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Abstract: Robotic Surgical Devices (RSDs) represent a transformative paradigm in modern clinical medicine, combining multi-axis 

mechanical articulation, advanced computer vision, haptics, and artificial intelligence (AI) to enable minimally invasive procedures 

across urology, gynecology, orthopedics, and neurosurgery. However, the rapidly advancing technological autonomy, software 

complexity, and complex mechanical architectures of modern RSDs present unprecedented challenges to global medical device 

regulatory authorities. This review paper provides a rigorous, exhaustive comparative analysis of the regulatory frameworks governing 

surgical robotics across five major jurisdictions: the United States (US FDA), the European Union (EU MDR 2017/745), Japan 

(PMDA/MHLW), China (NMPA), and India (CDSCO). We dissect the risk-based classification schemes, pre-market clinical evaluation 

requirements, software and AI integration guidelines (Software as a Medical Device - SaMD / Machine Learning-enabled Medical 

Devices - MLMD), cybersecurity frameworks, and post-market surveillance (PMS) and vigilance mandates across these regions. 

Furthermore, the paper analyzes the regulatory challenges posed by next-generation autonomous surgical platforms, tele-robotic 

surgical networks, and remote continuous updates. By identifying systemic harmonization bottlenecks under the International Medical 

Device Regulators Forum (IMDRF) and synthesizing emerging post-market signals, this paper offers strategic regulatory 

recommendations for medical device developers, clinical investigators, and regulatory professionals navigating the global 

commercialization of robotic surgical technologies. 

 

Keywords: Robotic Surgical Devices (RSD), Medical Device Regulation, US FDA 510(k) / PMA, EU MDR 2017/745, Clinical 

Evaluation Reports (CER), Post-Market Surveillance (PMS), Artificial Intelligence in Surgery, Software as a Medical Device (SaMD), 

Global Regulatory Harmonization. 

 

1. Introduction 
 

The evolution of surgical therapy over the past three decades 

has been defined by the transition from open surgical 

procedures to minimally invasive surgery (MIS), 

culminating in the rapid adoption of Robotic Surgical 

Devices (RSDs). Since the landmark clearance of the 

Computer Motion AESOP and ZEUS systems and the 

Intuitive Surgical da Vinci system in the late 1990s and early 

2000s, robotic surgical technology has expanded from niche 

urological and gynecological applications into general 

surgery, cardiothoracic intervention, orthopedics, 

neurosurgery, and endovascular interventions [1]. 

 

Modern RSDs are sophisticated mechatronic platforms that 

integrate high-definition 3D visualization, multi-degree-of-

freedom (DoF) wristed endo-effectors, tremor filtration, 

dynamic motion scaling, and advanced ergonomics. More 

recently, the field has witnessed an influx of digital surgical 

capabilities, including augmented reality (AR) anatomical 

overlays, real-time tissue analytics, image-guided 

navigation, dynamic force-feedback haptics, and Machine 

Learning (ML) driven autonomous sub-tasks [2]. 

 

While these technical innovations enhance surgical 

precision, reduce patient length of stay, minimize 

intraoperative blood loss, and shorten recovery times, they 

introduce a multidimensional spectrum of clinical, 

operational, and software-related risks. Unlike traditional 

passive surgical hand instruments, RSDs actively intervene 

between the surgeon's intent and physical execution on 

human tissue. Mechanical structural failures, software 

latency, algorithmic misclassifications in autonomous 

assistance, telecommunication packet drops during 

telesurgery, and electromagnetic interferences represent 

failure modes capable of producing severe adverse events, 

including catastrophic tissue perforation, hemorrhage, or 

death [3]. Consequently, global regulatory bodies face the 

complex challenge of structuring oversight mechanisms that 

guarantee robust safety, clinical effectiveness, and 
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cybersecurity without stifling technological innovation. The 

regulatory landscape for RSDs is inherently fragmented. A 

robotic system cleared under the US Food and Drug 

Administration (FDA) Premarket Notification [510(k)] 

pathway based on substantial equivalence may face 

exhaustive clinical investigation requirements and rigorous 

Notified Body audits under the European Union Medical 

Device Regulation (EU MDR 2017/745) [4]. Furthermore, 

emerging market regulators, such as India's Central Drugs 

Standard Control Organization (CDSCO) and China's 

National Medical Products Administration (NMPA), are 

actively evolving their domestic regulatory statutes, 

establishing local clinical trial mandates, and enhancing 

post-market surveillance enforcement [5]. 

 

This paper presents a comprehensive, high-granularity 

comparative review of global regulatory frameworks for 

robotic surgical devices. It dissects risk classification rules, 

pre-market clinical evaluation strategies, software/AI 

oversight, cybersecurity requirements, and post-market 

surveillance mandates across five major regulatory 

jurisdictions: the United States, European Union, Japan, 

China, and India. Additionally, it addresses emerging 

regulatory bottlenecks associated with autonomous surgery 

and remote teleoperation while outlining actionable 

strategies for global compliance. 

 

Executive Regulatory Summary: Surgical robots are 

classified as high-risk medical devices globally, but 

significant divergence exists between the US reliance on 

predicate-based 510(k) pathways and the EU MDR's 

stringent demand for clinical data and rigorous continuous 

post-market evaluation. 

 

2. Architecture, Classification, and 

Categorization of Robotic Surgical Devices 
 

To establish a unified regulatory comparison, robotic 

surgical devices must be categorized based on their 

mechanical control architecture, level of operational 

autonomy, clinical intent, and structural system components. 

 

2.1 Architectural Taxonomy of Surgical Robotics 

 

Surgical robotic platforms are broadly categorized into three 

fundamental functional control paradigms: 

1) Master-Slave Teleoperation Systems: The predominant 

commercial paradigm (e.g., da Vinci Surgical System, 

Senhance Surgical System). The surgeon sits at a master 

console, operating hand controls that translate human 

movements into digitized electrical signals. These 

signals are filtered, scaled, and processed by a central 

controller to drive slave mechanical manipulators at the 

surgical bed [6]. 

2) Hand-Held & Co-Manipulative Systems: Robotic 

systems where the surgeon and mechanical actuator 

jointly hold the instrument (e.g., orthopedic bone-

milling systems such as the NAVIO or CORI systems). 

The robot provides active guidance, virtual haptic 

boundaries (no-fly zones), or tremor reduction while the 

surgeon directly applies force [7]. 

3) Active Autonomous / Semi-Autonomous Systems: 

Systems designed to execute pre-programmed, image-

guided robotic movements independently under 

supervisory control (e.g., ROBODOC/Tsolution One for 

total joint arthroplasty, CyberKnife for radiosurgery, or 

automated suturing modules). The system executes 

geometric surgical cuts or radiation delivery based on 

pre-operative CT/MRI trajectories [8]. 

 

2.2 System Components Subject to Regulatory Scrutiny 

 

A complete robotic surgical system consists of distinct sub-

assemblies, each triggering specific regulatory evaluation 

standards: 

• Master Control Console: Incorporates user interface 

(UI) controllers, foot pedals, 3D optical viewports, and 

ergonomic adjustment hardware. Regulated under 

human factors engineering (IEC 62366-1) and software 

lifecycle standards (IEC 62304). 

• Patient-Side Cart & Manipulator Arms: Mechanical 

structures providing multi-axis freedom. Subject to 

mechanical safety, structural fatigue, electromagnetic 

compatibility (IEC 60601-1-2), and electrical safety 

(IEC 60601-1 / IEC 60601-2-77). 

• Robotic End-Effectors & Instruments: Multi-use or 

single-use wristed tools (scissors, graspers, 

electrocautery, staplers). Evaluated for biocompatibility 

(ISO 10993), reprocessing validation (re-sterilization 

cycles), and mechanical durability. 

• Vision & Sensor Systems: 3D stereoscopic endoscopes, 

light sources, infrared camera tracking, and haptic 

feedback sensors. Evaluated for optical safety, thermal 

output, and latency metrics. 

 

2.3 Global Risk Classification Comparison 

 

Global regulatory authorities assign risk classifications 

based on the duration of body contact, degree of 

invasiveness, potential for catastrophic harm, and active 

technological nature. Table 1 summarizes the risk 

classification of robotic surgical platforms across major 

international regulatory regimes. 

 
Jurisdiction Regulatory Body Device Classification Primary Pathway Key Governing Regulation 

United States US FDA (CDRH) 
Class II (Special 

Controls) / Class III 

510(k) Premarket Notification / De 

Novo / PMA 
21 CFR Part 878 / Section 510(k) 

European 

Union 

EMA / Notified 

Bodies 

Class IIb / Class III 

(MDR) 
Conformity Assessment via CE Mark EU Regulation 2017/745 (EU MDR) 

Japan PMDA / MHLW 
Class III (Specially 

Controlled) 

Ninshin (Approval) / Shonin 

Application 
PMD Act (Law No. 84 of 2013) 

China 
NMPA (formerly 

CFDA) 
Class III (High Risk) 

NMPA Registration + Mandatory Local 

Clinical Trials 

Decree No. 739 (Medical Device 

Regulation) 

India CDSCO (CLA) 
Class C (Moderate High) 

/ Class D (High) 

Form MD-7 / MD-9 Import & 

Manufacturing License 

Medical Devices Rules, 2017 (MDR-

2017) 
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3. Comparative Analysis of Pre-Market 

Regulatory Pathways 
 

3.1 United States: FDA CDRH Regulatory Framework 
 

In the United States, the Food and Drug Administration's 

Center for Devices and Radiological Health (CDRH) 

regulates surgical robots under 21 CFR Part 878 (General 

and Plastic Surgery Devices). Historically, most soft-tissue 

master-slave robotic systems have been cleared through the 

510(k) Premarket Notification pathway [9]. 

• 510(k) Substantial Equivalence: To obtain 510(k) 

clearance, a sponsor must demonstrate that the candidate 

device is 'substantially equivalent' to a legally marketed 

predicate device (cleared under 510(k) or PMA). For 

robotic devices, demonstrating substantial equivalence 

requires proving identical intended use and showing that 

technological differences (e.g., new software algorithms, 

modified wrist joint mechanisms) do not raise new 

questions of safety and effectiveness [10]. 

• De Novo Classification Pathway: For novel robotic 

technologies lacking a direct predicate (e.g., first-of-a-

kind autonomous bone preparation robots or micro-

robotic endovascular tools), sponsors utilize the De Novo 

classification process. De Novo establishes a new Class 

II designation with custom 'Special Controls' (e.g., 

mandatory non-clinical bench testing, human factors 

validation, software verification, and target safety 

performance metrics). 

• Premarket Approval (PMA): High-risk active robotic 

devices that introduce unproven clinical interventions or 

incorporate high-risk autonomous features are subjected 

to the PMA pathway, requiring extensive prospective 

randomized controlled trials (RCTs) and rigorous pre-

approval manufacturing facility inspections under 21 

CFR Part 820 (Quality System Regulation). 
 

3.2 European Union: Medical Device Regulation (EU 

MDR 2017/745) 
 

The transition from the Medical Device Directive (MDD 

93/42/EEC) to the EU Medical Device Regulation (EU 

MDR 2017/745) significantly elevated the regulatory 

barriers for robotic surgical systems within the European 

Single Market [11]. Under MDR Rule 9 (Active devices 

intended for therapy) and Rule 11 (Software intended to 

provide information used to take decisions for therapeutic 

purposes), surgical robots are universally categorized as 

Class IIb or Class III devices. Key MDR mandates 

impacting RSDs include: 

1) Elimination of Equivalent Device Shortcuts: Unlike 

MDD, MDR drastically restricts claiming equivalence to 

existing market devices. Unless the sponsor holds 

technical documentation for the predicate device, full 

clinical investigation data is mandatory. 

2) Clinical Evaluation Report (CER): Requirements for 

continuous, rigorous updating of CERs based on 

structured systematic literature reviews, clinical 

investigations, and post-market clinical follow-up 

(PMCF) data. 

3) Scrutiny Procedure: Class III active surgical robots 

undergo mandatory assessment by independent Expert 

Panels under the EU Commission prior to CE mark 

issuance by Notified Bodies. 

3.3 Japan: Pharmaceuticals and Medical Devices Agency 

(PMDA) 

 

Japan's PMDA, operating under the Ministry of Health, 

Labour and Welfare (MHLW), enforces a highly structured 

review process under the Pharmaceuticals and Medical 

Devices (PMD) Act. Surgical robots are classified as Class 

III (Specially Controlled Medical Devices) [12]. 

 

PMDA reviews require extensive pre-market technical 

review, verification of JIS (Japanese Industrial Standards) 

compliance (incorporating IEC 60601-2-77), and clinical 

evaluation. Historically, Japan required local Japanese 

clinical trial data; however, PMDA increasingly accepts 

international multi-center clinical data under Good Clinical 

Practice (GCP) alignment, provided ethnic factor 

considerations (ICH E5 guidelines) demonstrate negligible 

impact on surgical device performance and safety. 

 

3.4 China: National Medical Products Administration 

(NMPA) 

 

China's NMPA categorizes surgical robotic platforms as 

Class III medical devices under State Council Decree No. 

739. NMPA enforces some of the most stringent pre-market 

testing and clinical evaluation guidelines globally [13]: 

• In-Country Type Testing: Sponsors must submit 

production units to accredited NMPA testing institutes in 

China to complete mandatory electrical safety, 

mechanical endurance, optical accuracy, and software 

verification testing against Chinese National Standards 

(GB/YY standards). 

• Local Clinical Investigations: Unless a device qualifies 

for China's NMPA Clinical Evaluation Exemption List, 

prospective, multi-center local clinical trials conducted 

within certified Chinese clinical trial sites are mandatory 

for Class III surgical robots. 

• Innovation Approval Pathway: NMPA offers a priority 

review pathway ('Green Channel') for novel, patented 

robotic technologies that provide major clinical 

advancements. 

 

3.5 India: Central Drugs Standard Control Organization 

(CDSCO) 

 

India's regulatory landscape transformed significantly 

following the implementation of the Medical Devices Rules, 

2017 (MDR-2017) under the Drugs and Cosmetics Act [14]. 

Surgical robotic systems are classified under Class C 

(Moderate High Risk) or Class D (High Risk). 

• Import and Manufacturing Licensing: Foreign 

manufacturers must obtain an Import License (Form 

MD-15) via an Authorized Agent in India, supported by 

predicate approvals (e.g., FDA clearance or CE mark). 

Domestic manufacturers apply for a Manufacturing 

License (Form MD-9/MD-10) involving audit 

assessments by CDSCO Medical Device Officers. 

• Clinical Investigation Mandates: CDSCO requires 

clinical evaluation reports and may mandate local post-

market clinical studies (Phase IV / Post-Market 

Surveillance trials) if global clinical evidence in Indian 

patient populations is limited. 
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4. Clinical Evaluation, Pre-Clinical Bench 

Testing, and Human Factors Engineering 
 

Demonstrating the safety, precision, and clinical efficacy of 

a robotic surgical platform requires a structured, multi-tier 

evaluation pipeline combining bench engineering 

verification, animal/cadaveric tissue testing, human factors 

usability validation, and prospective clinical trials. 

 

4.1 Pre-Clinical Verification & Electrical Safety 

Standards 

 

Before human clinical trials, an RSD must undergo rigorous 

non-clinical testing compliance against international 

consensus standards: 

• IEC 60601-1: General requirements for basic safety and 

essential performance of medical electrical equipment. 

• IEC 60601-2-77: Particular requirements for the basic 

safety and essential performance of medical robots for 

surgery. This standard specifies limits for unintended 

movement, collision avoidance, force limits, dynamic 

stability, and single-fault tolerance. 

• ISO 14971: Application of risk management to medical 

devices. Requires comprehensive failure modes and 

effects analysis (FMEA) and fault tree analysis (FTA) 

covering mechanical, electrical, software, and human 

error vectors. 

 

4.2 Cadaveric, Animal, and Bench Kinematic Validation 

 

Pre-clinical studies evaluate robot kinematic accuracy, 

positioning repeatability, latency, instrument tip force, 

thermal distribution during electrosurgery, and ergonomic 

stability. Animal models (e.g., porcine or canine models) 

and human cadaveric studies are mandatory to assess access 

port placement, tissue handling, surgical workflow 

integration, emergency undocking speed, and system 

reliability under realistic surgical conditions. 

 

4.3 Human Factors Engineering (HFE) and Usability 

(IEC 62366-1) 

 

Human error during robotic surgery presents catastrophic 

risks (e.g., clutching mistakes, wrong pedal activation, 

camera tracking confusion, or delayed manual conversion). 

HFE validation involves rigorous Formative and Summative 

Usability Testing with board-certified surgeons, surgical 

nurses, and scrub technicians [15]. Key HFE evaluation 

metrics include: 

• Emergency System Undocking Time: Time required to 

release robotic arms and convert to manual 

open/laparoscopic surgery during catastrophic 

intraoperative events. 

• User Interface (UI) Clarity: Verification that alarm 

displays, haptic prompts, visual warnings, and software 

control screens prevent cognitive overload and 

misinterpretation. 

• Foot Pedal & Console Ergonomics: Preventing physical 

fatigue, accidental foot switch activation, and physical 

strain during extended surgical procedures. 

 

4.4 Clinical Trial Design Methodologies for Surgical 

Robotics 

 

Clinical trials for robotic devices present unique 

methodology challenges compared to pharmaceutical trials. 

Blinding surgeons is impossible, and randomized controlled 

trials (RCTs) comparing robotic surgery to open or standard 

laparoscopic surgery face significant recruitment challenges 

due to patient preference and surgical learning curve biases. 

 
Clinical Trial Parameter Primary Endpoint Metrics Secondary Endpoint Metrics Methodological Challenges 

Soft-Tissue Robotics 

(Urology/Gynecology) 

Complication rates (Clavien-Dindo), 

30-day mortality, conversion to open 

surgery rate 

Estimated Blood Loss (EBL), 

hospital stay duration, operative 

duration, pain scores 

Surgeon learning curve 

confounding, ethical non-blinding, 

patient preference bias 

Orthopedic Robotics (Joint 

Replacement) 

Implant positioning accuracy 

(radiographic alignment), revision rate 

at 1-5 years 

Patient-Reported Outcome 

Measures (PROMs: WOMAC, 

HOOS/KOOS), range of motion 

Long-term follow-up required (5-

10 years) to prove mechanical 

implant survival benefit 

Neurosurgical/Spinal 

Robotics 

Pedicle screw placement accuracy 

(Gertzbein-Robbins scale), 

neurological deficit rate 

Radiation exposure dose 

(fluoroscopy reduction), operative 

time per screw 

High baseline risk of neurological 

injury requiring strict safety 

stopping rules 

Endovascular / Micro-

Robotics 

Target cannulation success rate, 

vascular perforation/dissection rate 

Contrast medium volume used, 

fluoroscopy time, procedure 

duration 

Small patient cohorts, complex 

vessel anatomical variability 

across target populations 
 

5. Software as a Medical Device (SaMD), 

Artificial Intelligence Integration, and 

Cybersecurity 
 

Modern RSDs are fundamentally software-driven platforms. 

The transition from pure mechanical extension to intelligent 

digital surgery introduces complex software engineering and 

cybersecurity regulatory requirements. 

 

5.1 Software Lifecycle & Risk Management (IEC 62304 

& ISO 14971) 

 

Under IEC 62304 (Medical device software - Software 

lifecycle processes), surgical robotic software is almost 

universally classified as Software Safety Class C (highest 

risk level, where software failure could result in death or 

serious injury). Class C compliance requires rigorous 

software architectural design, detailed module unit testing, 

static code analysis, continuous integration validation, and 

comprehensive anomaly management. 

5.2 Artificial Intelligence & Machine Learning-Enabled 

Medical Devices (MLMD) 

 

The integration of AI algorithms- such as computer-vision-

based organ segmentation, automated tissue identification, 

dynamic instrument tracking, and predictive risk heatmaps- 

raises profound regulatory challenges: 
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• US FDA PCCP Framework: In 2023, the FDA issued 

guidance on Predetermined Change Control Plans 

(PCCP) for Machine Learning-Enabled Medical Devices. 

A PCCP allows manufacturers to specify intended 

modifications to ML algorithms (e.g., retraining image 

classification models on expanded clinical datasets) and 

the protocol used to implement those changes without 

requiring a new 510(k) submission [16]. 

• EU Artificial Intelligence Act & MDR: The EU AI Act 

introduces strict horizontal requirements for 'High-Risk 

AI Systems' (which includes AI embedded in Class 

IIb/III MDR medical devices). Requirements include 

unbiased training data curation, technical documentation 

transparency, continuous human oversight mechanisms, 

and rigorous algorithmic robustness metrics [17]. 

 

5.3 Medical Device Cybersecurity Frameworks 

 

As surgical robots connect to hospital networks, picture 

archiving and communication systems (PACS), and cloud 

telemetry servers for predictive maintenance, cybersecurity 

becomes a primary safety concern. Regulators enforce 

stringent cybersecurity standards (US FDA Cybersecurity in 

Medical Devices Guidance 2023, EU MDCG 2019-16 

Cybersecurity guidance): 

• Software Bill of Materials (SBOM): Manufacturers must 

maintain a comprehensive, machine-readable inventory 

of all third-party and open-source software components 

to quickly identify emergent vulnerabilities. 

• Secure Architecture & Encryption: Mandatory 

implementation of end-to-end data encryption (TLS 1.3), 

secure boot protocols, role-based access control (RBAC), 

anti-tampering measures, and intrusion detection 

systems. 

• Vulnerability Management: Requirement for post-market 

vulnerability handling, patch management protocols, and 

coordinated vulnerability disclosure (CVD) mechanisms. 

 

6. Post-Market Surveillance, Vigilance, and 

Risk Management 
 

Given the inherent limitations of pre-market clinical trials in 

detecting rare mechanical failures or complex human-robot 

interaction anomalies, Post-Market Surveillance (PMS) 

constitutes a critical pillar of regulatory control. 

6.1 US FDA Post-Market Oversight (MAUDE & 522 

Post-Market Studies) 

 

The FDA monitors post-market safety through Medical 

Device Reporting (MDR) under 21 CFR Part 803, stored 

publicly in the Manufacturer and User Facility Device 

Experience (MAUDE) database. Device manufacturers, user 

facilities, and importers must report deaths, serious injuries, 

and system malfunctions that could recur and cause injury 

[18].  

 

Furthermore, under Section 522 of the Federal Food, Drug, 

and Cosmetic Act, the FDA can issue mandatory orders 

requiring manufacturers to conduct post-market surveillance 

studies for Class II or Class III surgical robots. These studies 

track real-world long-term clinical safety, instrument 

breakage rates, conversion to open surgery, and device 

failure modes. 

 

6.2 EU MDR Post-Market Requirements (PSUR & 

PMCF) 

 

The EU MDR established unprecedented post-market 

obligations for high-risk surgical devices under Articles 83-

92 [19]: 

• Periodic Safety Update Report (PSUR): Class IIb and 

Class III robotic device manufacturers must draft a 

PSUR at least annually. The PSUR synthesizes post-

market data, sales volumes, patient exposure estimates, 

complaint frequencies, and clinical outcomes. 

• Post-Market Clinical Follow-up (PMCF): Manufacturers 

must actively gather clinical data from real-world clinical 

use through prospective registries or observational 

studies to confirm ongoing benefit-risk acceptability and 

detect emerging risks. 

• EUDAMED Vigilance Module: Mandatory upload of 

serious incident reports, Field Safety Corrective Actions 

(FSCAs), and Summary of Safety and Clinical 

Performance (SSCP) documents into the centralized 

European database. 

 

6.3 Comparative Synthesis of Adverse Event Reporting 

Frameworks 

 

Table 3 presents a comparative synthesis of post-market 

reporting timelines, vigilance mandates, and regulatory 

databases across major global regions. 

 

Jurisdiction 
Public/Regulatory 

Database 

Serious Adverse Event 

Reporting Window 

Malfunction Reporting 

Requirement 

Mandatory Post-Market Clinical 

Study Tool 

United 

States 

MAUDE Database / 

ACCESSGUDID 

30 Calendar Days (5 days for 

immediate public health threat) 

Mandatory if malfunction could 

lead to death/serious injury 

Section 522 Post-Market 

Surveillance Studies 

European 

Union 

EUDAMED Vigilance 

Module 

15 Calendar Days (2 days for 

serious public health threat; 

immediate death: 10 days) 

Mandatory reporting of 

recurring technical defects 

Post-Market Clinical Follow-up 

(PMCF) Plan / Registries 

Japan 
PMDA Medical Device 

Adverse Event Database 

15 to 30 Days depending on 

severity classification 

Mandatory for high-risk 

unexpected events 

Post-Marketing Surveillance Study 

(Seihozan Plan) 

China 

NMPA National Medical 

Device Adverse Event 

Monitoring System 

15 Days (Immediate reporting 

for deaths/mass events) 

Mandatory reporting of critical 

hardware/software failures 

Periodic Risk Evaluation Report 

(PRER) & Local Clinical Registries 

India 

Materiovigilance 

Programme of India 

(MvPI) / CDSCO 

15 Calendar Days for serious 

adverse events 

Mandatory reporting of device 

failure modes 

Post-Market Clinical Investigation 

(Phase IV Trial Mandates) 
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7. Emerging Challenges: Autonomous 

Robotics, Telesurgery, and Global 

Harmonization 
 

As surgical robotics advances toward higher levels of 

autonomy and ultra-low-latency remote operation, standard 

regulatory paradigms reach technical limitations. 

 

7.1 Regulatory Challenges of Autonomous Surgical 

Functions 

 

Current regulatory approvals strictly govern tele-operated 

systems where human surgeons maintain continuous 

physical and cognitive control. However, emerging systems 

incorporate automated task execution (e.g., autonomous 

tissue suturing, automated pedicle screw drilling, 

autonomous camera positioning) [20]. Key regulatory 

questions include: 

• Liability and Performance Attribution: Deciding 

responsibility when an autonomous sub-task causes 

intraoperative tissue damage- whether attributable to 

surgeon supervisory delay, algorithm training bias, or 

sensor drift. 

• Dynamic Software Modifications: Traditional regulatory 

frameworks mandate static software baselines. Real-time 

adaptive AI models that modify surgical trajectory 

parameters in response to intraoperative sensor data 

break standard pre-market verification protocols. 

 

7.2 Telesurgery, 5G Infrastructure, and Cross-Border 

Jurisdiction 

 

Telesurgery- where a surgeon operates console controls 

hundreds or thousands of kilometers away from the patient-

side cart via 5G or high-speed fiber networks- introduces 

unique regulatory challenges: 

• Network Latency and Quality of Service (QoS): 

Establishing technical consensus standards for maximum 

allowable network latency (<50 ms), jitter, and packet 

loss rate to ensure surgical safety. 

• Cross-Border Tele-Licensing & Governance: Resolving 

jurisdictional issues when the operating surgeon, server 

infrastructure, and patient reside in different states or 

sovereign countries under distinct medical licensing 

boards. 

 

7.3 International Harmonization & The Role of IMDRF 

 

The International Medical Device Regulators Forum 

(IMDRF) plays a central role in unifying regulatory 

standards. Efforts such as the Medical Device Single Audit 

Program (MDSAP) enable a single quality management 

system audit (ISO 13485) to satisfy regulatory requirements 

across the US, Canada, Japan, Brazil, and Australia. 

However, true pre-market regulatory harmonization remains 

elusive due to divergent local clinical trial mandates, 

national cybersecurity policies, and protectionist local 

standards. 

8. Strategic Regulatory Recommendations and 

Conclusion 
 

8.1 Strategic Recommendations for Device Developers & 

Regulators 

 

• Integrated Pre-Market Regulatory Strategy: 

Manufacturers must design clinical trials and technical 

documentation to simultaneously fulfill US FDA 

predicate/De Novo requirements and EU MDR clinical 

evaluation standard (CER/PMCF) mandates, minimizing 

redundant clinical trials. 

• Early Pre-Submission Engagement: Utilize regulatory 

pre-submission mechanisms (US FDA Q-Submission, 

PMDA Pre-Development Consultation, NMPA Green 

Channel Review) to gain early consensus on human 

factors validation, cadaveric study designs, and AI 

change control plans (PCCP). 

• Robust Human Factors & Cybersecurity Life-Cycle: 

Embed HFE (IEC 62366-1) and cybersecurity (SBOM, 

vulnerability disclosure) into early architectural stages 

rather than addressing them as post-hoc compliance 

requirements. 

• Harmonized Global Registries: Establish post-market 

real-world evidence (RWE) prospective registries to 

continuously capture adverse events, instrument 

longevity, surgeon learning curves, and long-term 

clinical outcome metrics. 

 

8.2 Conclusion 

 

Robotic surgical devices sit at the intersection of medical 

engineering innovation and stringent regulatory oversight. 

While regulatory frameworks across the United States, 

European Union, Japan, China, and India share the core 

objective of ensuring patient safety and device efficacy, their 

pre-market pathways, clinical trial demands, and post-

market vigilance regimes display marked technical and 

procedural divergences. Overcoming these barriers requires 

continuous international harmonization efforts under 

IMDRF, adaptive regulatory pathways for AI-driven 

autonomous surgical modules, and unwavering commitment 

to rigorous post-market surveillance. As surgical robotics 

continues its trajectory toward heightened digital 

intelligence and remote connectivity, robust regulatory 

science will remain the essential framework safeguarding 

patient safety and clinical excellence. 
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