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Abstract— Tendon-driven snake-like robots have demon-
strated potential for minimally invasive surgery, particularly
in anatomically constrained regions. A previously developed
system for cranial bone cutting integrated such a snake
robot with an industrial manipulator, yielding a combined
9 degrees-of-freedom (DOF). However, direct operation of a
high-DOF system is difficult for a human operator to control.
Conventional robotic platforms often rely on teleoperation,
which, while effective, physically separates the operator from
the surgical site, reducing intuitive control and potentially
increasing procedural risk. In this study, we introduce the first
system that integrates a force-guided controller with a real-time
digital simulator and full-shape virtual fixture (VF) to enhance
human-robot interaction in cranial surgery. The controller
enables shared autonomy, allowing the surgeon to apply input
forces while the robot guides motion along a desired follow-the-
leader (FTL) trajectory. The simulator provides synchronized
visualization of the physical and virtual environment, offering
both surgical planning insight and intraoperative feedback.
Experimental results demonstrated that the proposed system
facilitates collaborative control. The system shows improved
accuracy and stability compared to manual operation, with
average errors of 6.79 + 3.27 mm at the handle and 7.13 + 1.39
mm at the tool-tip, versus 13.61 + 3.05 mm without guidance.
The results also demonstrate that a 5 N force threshold offers
the best balance of responsiveness and stability. Using this
system, the robot successfully performed FTL cutting motion
on a physical skull model with 2 mm bone thickness.

I. INTRODUCTION

Minimally invasive surgical robots often need to traverse
narrow anatomical passages to reach the target sites, pre-
senting significant challenges for motion control and vi-
sualization [1]. Unlike trans-abdominal procedures, which
are primarily constrained by a remote center of motion,
minimally invasive craniotomies (skull or cranial bone cuts)
require precise control of the robot’s full kinematic shape.
For these procedures, the robot must follow a prescribed
bone-cutting trajectory on the skull while operating within
narrow corridors bounded by soft tissues, including the scalp,
dura and brain [2]. Such a system is required to conform to
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Fig. 1: System overview for cranial bone-cutting experiments: a tendon-
driven snake robot is mounted on a Franka manipulator and operates along
a 3D skull model. Optical trackers register the Franka base and flange, the
skull, and the planned path; a user handle attached at the flange provides
measured input forces for the force-guided controller.

the skull curvature using a minimal access incision with spe-
cific application in craniosynostosis (premature skull fusion)
surgery.

Most manual surgical devices focus on the end-effector
position and orientation and have only one bending section
with the ability to control only one degree-of-freedom (DOF)
at a time [3]. Multiple snake-like surgical robots have been
developed with mechanisms capable of articulating along
curved paths, such as multi-rigid linkage systems and elastic
backbone designs [4]. However, these robots focus on tele-
operation and automation. As a result, efficient strategies are
lacking for controlling the motion and shape of these robots
when navigating irregular, curved passages under direct
collaborative control by surgeons. This challenge is exem-
plified by the cranial surgical robotic system we previously
developed [5] with multiple bending segments and DOF. In
this work, the surgical task is the performance of minimally
invasive cranial bone-cuts (craniotomies). Successful robotic
navigation for this procedure requires at least 6-DOF to
control the end-effector pose, along with additional DOF
to manage the robot’s overall shape. Efficiently controlling
a snake-like robot with multiple bending segments is par-
ticularly challenging for human operators, especially when
the robot’s shape cannot be directly visualized through the
endoscopic tool-tip view. Therefore, autonomous assistance
is required in addition to direct surgeon input, enabling a
collaborative shared-control for safe and accurate navigation.
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To navigate the geometric constraints encountered dur-
ing minimally invasive surgery, virtual fixtures (VFs) have
been widely investigated. A VF is a software-defined con-
straint, implemented through haptic forces or position-based
guidance that restricts or directs the instrument motion,
thereby enhancing both safety and accuracy. This approach
has been used in assistance for suturing in robot-aided
pediatric endoscopic surgery [6] and cardiac surgery [7].
In collaborative robotic settings, VFs may generate artifi-
cial force feedback, modulate the user’s applied force [8]
[9], or constrain the end-effector motion through velocity
admittance or impedance control schemes [10]. Defining
VFs in the surgical environment allows for safe cooperative
control involving humans and robots [11]. However, although
keyhole and surface types VFs have been extensively studied,
implementing VFs for full shape of snake-like robots oper-
ating through narrow passages continues to be a challenging
research problem.

Preoperative motion planning and shared-control are also
critical for enabling safe human-robot cooperation and the
reliable execution of surgical procedures. By providing sur-
geons with insight into the robot’s motion before and during
surgery, surgical planning adds an essential layer of safety.
Surgeons have shown increased specific psychomotor skills
by practicing on a virtual simulator [12] for laparoscopic
surgery, and improved situational awareness [13]. Simulation
platforms such as Asynchronous Multi-Body Framework
(AMBF) [14], and Unity [15] have been used for surgical
simulation and training. However, implementation of shared
control and simulation with surgical snake robots remains an
open research challenge.

Furthermore, due to the complex kinematic chain of
the robotic system, mechanical properties such as backlash
and tolerance contribute to the inaccuracy of end-effector
position [16]. As a result, many existing surgical robot
rely on human-in-the-loop control via teleoperation. This
approach physically separates the surgeon from the surgical
site, which can diminish operational intuitiveness and delay
response during emergencies. From a safety perspective, the
surgeon should maintain physical shared-control over the
robots instrument motion when navigating complex paths.

There is a need for an assistive system that integrates
surgeons’ and robot inputs as shared control for a cranial
surgical snake robot. In this work, we propose a novel control
strategy in which a digital twin simulator is used to generate
virtual fixtures (VFs) that regulate end-effector trajectories
and robot shape during craniotomies. There are two major
contributions of this study: (i) a force-guided controller that
enables safe and effective physical human-robot interaction
(pHRI) during the performance of craniotomies; (ii) a virtual
simulation framework that models both the robotic motion
and cutting process on a three-dimensional (3D) skull model.
To the best of our knowledge, this is the first system that
combines force-guided shared control with a digital twin sim-
ulator to generate FTL virtual fixtures for the performance
of craniotomies.
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Fig. 2: Overview of the snake robot, which consists of two bending segments
actuated by antagonistic tendons. The system integrates a bone-cutting jaw,
an endoscope, an actuation unit, and a surgeon physical interface (handle).

II. SYSTEM DESIGN AND METHODOLOGY

The robotic system consists of a tendon-driven snake robot
and an industrial manipulator for positioning. The snake
robot is bio-inspired by limbless vertebrates such as snakes
and lizards, where the skeleton provides structural support
while muscles generate actuation force. This configuration
enables these animals to maneuver through narrow passages
and perform force-intensive tasks such as burrowing and cap-
turing prey [17]. Similarly, the robot integrates rigid linkages
for structural support and tendons for actuation. Secondly, an
FTL algorithm [5] is employed to generate a trajectory for
the robot to follow, enabling it to conform to the curvature
of the cutting paths on the skull. This trajectory is treated
as a VF, where the force guiding algorithm constrains the
motion to remain on the trajectory. During operation, the
surgeon interacts with the system via a handle, applying
forces that are measured by integrated torque sensors. The
force inputs are used to guide the robot’s advancement along
the trajectory. In addition, an endoscope at the end-effector
provides real-time visual feedback, allowing the surgeon to
fine-tune tip position, ensuring accurate cutting along the tar-
get path and preventing unintended contact with surrounding
soft tissue. In addition, a virtual simulator was developed
for pre-operative analysis and real-time visualization of the
cutting progress.

A. Robot Architecture and Mechanical Design

The proposed system integrates a snake robot in series
with a 7-DOF industrial manipulator (Franka Research 3,
Franka Robotics, Germany) (Fig. 1). The snake robot (Fig. 2)
is designed with two actively controlled bending segments
(total 175 mm), enabling bending with constant curvature.
The distal end-effector incorporates a specialized bone-
cutting jaw (punch). In addition, a CMOS-based (Comple-
mentary Metal-Oxide-Semiconductor) endoscope (OV6946,
Wengiao Electronics, China) is integrated into the end-
effector, providing intraoperative visual feedback. In this
study, the cutting tool was designed for planar curved cutting
paths, which align with the conventional patterns employed
during minimally invasive cranial surgery, such as during an
endoscopic strip [2], and extended strip craniectomy [18].
The proximal end of the snake robot is a motorized actuation
unit and a handle. This handle is mounted onto the flange of
the Franka manipulator, and acts as the physical collaboration
interface between the user and the robot.
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Fig. 3: Workflow of trajectory generation and force-guided execution.
Optical tracker poses are converted by the FTL algorithm into a Cartesian
trajectory, interpolated and transformed into joint-space commands. User-
applied handle forces are filtered by a tangential threshold, while snake robot
bending angles are interpolated and synchronized with the flange trajectory.

B. Shared Control with a Virtual Fixture

The shared control algorithm workflow is illustrated in
Fig. 3. The desired cutting path is first defined by tracing
the skull surface with an optical probe, thereby capturing
the desired path as a set of coordinate frames in 3D space
using an optical tracker (NDI Polaris Spectra, NDI, Canada).
This path is represented as a sequence of discrete coordinate
frames, each expressed as a transformation matrix in the spe-
cial Euclidean group SE(3). In the proposed control strategy,
the trajectory is sampled into discrete steps in 3D space (34
in current design). At each step, the configuration space of
the snake robot is searched to identify shapes that minimize
deviation from the target path [5]. By sequentially linking
these configurations, an FTL trajectory is constructed. This
trajectory is represented in two components: the Cartesian
pose of the Franka flange and the bending angles of the snake
robot. Since the user handle is mounted on the force-sensing
flange of the Franka robot, the force-guiding calculations
only account for the components proximal to the flange.

To ensure smooth motion, the resulting Cartesian tra-
jectory of the Franka flange is interpolated using splines,
yielding a dense joint-space path of approximately 5000
points along the trajectory (Condensed Force Path). This
corresponds to an average spacing of less than 1 mm between
consecutive points. The joint-space trajectory is then calcu-
lated using inverse kinematics, which serves as the reference
for a force-guided position controller, enabling physical
human-robot interaction (pHRI). Simultaneously, the snake
robot’s bending angle is also interpolated to have the same
number of steps as the flange trajectory. The controller,
equation (1), interprets force inputs applied by the surgeon at
the handle, computes the tangential component of the input
relative to the trajectory, and advances the robot along the
cutting path in 3D space. Any input force orthogonal to the
trajectory is actively rejected, thereby implementing a VF
that constrains motion along the predefined path. To further
stabilize operation and prevent unintended motion caused by

small perturbations, a force threshold is incorporated such
that the robot only advances once the applied input exceeds
the set threshold. If the tangential force passes the threshold,
the Franka robot advances at a constant speed, synchronous
with the snake robot motion.

$ = vH(i" Fy— Fn), e
The controller, as described in

HR={" 7% @)
0, z<0,

where § denotes the progression speed along the trajectory;
vo is the constant progression rate; f represents the unit
tangent vector at the current point on the trajectory; Fj, is
the force applied by the surgeon at the robot handle; Fy
is the threshold force required to initiate motion; and H(z)

represents a Heaviside step function.

C. Digital Twin and Simulator Implementation

The digital twin framework workflow is illustrated in
figure 4, which consists of both physical and simulation
robots. The simulation environment is implemented using
AMBF which interfaces with the control system via Robot
Operating System (ROS) and supports both joint-level and
Cartesian-level operation. In joint-level mode, the controller
communicates directly with AMBEF, publishing commands
independently to each joint (combined snake robot and
Franka manipulator). The Cartesian-level mode controls the
pose of the Franka flange. To simulate bone cutting, a 3D
voxel-based model of the skull is imported to the simulator,
similar to [19]. Upon initialization, a collision detection
and voxel editing module is activated, generating a dynamic
proxy sphere at the robot’s end-effector tip to represent its in-
teraction region. This module continuously detects collisions
between the proxy sphere and the surrounding voxels. During
each physics update, voxels in contact with the sphere are
identified and removed; the graphics update step then reflects
these changes visually. As a result, the skull model appears to
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Fig. 4: Overview of the digital twin control framework. The GUI manages
bending control, simulation registration, and controller selection. Commands
from joint, Cartesian, or skull-tracing controllers are sent via ROS to both
the AMBF simulator and the physical system (Franka manipulator and snake
robot) for synchronized execution and monitoring.
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be “cut” in the simulation as the robot’s end-effector follows
its programmed path. During simulated surgical procedures,
the simulator subscribes to joint commands generated by
the FTL algorithm. Using a digital twin framework, the
simulation environment maintains a synchronized virtual
representation of the physical robot. The robot can operate in
either autonomous or shared-control mode. In autonomous
mode, the robot is commanded to sequentially reach each
point along a predefined trajectory. In shared-control mode,
the joint position controller publishes joint command to both
physical and virtual robot. This digital twin enables real-time
monitoring and control of both robot kinematics and surgical
interaction with the voxel-based skull model. All controllers
can also be executed independently within the simulation
without the physical robot, which allows for validation of
algorithms and cutting strategies in a virtual environment.

D. User Interface and Workflow

The overall workflow of the surgical procedure is pre-
sented in three stages: registration, pre-operative planning,
and digital twin execution. For the registration stage, four
optical trackers are first employed to register the spatial
relationship between system components: (1) the base of
the Franka robot, (2) the flange of the Franka robot, (3)
the skull position, and (4) the cutting path along the skull.
An additional tracker (Fig. 5) is mounted at the tip of
the end-effector to record its trajectory for the following
experiments. During pre-operative planning, the cutting path
data is imported into the FTL algorithm, which generates
the trajectory and corresponding joint-space motion. The
resulting motion can be visualized in the simulator, enabling
the user to examine the trajectory of the handle, assess safety,
and repeat the path-tracing procedure if necessary.

Once validated, the simulator is reset and the digital
twin mode is activated, synchronizing the simulator with
the physical robot. During operation, the surgeon applies
forces to the Franka robot’s flange via a handle. When
the tangential component of the applied force exceeds a
predefined threshold, the robot advances along the planned
trajectory. Conversely, non-tangential forces are resisted,
thereby constraining motion and guiding the user to apply
inputs consistent with the desired cutting path. Throughout
the procedure, the simulator provides real-time visualization
of the cutting progress. At the same time, endoscopic visual
feedback enables the surgeon to fine-tune the end-effector
position. This ensures precise alignment of the bone-cutting
jaws with the target tissue. The cutting procedure is executed
by advancing the robot along the trajectory, with the option
to reverse motion and retreat if bone debris becomes trapped
in the jaws or if the endoscopic view becomes obstructed.

III. EXPERIMENTAL VALIDATION AND RESULTS

To evaluate the performance and reliability of the proposed
shared-control framework, a series of experiments were
conducted, including (A) system kinematic accuracy, (B)
force-guided shared control evaluation, and (C) comparative
testing with a physical and digital simulator.

Snake robot

.T -
Optical
Tracker

Fig. 5: Snake robot conforming to the curvature of the skull model along
the FTL trajectory, reducing deviation and minimizing interference with
surrounding soft tissue.

A. System Kinematic Accuracy Test

In this experiment, three optical probes were implemented
to track the base and flange coordinate frames of the
Franka robot, and tip of the snake robot. The positions and
orientations of these probes were recorded using an NDI
optical tracker. A sagittal craniosynostosis skull model was
used to simulate the bone-cutting procedure. The model was
fabricated using a 3D printer (Photon M3 Max, Anycubic,
Hong Kong) with a semi-rigid material (Standard Resin,
Anycubic, Hong Kong) to replicate the geometry. The skull
model was fabricated with a channel that represents the
intended cutting trajectory, providing a constrained pathway
for the jaw to follow. The integrated system was then
commanded to perform the FTL motion under the proposed
force-guided controller. During execution, both the snake
robot tip and the Franka flange were tracked, and their
trajectories were compared against the commanded path.
Each test was repeated five times.

Figure 5 demonstrates the FTL algorithms ability to enable
the snake robot to conform to the curvature of the skull-
cutting path, thereby reducing interference with surrounding
tissue. Figure 6a and 6¢ further illustrates the performance of
the force-guided controller: the force sensing flange followed
the desired trajectory with an average positional deviation
of 6.79 £ 3.27 mm, and the axis-wise deviation profiles
along the path progress are presented. The pose of the
flange is determined using the FTL algorithm to ensure
the snake robot maintains a pose that is suitable for FTL
motion while simultaneously avoiding unwanted potential
collisions with surrounding anatomy such as the scalp and
brain. Table I presents the average positional difference
between the commanded and actual trajectories of both the
cutting tip and the flange relative to the desired cutting path.
Figure 6b presents the tracked tip position of the snake robot.
While the robot was commanded to reach specific poses,
deviations from the intended path were observed. Figure 6d
further demonstrates the axis-wise positional deviation pro-
files. These deviations are attributed to mechanical factors
such as hysteresis, backlash, compliance, and external forces.
For bone-cutting applications, interaction forces from the
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Fig. 6: Comparison of the Franka flange and the snake robots actual trajectory versus the desired FTL trajectory. 3D spatial plot illustrating close alignment
with minimal deviation of (a) the flange, (b) snake tool-tip. Axis-wise deviation profiles along the trajectory, illustrating the magnitude and distribution of
tracking errors in each direction for (c) the flange, (b) snake tool-tip. These results demonstrate the path accuracy of the force-guided controller.

bone and surrounding tissue further affect the robot’s shape
and, therefore, its tip position. This result highlights the
importance of incorporating human-in-the-loop strategies for
ensuring precision and safety. The discrepancies of the tool-
tip can also be visualized through the embedded endoscopic
view, enabling the operator to compensate in real time by
adjusting the distal bending of the snake robot.

TABLE I: Comparison of the positional error between the commanded and
actual trajectories of the Franka robot flange and the snake robot tip.

Positional error (mm)

Franka flange, handle

Snake robot tip

Average
Maximum

6.79+£3.27
17.30+2.40

7.13£1.39
16.59 £2.06

B. Force Guided Shared Control Evaluation

The experimental setup is similar to the system accuracy
test and was conducted in four stages. (1) Continuous mo-
tion: the user was instructed to trace a trajectory through
fabricated channels in a skull model while continuously op-

erating the force-guided controller without pausing. During
this process, the interaction forces applied by the user were
recorded throughout the skull-tracing motion. (2) Interruption
with misaligned force: the user intentionally interrupted the
procedure midway and applied external forces in directions
misaligned with the intended path to evaluate the system’s
ability to guide the user back toward the desired trajectory.
For both the first and second stages, the tangential input force
threshold was set to 5 N, and each experiment was repeated
five times. (3) Force threshold evaluation: the influence of
varying the threshold value was systematically investigated,
where the threshold values of 1, 3, 5, 10, and 15 N were
tested. (4) The force guiding is disabled and the Franka robot
provided only weight compensation for the bone-cutting tool,
while the bending section of the snake robot was manually
controlled by the user. In this test, the path deviation and the
time required to complete the FTL motion were recorded.
1) Continuous motion: The user attempts to move the
robot through the path continuously under force guidance.
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Fig. 7: Comparison of total user-applied force and tangential force with robot
motion progress along the trajectory under force-guided control for two
scenarios: (a) continuous motion, and (b) intentional pauses and misaligned
force applied midway through the trajectory.

The Franka flange motion is tracked, while force sensor
readings are collected simultaneously. For each trial, the
total applied force, its projection onto the intended path,
and the percentage progression along the trajectory were
computed. Figure 7a presents the results of one of the five
trials in which the user attempted to complete the trajectory
without pausing. The trajectory progression plots indicate
that when the tangential force component exceeded the
prescribed threshold (5 N), the control system permitted
advancement along the cutting path at a constant speed along
the path. All five trials demonstrate consistent behavior.

2) Interruption with misaligned force: Figure 7b illus-
trates the scenario where the user deliberately applied forces
that are misaligned with the trajectory. The flat region of
the black line corresponds to instances where the tangential
component of the input force is below the threshold. In such
cases, the control system resisted any misaligned force and
prevented further progress until the tangential force surpassed
the threshold, at which point the trajectory execution re-
sumed. This demonstrates the ability of the system to guide
the user to apply forces aligned with the desired path.

3) Force threshold evaluation: To further characterize the
effect of the threshold, the experiment was repeated for
force thresholds ranging from 1 N to 15 N. Each threshold
condition was tested in three trials. Table II summarizes the
average completion time and number of pauses to search for
the correct path. Furthermore, if the input force from the
user to the Franka robot is too high, a safety limit will be
triggered and the robot will require a reset. The number of
force limits triggered at each threshold level were recorded.
At lower thresholds (1 and 3 N), the robot advanced relatively
quicker; however, the reduced threshold allowed the robot
to advance even when the applied force was misaligned.
This often caused the user to continue pushing in the wrong
direction, ultimately triggering the safety force limit of the

TABLE II: Effect of varying level of force threshold.

Threshold (N) | Time (s) | No. of Pauses | Safety limit trigger
1 45.5 3.5 1
3 50 4.7 2
5 44.3 2.6 0
10 72 9 0
15 112.5 9.5 3

Franka robot. At higher thresholds (10 and 15 N), the user
experienced greater resistance, making it more difficult to
maintain high tangential forces along the trajectory. As a
result, the completion time increased, and the likelihood of
triggering the safety limit also increased due to the higher
input forces required. Among the tested values, a threshold of
5 N provided the most balanced performance: the trajectory
was completed with minimal pauses, in the shortest overall
time, and without triggering the safety limit.
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Fig. 8: Snake robot tip trajectory compared with the desired path under man-
ual control without force guidance. Significant deviations and oscillations
are observed, highlighting the difficulty of control without VF assistance.

4) No force-guidance: In this test, the force-guiding func-
tion was disabled, and the robot was manually operated by
the user. As shown in figure 8, under these conditions the
robot tip was unable to reliably follow the intended path and
frequently deviated, with an average displacement of 13.61 +
3.05 mm. The tool-tip trajectory exhibited oscillations around
the desired path with a maximum deviation of 25.27 + 5.86
mm, which could pose a risk of damaging surrounding soft
tissue. Although the tip eventually reached the end of the
path despite substantial oscillations, the user was unable
to appropriately adjust the robot shape to perform FTL
motion due to the lack of visual feedback. As a result, the
snake robot body deviated from the skull curvature, further
increasing the likelihood of injury to surrounding tissue.

C. Comparison of Physical and Digital Simulation Cutting

In this experiment, the user performed skull tracing and
bone cutting (craniotomies) on a 3D-printed skull model
using the force-guided controller. The physical robot and the
virtual simulator were deployed in parallel as digital twins.
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Fig. 9: Digital twin demonstration illustrating synchronized views of the simulator and the physical system from identical viewing angles. The simulator
reproduces the kinematics of the physical robot and skull model in real time, allowing the user to visualize and compare execution between the virtual and
physical environments. This synchronization enables preoperative trajectory validation and intraoperative monitoring of the craniotomy procedures.

For this experiment, the robot was required to execute the
osteotomy on the 3D model that comprised of a skull with a
thickness of 2 mm. The simulator was used pre-operatively to
provide the user with insight into the planned trajectory and
to visualize cutting progress in real time. The simulator also
reproduces the kinematics of the physical system, with both
the robot and the skull imported into a virtual environment.
The virtual robot is commanded to follow the trajectory
concurrently with the operation of the physical system.
Figure 9 illustrates the synchronized views of the simulator
and the physical system from identical viewing angles. The
results of the cutting between the physical and simulated
system are presented in Fig. 10. The physical cutting path
deviated from the virtual model by approximately 5 mm
due to reaction forces from the bone acting on the snake
robot during cutting, which displaced the tip position. The
tip deviation is monitored through the endoscopic view, and
user can apply manual correction if needed.

Fig. 10: Comparison of skull cutting results using the simulator (a) and
physical (b) robot. The close alignment of outcomes demonstrates the digital
twin’s ability to replicate physical performance for planning and guidance.

IV. DISCUSSION AND CONCLUSION

This study demonstrates the feasibility of a shared-control
framework that integrates force-guided control with digital
twin simulation for the performance of craniotomies. The
system enables collaborative execution of FTL trajectories,
constraining user deviations through virtual fixtures, and
provides synchronized visualization to support preoperative

planning and intraoperative guidance. Besides validating
functionality, the results also highlight limitations and design
trade-offs that must be addressed for clinical translation.

A. Limitations and Engineering Considerations

The primary limitation of the current system is positional
inaccuracy at the snake robot tip, largely attributable to
mechanical backlash, structural deformation, and the absence
of task-space sensing on both the Franka and snake robot.
Although surgeons can compensate for these errors through
visual feedback, reducing backlash and incorporating closed-
loop control would minimize the need for manual correction.
Similarly, reliance on joint-space data restricts simulator
fidelity, contributing to discrepancies between simulated and
experimental outcomes. Integrating shape-sensing devices
such as Fiber Bragg Grating (FBG) [20] or magnetic sensors
[21], as well as task-space tracking at the Franka flange,
would enhance both accuracy and simulation reliability.
Furthermore, bone punch tools introduce unintended external
forces that destabilized the trajectory. Energy-based cutters,
such as ultrasonic burrs, may provide more consistent inter-
action with bone while reducing disturbance forces.

Control design choices also involve trade-offs. First, the
present force-guiding approach relies on a threshold-based
mechanism to control robot advancement along a fixed
trajectory at a constant speed. This is an effective method but
provides less transparency and control to the operator. More
advanced strategies, such as generating resistance force by
artificial potential field or implementing admittance control,
could provide more intuitive and collaborative interaction.
However, these methods also increase system complexity and
computational demands. Secondly, the user’s force input only
controls the flange motion, while the snake robot bending is
governed by interpolation and synchronization. As a result,
the cutting speed must be kept sufficiently slow to maintain
synchronization. This limitation is acceptable for the current
bone punch, since it is a slow instrument that advances
less than 5 mm per cut. However, for future developments
involving higher-speed cutting tools, the synchronization
between the snake robot and the manipulator will need to be
controlled via the shape-sensing devices mentioned above.
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B. Clinical Translation Considerations

The findings in this work reinforce that force-guided
shared control is particularly valuable in constrained surgical
environments where tip instability or manipulator deviations
could damage adjacent tissues. The threshold for a force
guiding system is critical. In this study, 5 N offered the
most balanced performance, but the optimal setting will vary
for different manipulators and surgical contexts. Calibration
may therefore be necessary for different robotic systems and
surgical procedures. The digital twin simulator also demon-
strates potential for clinical use, providing synchronized
visualization and preoperative planning. To be clinically
viable, the virtual simulator must be extended to support
complex surgical workflows, including multi-path and soft-
tissue interaction, while maintaining a clear user interface.
Furthermore, adding suction-irrigation features for cleaning
debris would be beneficial to the clinical workflow.

C. Future Work

Future development will proceed along three directions.
First, improving system accuracy includes refining fabrica-
tion tolerances, implementing closed-loop feedback to pro-
vide reliable position control, and integrating shape-sensing
technologies to reconstruct the full manipulator shape. These
improvements will reduce reliance on manual correction.

Second, advanced force-guiding strategies will be in-
vestigated. Adaptive force-guiding approaches, admittance
control and human-robot negotiation [22] will be explored
to provide more intuitive interaction between surgeon and
robot. Such strategies allow the operator not only to remain
in control of direction but also to modulate speed.

Third, the digital twin simulator will be expanded to
support more complex surgical scenarios. This includes han-
dling multi-trajectory planning for extensive osteotomies and
integrating deformable environments to model interaction
with soft tissue in addition to bone. Enhancing the digital
simulator would improve its utility for both preoperative
planning and intraoperative adaptation, providing surgeons
with more comprehensive support.

In addition to technical directions, user-in-the-loop studies
under surgical conditions will be essential to validate the
system’s performance, usability, and safety. Such evaluations
will provide critical insights into workflow integration, er-
gonomics, and the clinical value of shared-control strategies.
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