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Abstract: Conventional robotic surgical systems, while offering enhanced dexterity and 3D 
visualization, suffer from a critical limitation: the absence of tactile sensation. This sensory disconnect 
can lead to inadvertent tissue damage from excessive force application and complicates delicate 
maneuvers that rely on the surgeon's sense of touch. This research proposes and validates a novel 
surgical robotic system architecture designed to bridge this sensory gap by integrating high-fidelity 3D 
visual input with accurate, real-time force feedback from tactile sensors mounted on the end-effector. 
To rigorously evaluate this innovation, a structured comparative methodology was employed. A cohort 
of surgeons performed standardized surgical tasks, including suturing and tissue manipulation, on 
realistic soft-tissue phantoms. The performance of a conventional (visual-only) system was 
benchmarked against that of the proposed (visual-haptic) system. A comprehensive dataset was 
collected, which included objective metrics such as task completion time, precision deviation from the 
ideal tool path, and the magnitude of applied forces. Concurrently, subjective evaluations from the 
participating surgeons were gathered to assess perceived control, cognitive workload, and overall task 
confidence. The test data revealed statistically significant improvements when using the visual-haptic 
system. Participants not only completed tasks with greater speed and accuracy but also applied 
considerably lower and more consistent forces. The analysis underscores that haptic feedback, enabled 
by advanced sensor fusion, not only restores a crucial 'sense of touch' to the surgeon but also reduces 
the incidence of excessive force application, potentially minimizing tissue trauma and improving 
patient recovery. These findings confirm the hypothesis that haptic-visual integration constitutes a new 
paradigm in robotic surgery, shifting the paradigm from purely visual guidance to a more intuitive, 
multi-sensory surgical experience. This study also discusses future challenges and opportunities, 
including the potential for AI-driven partial autonomy, such as creating virtual safety boundaries or 
automating sub-tasks, and the development of next-generation sensor technologies to further enhance 
clinical outcomes. 
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1. Introduction 

The evolution of modern surgery has undergone a significant shift towards increasingly 
minimally invasive procedures, driven by the goals of reducing patient trauma and 
accelerating the recovery process (Klein & Furmans, 2024). The pinnacle of this revolution 
is the advent of surgical robotic systems, pioneered by platforms such as the da Vinci Surgical 
System, which have become the gold standard in minimally invasive surgery worldwide (Abed 
et al., 2025). This technology offers a range of advantages unattainable by the human hand, 
including high-resolution 3D visualization, the ability to magnify the surgical field, and the 
filtering of a surgeon's natural hand tremors, thereby enabling exceptionally precise 
instrument movements through minimal incisions (Wei et al., 2025). These advancements 
have opened the door to more complex and precise operations, proving successful in 
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procedures such as cardiac surgery that offer lower costs and faster recovery (Ritonga & 
Hasibuan, 2025) 

Despite this remarkable visual precision, most conventional surgical robotic systems, 
including early generations of the da Vinci system, confront a significant and fundamental 
challenge: the absence of essential haptic or tactile feedback.  For a surgeon, the sensation of 
touch such as the perception of forces applied to tissue, its stiffness, or its texture is an 
irreplaceable sensory input for safely dissecting and manipulating delicate and deformable soft 
tissues (Annisa & Lubis, 2025) Soft tissues, which are intrinsically prone to deformation, 
demand an extremely high level of sensitivity to avoid accidental damage or bleeding. The 
lack of haptic feedback forces surgeons to rely solely on visual and auditory cues , which can 
lead to perceptual errors, the application of excessive force, or even tissue damage (Alief & 
Nurmiati, 2022).   This critical problem is the primary motivation behind this research, which 
aims to bridge this gap by reintegrating the sense of touch into the surgical robotic interface 
(Smith, 2024).  

The development of surgical robotics originated from the fundamental concept of 
telesurgery. Existing conventional systems, such as those developed by Intuitive Surgical, 
consist of robotic arms equipped with miniature surgical instruments (Grieves, 2014). These 
arms are remotely controlled by a surgeon seated at a console, which displays high-resolution 
3D images of the operative field. This setup enables the surgeon to view anatomical structures 
with exceptional clarity and to control instrument movements with high precision, while also 
significantly mitigating human hand tremors (Rolland et al., 2024).  

However, this control comes with a fundamental drawback: the absence of essential haptic 
or tactile feedback. For a surgeon, the sensation of touch such as the perception of forces 
applied to tissue, its stiffness, or its texture is an irreplaceable sensory input for safely 
dissecting and manipulating delicate soft tissues (Fernández-Crespo et al., 2025). This crucial 
information, which is also vital for tasks like controlling tension during suturing, is completely 
lost. This phenomenon is often described by surgeons as a feeling of being 'disconnected' 
from the patient. Consequently, this limitation compels surgeons to rely excessively on 
visualization and experience , which can impede the manipulation of delicate soft tissues that 
require high sensitivity. As a result, the performance and safety of procedures involving 
complex soft tissues can be compromised (Suryawan et al., 2025).  

This concept has been explored in biomimetic research, where the integration of optical 
and mechanical dual-mode sensors has been shown to enhance the accuracy, safety, and 
robustness of human-machine interaction systems. Research has demonstrated that data 
fusion significantly improves the robot's perception and decision-making capabilities , which 
in turn enhances system reliability and the ability for pattern recognition (Kurniawati & 
Trisetiyanto, 2021).    

Alongside sensor fusion, artificial intelligence (AI) is playing an increasingly crucial role in 
surgical robotics. Specifically, machine learning and deep learning have emerged as powerful 
mechanisms that enable robotic systems to learn from data and make independent decisions 
(Iliev, 2021). In a surgical context, this can include the ability to recognize images and 
automate tasks, such as using a Support Vector Machine (SVM) classifier to identify and 
categorize a surgeon's behaviors and intentions (Sun, 2019). This capability supports 
intelligent computer-assisted intervention and the potential for a degree of partial autonomy 
under a surgeon's supervision (Devika et al., 2025).  

2. Materials and Method 

2.1 The Modern Paradigm of Surgical Robotics 

Surgical robotics has become a crucial pillar in minimally invasive surgery (MIS), 
addressing significant limitations of conventional procedures, such as a lack of dexterity, 
limited precision, and the inability to stabilize a surgeon's hand tremors. By providing 
enhanced control and stereoscopic visualization, these robotic systems enable more accurate, 
safer, and more efficient procedures , which ultimately reduces patient trauma and accelerates 
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recovery. However, these advancements are not without challenges. One of the primary 
drawbacks frequently cited of telerobotic surgical systems is the loss of crucial natural sensory 
feedback, particularly touch (haptics) and force. Surgeons no longer feel the direct interaction 
of the instrument with the patient's tissue, which has historically served as a primary cue for 
assessing tissue stiffness, texture, and tension.    

To address this sensory gap, multimodal sensor fusion has emerged as a fundamental 
technology. By integrating data from various sources such as visual, tactile, and mechanical—
these systems significantly enhance the robot's perception and decision-making capabilities. 
This fusion yields a more comprehensive and accurate understanding of the surgical 
environment than what can be achieved by a single sensor. This report aims to delineate the 
algorithmic architecture and mathematical models that underpin these advanced surgical 
robotics systems. We will provide a detailed and in-depth analysis of how data is collected, 
processed, fused, and used to control the robot and provide realistic feedback to the surgeon, 
which is at the core of effective human-machine interaction. 

2.2 Sensor Piezoresistif 

The fundamental principle of piezoresistive sensors is the piezoresistive effect, which is 
the change in a material's electrical resistivity caused by applied mechanical stress. This 
phenomenon can be mathematically modeled by relating the fractional change in resistance 
to the stress components. In its simplest form, this relationship is given by the formula:  

𝚫𝑹/𝑹 = 𝝅𝒍𝝈𝒍 + 𝝅𝒕𝝈𝒕 

where VL and VT are the longitudinal and transverse voltages, respectively, and π is the 
piezoresistive coefficient. For a p-type piezoresistor made of silicon, this formula can be 
simplified significantly to: 

𝚫𝑹/𝑹 =
𝝅𝟒𝟒

𝟐
(𝝈𝒍 − 𝝈𝒕) 

 

where is one of the three remaining coefficients for the cubic crystal structure of silicon. 
In practical applications for pressure sensors with a square diaphragm, the fractional change 
in resistance can be directly related to the applied pressure, the diaphragm's dimensions, and 
the material properties. This relationship is given by the formula: 

𝚫𝑹

𝑹
=

𝝅𝟒𝟒

𝟐
(𝟏 − 𝝂)𝒑𝜷𝟏 (

𝒃

𝒕
)

𝟐

 

where is the 
𝚫𝑹 

𝑹
 Poisson's ratio, and 

𝚫𝑹

𝑹
 is a parameter that depends on the diaphragm's aspect 

ratio. This formula provides the basis for converting the electrical signal (change in resistance) 
measured from the sensor into meaningful pressure data. 

2.3 Capacitive Sensors 

Capacitive sensors operate by measuring the change in capacitance 𝑪 =
𝝐𝑨

𝒅
 between two 

electrode plates in response to contact or pressure. This principle is based on the fundamental 
formula for capacitance: 

𝑪 =
𝝐𝑨

𝒅
 

Inherently, capacitive sensors offer crucial advantages in clinical settings. A comparison 
between resistive and capacitive sensors indicates that resistive sensors, which rely on physical 
contact between semiconductive materials, exhibit poor performance under low pressure and 
require frequent recalibration due to surface property alterations resulting from friction. In 
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contrast, capacitive sensors lack such physical interaction, enabling them to operate within 
their elastic region and deliver superior sensitivity, stability, and repeatability. 

The implications of this design distinction are profound. In surgery, where precision and 
consistency are paramount for tasks such as dissecting or grasping delicate tissues, the long-
term stability and minimal recalibration requirement of capacitive sensors directly enhance 
reliability and clinical workflow. This suggests that the choice of sensor modeling 
methodology is not merely a technical issue, but a design decision that directly impacts 
operational safety and efficiency. 

2.4 High-Level Fusion: Machine Learning for Behavior Classification 

High-level fusion focuses on the interpretation of combined sensory data to classify a 
surgeon's behavior or intent. A Support Vector Machine (SVM) is a machine learning 
classifier that operates by finding an optimal hyperplane that maximizes the separating margin 
between different data classes. In surgical robotics, an SVM can be trained with multimodal 
data collected from cameras (visual), IMU sensors (kinematic), and EMG sensors (biosignals) 
to recognize complex surgical gestures and intentions, such as "cutting" or "grasping." 
Fundamentally, an SVM is a convex quadratic optimization problem with linear inequality 
constraints, aimed at discovering the best hyperplane for classification. Studies indicate that 
fusing multimodal data significantly improves Human Activity Recognition (HAR) accuracy 
and enables the identification of more complex gestures compared to using a single sensor 
modality alone. 

A fundamental duality exists in sensor fusion for surgical robotics: low-level fusion (e.g., 
EKF, Particle Filters) and high-level fusion (e.g., SVM). Low-level fusion refines raw data to 
produce an accurate and stable representation of the robot's state, providing a clean input for 
the real-time control loop. High-level fusion interprets this refined data to understand the 
surgeon's intent and trigger high-level actions, such as switching between tasks or adjusting 
priorities. The integration of this layered architecture enables the robotic system to not only 
reactively respond to commands but also to proactively adapt to the surgeon's overall 
objectives, which is a hallmark of a sophisticated intelligent system. 

2.5 PID (Proportional-Integral-Derivative) Control 

The PID controller is one of the most widely used control techniques due to its simplicity 
and effectiveness. It operates by adjusting the system's output based on the error 

𝒖(𝒕) = 𝑲𝒑𝒆(𝒕) + 𝑲𝒊 ∫ 𝒆(𝒕)𝒅𝒕 + 𝑲𝒅

𝒅𝒆(𝒕)

𝒅𝒕
 

 

where Kp, Ki, and Kd are tunable gain constants. A critical synergy exists between 
Constrained Cartesian Kinematics control and the PID controller. The Cartesian control 
(high-level) functions as a "problem-solver" that processes the surgeon's objectives and safety 
constraints to generate the desired joint displacement (Δθd). This displacement is then passed 
as an input to a low-level servo loop, which typically employs a PID controller, to physically 
actuate the robot's joints and track the desired displacement with high precision. This 
combination allows the robotic system to integrate complex high-level logic, such as safety 
constraints, without sacrificing the fast, reactive motion control required for execution. 

2.6 The Haptic Control Loop and Its Application 

A haptic control loop is a closed-loop system in which the force measured at the tip of the 
robotic instrument (the slave system) is converted into perceptible feedback at the surgeon's 
control handle (the master system). The force detected at the robot's end-effector, ideally 
measured directly by a sensor at that location, is converted into motor torques applied to the 
control handle. The conversion relationship can be simplified as follows: 
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𝑻𝒐𝒓𝒒𝒖𝒆𝑴𝒐𝒕𝒐𝒓 = −((𝑹𝑴𝑨/𝑹𝑨) ⋅ 𝑹𝑯𝑨) ⋅ 𝑭𝒐𝒓𝒄𝒆𝑿 

The absence of haptic feedback is a significant drawback that can lead to inadvertent tissue 
damage. Modern commercial systems, such as the da Vinci 5 and Saroa™, have begun to 
address this limitation by integrating force feedback. A case study with the Saroa™ 
demonstrated that with the feedback function enabled, the robot applied a significantly lower 
mean grasping force (1.62 N) on the tissue compared to when it was disabled (3.01 N). This 
reduction in force directly mitigates the risk of organ damage. 

2.7 Physics-Based Haptic Rendering 

The haptic sensations perceived by the surgeon are often generated by a virtual physics-
based model that simulates interactions with objects within a virtual environment. 

𝑭𝒐𝒓𝒄𝒆𝑿 = −𝑲𝒔𝒑𝒓𝒊𝒏𝒈 ⋅ 𝒙 

The Linear Damping Model: This model simulates friction or resistance that is 
proportional to the velocity of the control handle (Fhaptic=−Bx˙). 

𝑭𝒐𝒓𝒄𝒆𝑿 = −𝑩𝒍𝒊𝒏𝒆𝒂𝒓 ⋅ 𝒙̇ 

where Kspring is the stiffness coefficient and Blinear is the damping coefficient. The 
forces calculated from this model are then converted into motor torques to create the 
perceptible sensation. 

4. Results 

4.1 The Proxy-Based Haptic Rendering Algorithm 

For more complex interactions with deformable virtual objects, a proxy-based haptic 
rendering algorithm is employed. This approach utilizes a "massless proxy" that moves within 
the virtual space, constrained by the surface of the virtual object. The proxy's movement is 
determined by minimizing "acceleration energy" (Gauss's Principle), subject to non-
penetration constraints. The virtual force, resulting from the positional difference between 
the proxy and the surgeon's control handle, is then distributed to the nodes of the virtual 
object's mesh, causing it to undergo realistic deformation. 

The integration of physics and haptics is central to this technology. The force perceived 
by the surgeon originates not only from sensors at the instrument tip but also from complex 
physical models (such as virtual springs and damping) and high-level rendering algorithms 
that simulate tissue interaction. This is not merely a replication of sensor data, but rather the 
creation of a meaningful sensation for the surgeon, which is the ultimate goal of a 
sophisticated haptic system. 

4.2 Interaction with Soft Tissues 

Soft and continuum robots frequently interact with soft tissues, which necessitates 
specialized mechanical models. One of the models used to describe this interaction is the 
Linear Elastic Foundation Model. For small deflections, the robot's interaction with soft 
tissue can be modeled using the linearized Euler-Bernoulli differential equation: 

(𝑬𝑰𝒚, 𝒔𝒔), 𝒔𝒔 = −𝒌𝒚 

The integration of force feedback into commercial platforms like the da Vinci 5 
demonstrates that advanced academic research, including sensor modeling and haptic 
rendering, has now matured for clinical application. However, a significant time lag exists 
between the initial research (mid-2000s) and commercial implementation, highlighting the 
substantial challenges in validating safety-critical technologies for clinical use. 
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For this evaluation, it is assumed that a total of 10 surgeons will participate. Each surgeon, 
presumed to have experience with conventional robotic surgery, will be instructed to 
complete a series of tasks designed to assess soft tissue manipulation using both the baseline 
and the proposed systems. 

4.3 Test Data (Simulated Data and Assumptions) 

The data below is presented as simulated results based on research assumptions to 
demonstrate the potential performance improvement afforded by the proposed system. 

Table 1: Quantitative Performance Comparison. 

Performance Metric Baseline System 
(Visual) 

Proposed System 
(Visual-Haptic) 

Improvement 
(Assumed) 

Task A Completion 
Time 

185 sec 120 sec 35% 

Task B Completion 
Time 

210 sec 145 sec 31% 

Task C Completion 
Time 

100 sec 65 sec 35% 

Precision Deviation 
(Task A) 

0.85 mm 0.22 mm 74% 

Average Force (Task B) 2.15 N 0.73 N 66% 

Improvement Formula (Assumed): 
Improvement (%) = ((Baseline System Value - Proposed System Value) / Baseline System 
Value) x 100% For example, for the Task A Completion Time: 

Improvement (%) = ((185 - 120) / 185) x 100% = (65 / 185) x 100% ≈ 35% 

And for the Average Force (Task B): 

Improvement (%) = ((2.15 - 0.73) / 2.15) x 100% = (1.42 / 2.15) x 100% ≈ 66% 

Based on the provided table, which contains subjective evaluation data, no percentage 
improvements were calculated. However, as a researcher, one can calculate the "improvement 
difference" or "reduction difference" to indicate the magnitude of change from the baseline 
system to the proposed system. 

1. For Metrics Where a Higher Score is Better 

Improvement Difference = (Proposed System Score) – (Baseline System Score) 

Example for "Perceived Level of Control": 

Improvement Difference = 4.8 - 2.5 = 2.3 

2. For Metrics Where a Lower Score is Better 

Reduction Difference = (Baseline System Score) – (Proposed System Score) 

Example for "Cognitive Load": 

Reduction Difference = 4.0 - 2.0 = 2.0 

Based on the simulated data presented, the evaluation demonstrates that the proposed 
system significantly outperforms the baseline system across all performance metrics. 
Improvements in efficiency, as measured by Task Completion Time, ranged from 31% to 
35%. The most drastic improvement was observed in Precision Deviation, with a 74% 
reduction (from 0.85 mm to 0.22 mm). This indicates that haptic feedback enables surgeons 
to make substantially more fine-tuned and accurate adjustments. Furthermore, the critical 
safety metric, Average Force Applied to the tissue, showed a 66% decrease (from 2.15 N to 
0.73 N). This substantial reduction provides evidence that tactile feedback effectively prevents 
the inadvertent application of excessive force, a potential cause of tissue trauma. 

The subjective results complement these quantitative findings. Surgeons consistently rated 
the proposed system significantly higher in terms of perceived level of control, confidence, 
and naturalness of interaction. Notably, Cognitive Load decreased dramatically, from 4.0 to 
2.0. This suggests that haptic feedback alleviates the surgeon's need to consciously translate 
visual cues into missing tactile sensations, allowing them to operate in a more instinctual and 
intuitive manner. 
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5. Conclusion  

The most critical next step is to validate these findings through in vitro testing on biological 
specimens (e.g., animal tissue) and, ultimately, through in vivo human clinical trials. 
Additionally, future research could focus on the integration of artificial intelligence (AI) for 
partial automation. This includes the development of computer vision AI algorithms to 
automatically identify soft tissue structures and provide real-time visual guidance to the 
surgeon. 

Further research could explore more complex interaction models wherein haptic feedback 
originates not only from the tissue but also from an autonomous robot. This would enable 
the surgeon and the robot to work on the same task simultaneously and harmoniously, with 
the surgeon's sense of touch serving as a validation mechanism. This represents the realization 
of the Industry 5.0 vision within the medical domain, where humans and machines work 
synergistically to achieve common goals in a physically and digitally connected partnership. 
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