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Abstract: With the continued advancement of minimally invasive surgery, precision medicine, and intelligent healthcare,
medical surgical robots are rapidly evolving from conventional mechanical execution platforms into intelligent clinical
assistance systems. The integration of artificial intelligence (Al) into perception, recognition, decision support, control,
and feedback has significantly improved surgical precision, stability, and safety, while also creating new technical
pathways for standardizing complex procedures, reducing operator burden, and expanding access to high-quality
medical services. Based on a review of the system architecture of medical surgical robots and the theoretical foundations
of Al, this paper systematically analyzes the roles of Al in preoperative planning, intraoperative navigation and
operation assistance, and postoperative assessment and training feedback. Typical clinical scenarios, including
laparoscopic surgery, orthopedics, neurosurgery, and vascular intervention, are further discussed to illustrate
application value and technical characteristics. In addition, key challenges are examined, including data quality and
heterogeneity, model generalization and real-time deployment, safety and reliability, ethical and regulatory constraints,
and barriers to industrial translation. Corresponding development directions are proposed, including multimodal fusion,
physician-led human—robot collaboration, data closed-loop learning with multicenter validation, standardized evaluation
frameworks, and coordinated advancement among academia, industry, healthcare institutions, and regulators. Overall,
Al is expected to continue driving medical surgical robotics from mechanical assistance toward intelligent assistance and
higher-level collaborative operation.

Keywords: artificial intelligence; medical surgical robot; intelligent perception; human—robot collaboration, precision

medicine; vascular intervention

1. Introduction
1.1. Background and Problem Statement

In recent years, surgical technology has developed along converging directions of minimally invasive intervention,
precision treatment, digitalization, and intelligent assistance. Compared with traditional open surgery, minimally invasive
procedures offer clear advantages in terms of surgical trauma, postoperative recovery, and hospitalization time, and have
been widely adopted in general surgery, urology, gynecology, orthopedics, and cardiovascular and neurovascular
interventions. However, as procedural complexity continues to increase, operation modes that rely primarily on physician
experience and conventional instruments have shown intrinsic limitations, particularly in the identification of complex
anatomical structures, manipulation in high-risk regions, long-duration motion stability, and real-time intraoperative

decision-making. These limitations have intensified the clinical demand for advanced assistance technologies[1].

Medical surgical robots have emerged as an important technical platform under this context. Through master—slave
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control, motion scaling, tremor suppression, and stable mechanical execution, surgical robots provide more controllable
support for complex procedures and partially reduce dependence on individual operator skill. Nevertheless, in real
clinical use, many existing systems remain limited in dynamic environment perception, abnormal state warning,
patient-specific strategy support, and cross-scenario adaptability. In other words, most current platforms still function
primarily as high-precision execution tools, with insufficient capabilities in scene understanding and collaborative

assistance[2].
1.2. Value of AI Enablement and Scope of This Review

Recent progress in Al has created new opportunities to expand the functional boundaries of surgical robots. Methods
based on deep learning, computer vision, temporal modeling, and multimodal fusion have demonstrated strong
performance in medical image segmentation, lesion detection, instrument tracking, path planning, state estimation, and
risk prediction. These advances provide the technical basis for upgrading surgical robots from “mechanical assistance” to
“intelligent assistance.” This potential is particularly important in high-precision and high-risk scenarios such as
neurosurgery and vascular intervention, where Al may contribute directly to improved safety, lower complication rates,

and more consistent procedural performance[3].

From both clinical and industrial perspectives, Al-enabled surgical robotics is not merely a matter of improving
motion accuracy. It is also closely related to process stability, risk controllability, workflow standardization, and broader
diffusion of high-quality surgical capability. At the same time, Al-based medical devices raise new concerns regarding
data security, interpretability, regulatory approval, and liability allocation, making this field highly interdisciplinary and
system-dependent. Accordingly, this paper reviews the development and applications of Al in medical surgical robotics in
a structured manner: first, the theoretical foundations and system framework are outlined; second, key Al applications
across preoperative, intraoperative, and postoperative stages are discussed; third, representative clinical scenarios are
analyzed with emphasis on vascular interventional robotics; finally, major challenges and future development directions

for clinical translation and industrial deployment are summarized.

2. Theoretical Foundations of AI and Medical Surgical Robotics
2.1. System Architecture and Functional Positioning of Medical Surgical Robots

A medical surgical robot generally refers to an intelligent medical device system that operates under physician
supervision and integrates mechanical execution modules, sensing modules, control modules, and human—machine
interaction modules. Its core purpose is not to replace the surgeon, but to improve precision, stability, and safety in
complex surgical environments. Depending on the clinical task, surgical robots can be applied to laparoscopic surgery,
orthopedic positioning and implantation, neurosurgical puncture and navigation, and vascular interventional manipulation
of guidewires and catheters, among others. Although system configurations vary substantially across specialties, most
platforms can be abstracted into a closed-loop architecture consisting of a perception layer, a decision-and-control layer,

an execution layer, and a human—machine interaction and safety assurance layer.

Conventional surgical robots mainly rely on imaging devices, encoders, and, in some systems, limited force sensing
to obtain state information, while control strategies are often based on rule-driven control and real-time physician
operation. This framework performs relatively well in highly structured tasks, but its adaptability is limited in the
presence of tissue deformation, occlusion, inter-patient anatomical variation, and intraoperative contingencies. Therefore,

further development of surgical robots depends not only on improved mechanical accuracy but also on system-level
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enhancement in perception, understanding, decision support, and collaborative control[4].
2.2. Roles of AI and Basic Principles for Clinical Integration

The contribution of Al to medical surgical robotics can be summarized in four major aspects. First, Al enhances scene
perception through computer vision, enabling recognition of anatomical structures, lesions, and surgical instruments.
Second, machine learning and deep learning support state recognition and risk prediction, which can assist in identifying
surgical phases, operational deviations, and potential hazards. Third, Al-based optimization and intelligent control
methods improve human-robot collaboration through motion smoothing, path constraints, and stabilization. Fourth,

data-driven closed-loop learning enables postoperative performance assessment and iterative model refinement[5].

These capabilities do not exist independently; rather, they operate jointly with the robotic hardware and control
system in a “perception—cognition—decision—control—feedback” intelligent loop. In this framework, the perception stage
acquires multimodal data (e.g., preoperative images, intraoperative video, pose information, force/drive signals); the
cognition stage performs segmentation, tracking, state estimation, and information fusion; the decision stage provides
path suggestions, risk alerts, or parameter optimization under physician supervision; the control stage converts decisions
into executable commands; and the feedback stage performs dynamic correction and supplies data for postoperative
evaluation and model updating. This closed-loop concept provides the principal technical pathway for deep integration of

Al and surgical robotics[6].

It should be emphasized that the application of Al in surgical robotics must follow several core principles: physician
leadership, safety first, and clinical usability. At the current stage, most systems remain in the intelligent assistance phase,
in which Al supports perception enhancement, information prompting, path recommendation, and operation optimization,
rather than fully autonomous surgical execution. This development route is more consistent with the safety,
interpretability, and liability requirements of clinical practice and is more conducive to building trust in real-world

deployment.

3. Key Applications of Al in Medical Surgical Robotics
3.1. Preoperative Stage: Image Understanding, Personalized Modeling, and Procedural Planning Support

One of the most mature applications of Al in the preoperative stage is medical image analysis. Surgical planning
relies heavily on accurate assessment of patient-specific anatomy, lesion extent, and neighboring high-risk structures.
Conventional image interpretation benefits from expert experience, but it remains limited in complex boundary
delineation, micro-lesion detection, and efficiency when handling large case volumes. Deep learning-based segmentation
and detection methods can perform automatic or semi-automatic identification of organs, vessels, tumors, and critical
anatomical structures on CT, MRI, DSA, ultrasound, and endoscopic images, thereby providing more stable data support
for preoperative evaluation. For surgical robotic systems, the value extends beyond lesion recognition itself: Al also

establishes structured prior information for downstream navigation, path design, and risk prompting[7].

On the basis of image recognition, three-dimensional reconstruction and patient-specific anatomical modeling further
expand the clinical value of Al-assisted preoperative planning. Although two-dimensional images contain rich
information, they provide limited intuitive representation of complex spatial relationships, and clinicians often need to
integrate multiple slices mentally. Al-assisted segmentation, registration, and reconstruction can transform patient
anatomy, lesion location, and adjacent risk structures into three-dimensional models, thereby improving visualization of

the operative field. Such models are useful not only for preoperative communication and plan discussion but also as
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reference frameworks for trajectory design, entry route selection, and intraoperative navigation. For example, in
neurosurgery and orthopedics, preoperative 3D models can help determine puncture points, entry angles, and target
boundaries; in vascular intervention, vascular tree reconstruction and identification of stenosis, tortuosity, and bifurcation

structures can facilitate early anticipation of procedural difficulty and optimization of device advancement strategies.
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Fig. 1 AI-Enabled Medical Surgical Robot Overall Technical Framework

As datasets expand and model capability improves, Al is increasingly being used in preoperative path planning and
risk prediction. Traditional planning depends mainly on physician experience, rule constraints, and static imaging
assessment, whereas Al-based methods can integrate anatomical parameters, lesion characteristics, and historical case
data to evaluate reachability, risk level, and operational difficulty across alternative plans. This capability is particularly
important in vascular intervention and neurosurgery, where inappropriate path selection may increase the risk of tissue
injury, bleeding, or repeated intraoperative adjustments. At present, however, the clinical role of Al in preoperative
planning remains primarily assistive. Its practical value lies in reducing the probability of information omission,
improving the efficiency of plan comparison, and increasing the robustness of preoperative decision-making in complex

cases[8].
3.2. Intraoperative Stage: Intelligent Perception, Navigation, Localization, and Human—Robot Collaborative Control

The intraoperative stage is the core domain in which Al demonstrates clinical value in surgical robotics. During
surgery, tissue deformation, instrument occlusion, visual field variation, image noise, and patient-specific differences can
all degrade perception and control quality, and rule-based methods alone are often insufficient under such dynamic
conditions. Al-based computer vision provides a key technical route for overcoming these limitations. By analyzing
endoscopic videos, microscopic images, fluoroscopic/DSA images, or intraoperative ultrasound in real time, Al can
identify instrument position, tissue boundaries, critical anatomical structures, and danger zones, while also enabling
target tracking and dynamic updating. These functions help surgeons maintain spatial awareness in complex

environments and provide robotic systems with more reliable environmental inputs for precise execution[9].

Beyond visual perception, force perception and haptic enhancement have become important directions in the

intelligentization of surgical robots. Compared with open surgery, robot-assisted and interventional procedures
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commonly suffer from reduced tactile feedback, limiting the operator’s ability to perceive tissue contact state, force
variation, and potential abnormal collisions. This limitation is especially critical in high-precision, high-risk
manipulations. Because direct integration of high-precision force sensors is often constrained by cost, size, sterilization,
and reliability requirements, Al offers a practical solution for indirect force estimation. By fusing motor current,
kinematic parameters, image changes, and operation trajectories, Al algorithms can estimate contact states, force
variation trends, and abnormal loads, thereby enabling collision warning, threshold alerts, and strategy adjustment. This
is particularly valuable in vascular interventional robotics, where guidewire and catheter advancement through stenotic,
tortuous, or bifurcated vessels depends heavily on subtle resistance cues; Al-assisted force estimation and risk alerting

may reduce the risk of vascular injury, perforation, and unintended branch entry.

Based on enhanced visual perception and force estimation, intelligent navigation and real-time localization form
another key pillar of Al-enabled surgical robotics. During robotic operation, the system must continuously determine the
current position of instruments, the location of target structures, and the required adjustment direction for subsequent
actions. Al supports these tasks through image recognition, pose estimation, multimodal registration, and state fusion,
allowing more stable decision-making in dynamic operative environments. In laparoscopic surgery, Al can help identify
instrument-tissue relationships and assist with view guidance; in orthopedics and neurosurgery, Al can combine
preoperative imaging with intraoperative positioning information to improve registration and navigation accuracy; in
vascular intervention, Al can detect and track guidewire/catheter position, vascular paths, and lesion regions on DSA or
fluoroscopy, thereby supporting trajectory correction and operation prompting. Compared with single-modality

navigation, multimodal fusion is better suited to the uncertainty and variability of real clinical environments[10].

Another major contribution of Al during the intraoperative phase is the shift from simple response-based robotic
execution toward human-robot collaborative control. The physician remains the primary decision-maker and operator,
but robotic systems can substantially improve overall procedural quality if they provide stabilization, correction, and
risk-aware prompting without altering the physician’s dominant role. Al-based shared control strategies usually do not
replace surgeon commands directly. Instead, they infer operator intent and apply motion filtering, path constraints, tremor
suppression, speed adjustment, and boundary-aware reminders. In this way, the system preserves operational flexibility
while increasing safety[11]. For instance, during delicate suturing, puncture positioning, or catheter advancement, the
robot can suppress high-frequency tremor and maintain directional stability; when approaching danger zones, it can
provide damping reinforcement, visual alerts, or command-limiting constraints. These mechanisms represent one of the
most clinically feasible and scalable forms of intelligent surgical assistance at present because they offer measurable

utility while preserving clinical accountability.
3.3. Postoperative Stage: Quality Assessment, Skill Training, and Data Closed-Loop Iteration

In the postoperative stage, the role of Al shifts from immediate procedural assistance to quality assessment, skill
training, and system iteration. Conventional assessment of surgical quality relies heavily on postoperative outcomes and
expert evaluation. Although clinically meaningful, this approach is limited in process quantification, fine-grained skill
analysis, and timely feedback. Because surgical robots can continuously record trajectories, force-related signals,
temporal actions, and video streams, Al can be used to perform multidimensional quantitative analysis of surgical
procedures and build a more refined evaluation framework. The system can assess process-related indicators such as
procedure duration, trajectory redundancy, and completion quality of key steps, and can further relate these metrics to
complications, postoperative recovery, and imaging follow-up to provide targeted improvement suggestions. This
process—outcome linkage supports a transition from retrospective summary toward data-driven continuous quality

improvement[12].
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Al also shows significant potential in surgical education and skill training when combined with robotic platforms.
Traditional surgical training depends heavily on apprenticeship and case accumulation, often requiring a long learning
cycle and involving subjective evaluation. Surgical robots can record detailed performance metrics during simulation and
real procedures, including trajectory smoothness, speed, stability, error frequency, and stage-wise duration. Al can then
use these data for skill stratification and personalized feedback, helping trainees identify weaknesses more efficiently.
When integrated with simulation platforms and virtual training environments, Al can support scenario-based task design
and graded training progression from basic manipulation to complex procedural handling. This is particularly relevant for
vascular intervention, where procedural performance is highly experience-dependent and the learning curve is steep;
intelligent training support may improve training efficiency in lower-resource institutions and partially mitigate shortages

in expert mentoring capacity[13].

Over a longer time horizon, postoperative data accumulation also provides the foundation for continuous learning and
iterative upgrading of surgical robotic systems. AI model performance depends strongly on the coverage and quality of
available data, and clinical use of surgical robots naturally generates high-resolution procedural data with strong temporal
structure. By integrating data across hospitals, operators, disease types, and device settings, model generalization and
robustness in real clinical environments can be progressively improved. Although this process still faces substantial
challenges—including heterogeneous data standards, high annotation cost, privacy protection requirements, and barriers
to cross-center sharing—the long-term trajectory is clear: the integration of Al and surgical robotics is moving from

one-time procedural assistance toward system capability development based on continuous clinical data feedback.

4. Application Practice in Representative Clinical Scenarios

4.1. Application Characteristics in Laparoscopic, Orthopedic, and Neurosurgical Robotics

The practical value of Al in surgical robotics must ultimately be evaluated within specific clinical scenarios. Because
specialties differ markedly in anatomical characteristics, operation modes, risk profiles, and data modalities, the
integration patterns and maturity of Al technologies also differ. In general, laparoscopy, orthopedics, neurosurgery, and
vascular intervention represent the most active and clinically meaningful application domains for intelligent surgical
robotics[14].

In laparoscopic robotic surgery, Al is mainly used for intraoperative visual perception enhancement, anatomical
structure recognition, and procedural workflow assistance. Laparoscopic procedures are characterized by limited field of
view, frequent tissue occlusion, and complex anatomical context, requiring rapid interpretation of two-dimensional or
three-dimensional video images during fine manipulation. Real-time Al analysis of laparoscopic video can identify
critical structures, highlight danger zones, and assist in determining instrument—tissue spatial relationships, thereby
improving intraoperative situational awareness. For teaching and standardization, Al can also perform phase recognition
and workflow analysis based on video and trajectory data, supporting more objective evaluation of procedural quality.
The principal challenge in this scenario lies in the robustness of Al models under substantial tissue deformation, blood

contamination, smoke interference, and changing illumination conditions.

Orthopedic robotic surgery more clearly demonstrates the advantages of AI in high-precision localization,
preoperative planning, and intraoperative execution consistency. Procedures such as joint replacement and pedicle screw
placement require strict control of angle, depth, and spatial positioning, and conventional techniques are often influenced
by inter-operator variability in complex anatomical settings. Al combined with preoperative imaging analysis and 3D

reconstruction can support osseous structure identification, implant sizing, and path planning; intraoperatively, together
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with tracking and registration systems, the robot can more consistently execute predefined trajectories under physician
supervision, thereby reducing cumulative deviation. Because many orthopedic targets are relatively rigid and undergo
limited deformation, the integration of Al and robotic control in this field tends to yield relatively stable performance and

more directly quantifiable clinical benefits.

Neurosurgical robotics, by contrast, more acutely reflects the role of Al in supporting high-risk, high-precision
procedures. Neurosurgery involves the brain and central nervous system, where tolerance for error is extremely low and
even small deviations may lead to severe consequences. Accordingly, preoperative image processing, lesion and
functional region identification, puncture path planning, and intraoperative navigation accuracy all require exceptionally
high standards. In this setting, Al contributes by improving multimodal image fusion and anatomical recognition for
more accurate assessment of lesion location and surrounding risks, and by enhancing registration and navigation stability
during intraoperative guidance. At the same time, neurosurgical applications impose stricter requirements on
interpretability, real-time performance, and fail-safe design, making successful deployment dependent not only on model

accuracy but also on system engineering quality and clinician trust[15].
4.2. Clinical Value and Development Potential in Vascular Interventional Robotics

Among current application domains, vascular interventional robotics is one of the most prominent areas in which Al
can generate substantial clinical and industrial value. As the burden of cardiovascular and cerebrovascular disease
continues to grow and complex interventional procedures become more common, the clinical significance and market
potential of this field are increasing rapidly. Vascular interventions typically require physicians to manipulate guidewires
and catheters under X-ray fluoroscopy or DSA guidance to traverse vascular paths, reach lesions, and deliver therapeutic
devices. These procedures are highly dependent on operator experience, and physicians are often exposed to cumulative
radiation over long periods. In complex lesions, tortuous vessels, bifurcation-rich anatomy, and high-risk stenotic regions,
conventional manual techniques can lead to unstable advancement, difficult path selection, and increased risk of vascular
injury.

Robotic vascular intervention systems improve the procedural environment through master—slave manipulation and
precise mechanical execution, reducing operator radiation exposure and improving ergonomics. The introduction of Al
further promotes a transition from “remote mechanical manipulation” to “intelligent operation assistance.” First, Al
improves image understanding. Vessel segmentation and path recognition based on DSA, CTA, or intraoperative
fluoroscopy provide clearer vascular structural information and lesion localization cues, which can support
guidewire/catheter strategy planning. In real-time fluoroscopic images, Al can also identify guidewire and catheter
position, estimate deviation from target paths, and provide trajectory prompts or correction suggestions. Second, in this
setting where tactile feedback is substantially attenuated, Al can infer contact states and resistance variation by
integrating motion parameters, motor load signals, and image changes, enabling abnormal advancement warning and risk
alerts. This function is clinically important for reducing the risk of intimal injury, unintended branch entry, and
perforation. Third, Al-supported human—robot collaborative control can smooth manipulations, suppress micro-tremor,
and regulate movement speed under physician supervision, thereby improving consistency and stability in complex

vascular anatomy.

From the perspective of clinical dissemination, Al-assisted functions in vascular intervention may provide value
beyond immediate gains in safety and precision. By introducing standardized prompts, risk-aware alerts, and process
support, these technologies may reduce excessive dependence on individual operator experience and facilitate more

structured skill development, especially in institutions with limited access to expert interventional teams. This should not
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be interpreted as a short-term replacement for formal training; rather, it represents a technical means of strengthening
procedural consistency and safety margins in increasingly complex interventions. In regions with high cardiovascular and
neurovascular disease burden and concentrated interventional expertise, this development pathway is particularly

relevant.
4.3 Technical Adaptation and Application Boundaries Across Scenarios

It is important to note that the requirements for Al-enabled surgical robotics vary substantially across clinical
scenarios, and no single technical paradigm is universally optimal. Laparoscopic applications emphasize visual
perception and workflow assistance; orthopedic systems prioritize planning and localization accuracy; neurosurgical
systems require robust guidance in high-risk functional regions; and vascular interventional systems integrate image
understanding, force estimation, and collaborative control in a highly dynamic and risk-sensitive environment. These
differences imply that future technology development should adopt a unified intelligent framework while maintaining

specialty-specific adaptation strategies.

At the same time, application boundaries must be clearly defined in clinical practice. Most current Al modules in
surgical robotics are designed for perception enhancement, assistive prompting, and shared control, with the primary aim
of improving physician decision-making and operational quality rather than replacing core clinical judgment. Stable and
responsible deployment across specialties therefore depends on maintaining physician leadership, establishing robust

safety mechanisms, and clarifying accountability boundaries.

5. Major Challenges in AI-Enabled Medical Surgical Robotics

5.1 Common Constraints at the Data and Algorithm Levels

Despite the strong potential of Al in surgical robotics, broad and stable clinical deployment remains constrained by
multiple factors, among which data limitations are foundational. Compared with natural-scene datasets, surgical data are
characterized by high acquisition cost, high annotation threshold, strict privacy constraints, and substantial scene
variability. High-value data types—especially intraoperative video, force-related signals, operation trajectories, and
multimodal synchronized data—are often distributed across different devices and hospital information systems, with
inconsistent formats and acquisition protocols. This fragmentation makes it difficult to construct high-quality, reusable
datasets. Even when data are available, annotation of critical structures, lesion boundaries, procedural phases, and risk

events requires extensive expert involvement, resulting in high labor cost and nontrivial inter-annotator variability.

At the algorithm level, limited generalization remains a key barrier between “technical feasibility” and “clinical
trustworthiness.” Surgical environments are highly variable, and tissue deformation, bleeding occlusion, smoke, specular
reflection, and patient-specific anatomy can easily generate out-of-distribution inputs. Many models perform well on
benchmark datasets but show unstable behavior in real intraoperative environments. This issue is especially pronounced
in tasks such as vascular interventional image analysis, where instruments are thin, foreground regions are extremely
small, and class imbalance is severe, increasing the risk that models favor background-dominant predictions while
missing clinically critical targets. Consequently, clinical adoption depends not only on average accuracy but also on
model behavior under edge cases, abnormal scenarios, and extreme conditions, as well as on the presence of reliable

failure detection and safe degradation mechanisms.
5.2 Real-Time Engineering Constraints, Safety/Reliability, and Clinical Trust

The requirements imposed on Al systems in surgical robotics are considerably more stringent than those in most
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medical information systems, particularly regarding real-time response, stability, and reliability. Although high-capacity
deep learning models have achieved remarkable progress in image recognition and segmentation, they often involve
substantial computational overhead and complex architectures, making device-side deployment difficult under limited
hardware resources. In surgical robotics, improvements in the accuracy of a single module do not necessarily translate
into improved system-level performance because perception, state estimation, planning, and control are tightly coupled.
Instability or delay in any one module may degrade overall control quality and, in the worst case, produce misleading

prompts or discontinuous control behavior.

From a safety and reliability perspective, Al modules cannot be treated as optional add-ons; they must be
incorporated into the overall safety architecture of the robotic system. Recognition errors, state estimation bias,
inappropriate control intervention, or hardware—software coordination failures may all introduce clinically meaningful
risk. This is especially critical in shared-control systems, where explicit strategies are required for handling conflicts
between Al outputs and physician intent, defining priority rules, and enabling timely manual takeover. Without such
design mechanisms, “over-assistance” or prompt interference may paradoxically reduce safety and efficiency. In addition,
limited interpretability remains a major obstacle to clinical trust. In high-risk procedures, surgeons require transparent
rationales for alerts and system behavior; statistically accurate but opaque “black-box™ outputs are often insufficient for

reliable integration into operative decision-making.
5.3 Ethical/Regulatory Issues, Liability Boundaries, and Cost-Related Barriers to Dissemination

The development of Al-enabled surgical robotics also faces major nontechnical constraints, including ethical,
regulatory, and liability-related issues. Medical applications are inherently sensitive from an ethical perspective, and data
collection, sharing, and model training involve stringent requirements regarding privacy protection and informed consent.
Multicenter data circulation and cross-institution model iteration further increase compliance complexity. At the same
time, Al systems are characterized by continuous updating and iterative optimization, whereas medical device regulation
typically emphasizes version stability, verifiable performance, and controllable risk. This mismatch creates practical
tension in approval and lifecycle management. When Al systems participate in navigation suggestions, risk alerts, or
operational constraints, adverse events may raise difficult questions about responsibility allocation across physicians,

hospitals, device manufacturers, and algorithm developers, underscoring the need for clearer institutional frameworks.

Cost and deployment pathways also remain significant barriers to large-scale adoption. High-end surgical robotic
platforms involve substantial initial investment, maintenance costs, and training requirements, posing a challenge for
many institutions, particularly at the primary or regional level. Although Al may increase clinical value, it may also
introduce added computational costs, deployment complexity, and maintenance burden if not carefully engineered. For
healthcare providers, adoption decisions depend not only on technical sophistication but also on whether the system can
produce a clear return in terms of quality improvement, efficiency gains, workforce training, and long-term operational
benefits. Therefore, future development should address not only performance optimization but also cost control,

workflow compatibility, and maintainability to support broader clinical dissemination.

6. Development Trends and Strategic Recommendations

6.1 Technical Evolution: Multimodal Fusion and Higher-Level Human—Robot Collaboration

After an initial stage characterized mainly by isolated algorithmic breakthroughs, Al in surgical robotics is
increasingly moving toward system integration and clinically oriented design. One major direction is multimodal

intelligent perception. Visual information alone is often insufficient in surgical settings due to occlusion, noise, limited
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contrast, and changing viewpoints, while force or pose information alone cannot fully describe complex
tissue—instrument interactions. By integrating vision, pose, force-related signals, motor state data, and preoperative image
priors, multimodal models can improve scene understanding and state estimation robustness. In vascular interventional
robotics, for example, joint modeling of fluoroscopic images, guidewire/catheter motion parameters, and drive load
signals is expected to enhance contact-state recognition and risk warning. In laparoscopic and neurosurgical applications,

multimodal fusion may help maintain navigation accuracy despite tissue deformation and visual disturbances.

Another important direction is the deepening of physician-led human-robot collaboration. At present, Al in surgical
robotics is used mainly for target recognition, structure highlighting, and state estimation. As models improve and clinical
validation accumulates, Al functions are likely to expand toward higher-level support, including path suggestion,
parameter optimization, risk stratification, and context-aware operational constraints. This evolution should not be
equated with near-term fully autonomous surgery. A more realistic pathway is the progressive refinement of
shared-control paradigms, in which robotic systems better infer physician intent and provide proactive, personalized
assistance during critical steps. Throughout this process, physician authority, safety prioritization, and explicit takeover

mechanisms should remain non-negotiable design principles.
6.2 Clinical Translation Pathways: Data Closed Loops, Multicenter Validation, and Standardized Evaluation

Data closed-loop learning and continuous optimization in real clinical environments will be central to improving
system performance and scalability. Surgical robots are naturally capable of collecting high-value procedural data,
offering a foundation for moving Al models from laboratory training to iterative clinical refinement. Future efforts should
build integrated data management and feedback systems spanning preoperative, intraoperative, and postoperative stages,
linking imaging, trajectories, state parameters, procedural outcomes, and clinical endpoints in a standardized manner.
Under appropriate privacy and compliance constraints, federated learning and privacy-preserving computation may

provide practical routes for multicenter model optimization.

Multicenter validation and standardized evaluation frameworks are equally essential. Data from a single center cannot
adequately represent the heterogeneity of real clinical practice; only models validated across different hospitals, devices,
and operators can support reliable dissemination. In addition, evaluation criteria for surgical robotics should not be
limited to algorithm-level accuracy. They should include real-time performance, stability, interpretability, human—robot
collaboration quality, abnormal-scenario response, and impact on clinical outcomes. A layered evaluation framework is
therefore needed to cover offline model metrics, simulation performance, benchtop/animal validation, clinical trial results,
and real-world evidence. Such standardization would improve comparability across studies and facilitate more efficient

clinical translation and regulatory assessment.
6.3 Industrial and Policy Coordination: Strategies for Scalable Deployment

Sustained progress in Al-enabled surgical robotics requires coordinated support from academia, industry, healthcare
institutions, and regulatory bodies. On the technical side, continued investment is needed in core sensors, controllers,
high-reliability embedded computing platforms, domain-specific algorithm frameworks, and critical hardware
components to strengthen system-level autonomy and robustness. On the clinical side, healthcare institutions should be
encouraged to participate in real-world validation and demonstration programs so that clinical needs can actively shape

technology iteration, rather than allowing a purely technology-driven development pathway.

From a policy and governance perspective, clearer frameworks are needed for the regulatory review of Al-based
medical devices, ethical oversight, data governance, and responsibility allocation. These measures would provide more

predictable compliance pathways for innovation. In parallel, dissemination strategies should be aligned with
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reimbursement mechanisms, training certification, and tiered healthcare delivery systems so that intelligent surgical
robotic technologies can extend beyond tertiary centers and become accessible, maintainable, and clinically useful in a
broader range of institutions. Taken together, future progress will depend on a shift from isolated “performance
competition” toward competition in system credibility, usability, and clinical integration. Advancing along this path is

essential for high-quality development of intelligent surgical robotics.

7. Conclusion

7.1 Main Findings and Practical Implications

Al is fundamentally reshaping the capability structure and application boundaries of medical surgical robots, enabling
their transition from mechanically oriented assistance devices to intelligent clinical support systems with enhanced
perception, state understanding, risk warning, and collaborative control. This paper has reviewed the theoretical
foundations, key applications, representative scenarios, current challenges, and development directions of Al-enabled
surgical robotics. Across the preoperative, intraoperative, and postoperative stages, Al has already demonstrated
substantial value in planning support, navigation and operation assistance, quality assessment, and training feedback. Its
contributions are particularly significant in high-risk, high-precision domains such as vascular intervention and

neurosurgery, where procedural safety, stability, and reproducibility are critical.

At the same time, Al-enabled surgical robotics remains in a transitional stage between technical feasibility and
large-scale clinical adoption. Data heterogeneity, limited generalization, real-time deployment constraints, safety and
reliability requirements, regulatory adaptation, and cost-related barriers collectively indicate that progress cannot rely
solely on improvements in algorithmic benchmarks. Clinical demand-driven design, system engineering optimization,

and governance mechanisms must advance in parallel.
7.2 Outlook

Looking forward, continued progress in multimodal perception, shared human-robot control, data closed-loop
learning, and multicenter validation is expected to further enhance the level of intelligent assistance achievable under
physician-led operation. Over the longer term, the deep integration of Al and surgical robotics is not simply a matter of
improving individual device performance; it is closely linked to the broader development of intelligent healthcare
systems, advanced medical equipment, and more equitable access to high-quality surgical services. Advancing innovation
and translation around the goals of safety, precision, accessibility, and sustainability will help establish a new ecosystem

of intelligent surgery with both clinical and industrial value.
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