomical information, pre-operative scans, and 

vital patient data directly within their visual field. VR can 

create immersive, realistic training environments and 

potentially offer a more intuitive control interface for 

remote operations, improving spatial awareness and 

reducing cognitive load. 
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Advanced Robotics and Miniaturization 

Future robotic systems will likely feature greater 

dexterity, even finer instrument control, and more 

compact designs. Continued development of miniature 

and potentially ingestible or injectable micro-robots could 

revolutionize minimally invasive surgery, enabling 

procedures within confined spaces with minimal tissue 

disruption. 

Increased Autonomy (with Human Oversight) 

While fully autonomous surgery remains a distant and 

ethically complex prospect, increasing levels of 

automation for specific, repetitive, or highly precise tasks 

(e.g., suturing, tissue retraction, camera control) under 

real-time human supervision is a likely trend. AI will play 

a central role in enabling this, optimizing workflows and 

potentially reducing surgical time and fatigue. The 

concept of "smart instruments" with embedded AI for 

real-time tissue differentiation or critical structure 

avoidance is also gaining traction. 

Global Collaboration and Policy Harmonization 

As telesurgery increasingly crosses international borders, 

there will be an imperative for greater global 

collaboration among healthcare systems, regulatory 

bodies, and legal experts. Establishing unified 

international licensure, liability frameworks, and data 

protection protocols will be crucial for facilitating the 

safe and ethical expansion of telesurgery worldwide. The 

formation of international telesurgical ethics boards may 

become necessary. 

Expansion to New Surgical Specialties 

As technology matures and trust grows, telesurgery is 

expected to expand into even more delicate and complex 

specialties, including neurosurgery, ophthalmic surgery, 

and microsurgery, where extreme precision and minimal 

tremor are paramount.
1,2

 

Conclusion 

Emerging telesurgery represents a profound leap forward 

in surgical innovation, holding the potential to 

fundamentally reshape global healthcare delivery. Driven 

by advancements in 5G/6G communication, sophisticated 

robotic platforms, artificial intelligence, and haptic 

feedback, it offers an unprecedented opportunity to 

extend specialized surgical care to underserved 

populations, enhance surgical precision, and revolutionize 

training methodologies. 

However, the journey to widespread adoption is fraught 

with significant challenges. Overcoming persistent 

technical hurdles such as latency, ensuring robust 

cybersecurity, mitigating the high costs, and navigating 

complex ethical and legal landscapes will require 

concerted efforts. The establishment of harmonized 

international regulations, robust training programs, and 

continued interdisciplinary collaboration among 

engineers, surgeons, ethicists, and policymakers will be 

paramount. 

Despite these complexities, the transformative promise of 

telesurgery—to democratize access to life-saving 

procedures, elevate surgical standards globally, and foster 

a new era of collaborative medicine—is undeniable. As 

research progresses and technological barriers diminish, 

telesurgery stands poised to become an indispensable tool 

in the modern surgeon's armamentarium, ultimately 

improving patient outcomes and redefining the 

boundaries of surgical practice worldwide. 
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