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Abstract— We present a supervised autonomous robot-
assisted ureteroscopy (ARA-URS) system for the treatment of
kidney stones, integrated with a digital-twin (DT). A three
degrees of freedom (3-DOF) robotic system was developed to
actuate a Wolf disposable ureteroscope, enabling the ARA-URS
to autonomously position the ureteroscope for laser lithotripsy
procedures. The DT of the robotic system was developed
to enable the generation of diverse synthetic intraoperative
scenarios, which are used to train vision and control models
for improved precision in ARA-URS. By mapping joint motion
to virtual counterparts via precise physics simulation, the
system ensures realistic representation and reliable validation.
This framework’s performance was assessed with particular
focus on endoscopic tip positioning. Initial in-air simulation
experiments demonstrated root mean square error (RMSE)
values of (1.871, 1.725, 1.194) mm in the x-, y-, and z-directions,
respectively, computed as the deviation between the desired
laser target position and the achieved ureteroscope tip position.
Corresponding real-world experiments yielded RMSE values of
(5.029, 3.919, 6.681) mm. The comparison between simulated
and physical experiments indicates that the DT is able to
reproduce the motion behavior of the physical system with
good agreement. Further benchtop and simulation experiments
demonstrated the system’s capacity for stone targeting (quanti-
fied by the percentage of the image occluded by stone). In digital
simulation, the ureteroscope achieved 88.77% average stone
area coverage, while in the benchtop model, coverage averaged
59.04%. Together, this proof of concept highlights the potential
of DT technology in robotic-assisted URS, offering a scalable
and interactive platform for refining surgical techniques.
Index Terms— Robot-assisted ureteroscopy, digital twin,
medical robotics, surgical automation, sensor-based nav-

igation.

I. INTRODUCTION

Ureteroscopy with laser lithotripsy (URS) remains the
most commonly performed procedure for renal calculi, com-
monly known as kidney stones, measuring < 20 mm [1].
However, the surgery is complex to master with an estimated
learning curve of 60 surgeries [2]. Furthermore, even in
expert hands, patient outcomes remain suboptimal. Despite
several advances, post-operative stone-free rates in random-
ized controlled trials remain only approximately 50% [3]-
[5]. For those with residual stone, approximately 20%-30%
will suffer another kidney stone-related episode over the
ensuing 12-18 months [6], [7]. Additionally, complication
rates remain around 10%- 20% and range in severity from
pain and blood in the urine to sepsis and need for urgent
re-intervention [5], [8].
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Furthermore, the ergonomics and radiation exposure from
manual URS are both taxing and a dangerous work exposure
for surgeons. Approximately 64% of endourologists report
orthopedic problems, and the percentage correlates with sur-
gical volume [9]. Additionally, during manual URS, the sur-
geon is positioned in close proximity to the fluoroscopic arm
and radiation source, leading to increased risk of cataracts
and stochastic malignancy. Thermoluminescent dosimeters
revealed that the surgeon’s lower leg (unprotected by a lead
apron) receives approximately 12 Gy, while the eyes receive
approximately 2 uGy per procedure [10].

To improve upon human limitations in precision and
control and to optimize surgeon ergonomics while minimiz-
ing radiation exposure, robotic-assisted ureteroscopy systems
have been developed [11], [12]. The Roboflex™Avicenna
was developed in the 2010s, with promising early human
subject outcomes [11]; however adoption has been limited
due to questions regarding the increased cost and com-
plexity of the surgical setup, considering only minimal
improvements in clinical outcomes [13]. More recently, the
easyUretero™system was developed with added features, in-
cluding respiratory syncing to further increase stone ablation
efficiency and stone fragment size alerts to minimize the
risk of ureteral or renal trauma associated with attempting
to remove too large a stone fragment from the kidney [14].
However, this robotic system is not yet FDA cleared and
may face similar challenges to widespread adoption as the
Roboflex™.

In contrast, a robotic surgical assistant may be more
widely adopted, as it can potentially optimize surgical per-
formance while also automating the tedious aspects of the
procedure. Furthermore, autonomous robotic actions offer
the potential to offload repetitive sub-tasks, thereby reducing
cognitive burden and maintaining consistency, while allow-
ing surgeons to focus on higher-level decision-making [15].
black Recent developments in robotic and biologic physics-
based simulation engines, such as Gazebo [16], MuJoCo
[17] or NVIDIA’s Isaac Sim™ [18], have provided novel
opportunities for surgical training for both surgical trainees
and autonomous robots. In orthopedic surgery, optimization
of knee arthroscopy has been attempted first in simulation
and then via extended reality in humans [19]. Similarly,
a simulation suturing environment has been developed to
facilitate robotic suturing both for surgical trainees and for
algorithms to enable autonomous action [20].

black We propose a novel ARA-URS system with a DT
(in Fig. 1) to generate diverse surgical scenarios that sup-
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(a) ARA-URS Robot

(b) DT in NVIDIA Isaac Sim

Fig. 1: ARA-URS alongside its DT developed in NVIDIA Isaac Sim.

port the development of computer vision and motor control
algorithms for autonomous task completion. Unlike prior
RA-URS systems built around fully flexible ureteroscopes,
we selected the recently developed Wolf RIWO Digital
Ureteroscope [21], which features a semi-rigid shaft with
a fully flexible tip. This design streamlines the RA-URS
system by eliminating the need to stabilize and track the
floppy, flexible shaft. Importantly, it also obviates the need
for a ureteral access sheath, which is only feasible in about
90% of patients [22] and associated with trauma in nearly
50% [23]. In addition, this scope offers a dedicated outflow
channel that allows increased irrigation inflow and improved
visualization while maintaining safe intra-renal pressures,
along with direct in-scope suction for efficient dust removal.
Taken together, an ARA-URS system built around this scope
maximizes the potential to safely render the patient stone-
free.

We conduct two complementary sets of experiments to
evaluate and validate the ARA-URS system. First, in-air
simulation studies were performed to assess ureteroscopic
tip control, confirming the integrity of both the DT and the
benchtop ARA-URS platform. Second, an initial autonomous
task — navigating the ureteroscope tip through the renal
collecting system toward a target kidney stone — was imple-
mented using a novel computer vision pipeline and validated
in both the real-world prototype and its DT.

The major contributions of this work are as follows:

1) Design and development of a novel ARA-URS system
for the treatment of renal stones.

2) Creation of a high-fidelity DT using NVIDIA Isaac
Sim and its validation in benchtop experiments.

3) Synchronization testing of an initial autonomous task
using a novel computer vision pipeline, validated in
both simulated and real environments.

The article is organized as follows: Section I introduces the
study and reviews the literature on robotics in ureteroscopy,
with particular emphasis on simulation-based approaches for
computer vision and motor control. Section II (Methods
and Materials) provides a system overview, including the
development of the ARA-URS and its DT, covering both sim-
ulation and physical implementation. Section III presents the
kinematics of the 3-DOF ARA-URS, along with validation

experiments comprising in-air kinematic kinematic accuracy
assessment and in-vitro stone targeting in a fabricated kidney
model with calcium oxalate stones. Section IV discusses the
experimental results and their implications in detail. Finally,
Section V concludes the work and outlines directions for
future research.

II. METHODS AND MATERIALS

The development of the ARA-URS with its DT began with
the design of individual components and their assembly in
SolidWorks. The URDF model of the RA-URS was exported
to Isaac Sim in parallel with the real-world development,
which involved integrating the ureteroscope, actuators, and
3D-printed components.

A. Design of ARA-URS

The components requiring special attention during the
design process included the ureteroscope, motors, twisted
clamps, and holders for mounting the motors onto the
ureteroscope. These components were designed using Rhino
software, leveraging its rendering capabilities. The models
created in Rhino were imported into SolidWorks as . 3dm
files for assembly and into Isaac Sim as .usd files, where
physics, and colliders were defined. Visual appearance and
textures were further refined in USD Composer.

As shown in Fig. 2, the development phases of the uretero-
scope follow a structured workflow encompassing geomet-
ric modeling, cross-platform integration, and physics-based
simulation. Using physical measurements, photographs, and
supplier-provided documentation (Fig. 2(a)), a detailed
model is constructed in Rhino with SubD surfaces as shown
in Fig. 2(b) and (c), iteratively refined through shading
checks, Boolean operations, and filleted connections before
being exported to SolidWorks. The geometries are subse-
quently imported into NVIDIA Isaac Sim through the Uni-
versal Scene Description (USD) framework, enabling modu-
lar assembly via Payloads and visual refinement in NVIDIA
USD Composer. Tip deflection is modeled as a seven-
segment articulated chain with revolute joints (Fig. 2(d)),
where the total deflection angle is distributed across all joints
to capture realistic bending behavior. A virtual camera is
attached to ensure accurate viewpoint matching, while hier-
archical structuring at the assembly level allows parent—child
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relationships to govern translation, shaft rotation, and tip
deflection, all controlled through the Action Graph with
an integrated reset function. In an experiment scenario, an
alternative approach is to regulate the distributed joint an-
gles using stiffness and damping, thereby achieving smooth
and controlled tip motion. Simulation stability is further
enhanced by increasing the physics parameters, minimum
simulation frame rate, and time steps per second from 30 to
5,000, yielding a robust and realistic DT.

(c) 3D model of Ureteroscope in Rhino

]

& Ty -

———

(d) Ureteroscope tip action with 7-segments

Fig. 2: Development of ureteroscope digital model.

The motors used in the system were also modeled in
Rhino, referencing photographs and manufacturer specifica-
tions to ensure accurate dimensions. A rendered model of a
motor is shown in Fig. 3(a), where the Fillet Edge feature was
applied to create realistic corners and gaps, ensuring consis-
tency between the physical design and the DT. Considering
the uneven surface of the ureteroscope, which is traditionally
actuated by the surgeon, direct actuation in an automated task
is challenging. To address this, a twisted clamp (Fig. 3(b))
and custom holders (Fig. 3(c)) were designed to securely
mount the ureteroscope, enabling precise actuation of its tip
using the motor. All the rendered and modeled components —

including the ureteroscope, actuators, benchtop, connecting
plate, stand, clamps, holders, and gears — are assembled in
SolidWorks.

From this assembly, a URDF model is generated, as de-
picted in Fig. 4. Instead of manually assembling geometries,
defining joints, and configuring physics parameters within
Isaac Sim, the URDF provides a standardized description of
the robot’s structure that can be directly imported into the
simulator. This approach accelerates the setup process and
minimizes human error when specifying complex kinematic
chains, joint limits, inertial properties, and collision geome-
tries. By serving as a single source of truth for both structural
and dynamic properties, the URDF streamlines the pipeline
from design to simulation and enables reproducible, high-
fidelity DTs within Isaac Sim.

(c) Upper and lower holder for ureteroscope

Fig. 3: Motor, clamp and holder design for ARA-URS.

Rotating actuation
assembly

<, otion Axis

Linear actuation
assembly

Fig. 4: Design with unified robot description format (URDF)
with axes of 3-DOF for ARA-URS.
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B. Development of Real-World RA-URS

The ARA-URS experimental setup includes a Wolf RIWO
Digital Ureteroscope with a semi-rigid shaft and fully flex-
ible tip, actuated by a NEMA 14 stepper motor provid-
ing a 200 mm stroke for linear insertion and retraction.
Full ureteroscope insertion (~250-300 mm) is performed
manually by the surgeon, while the robot provides fine
positioning once the scope is near the stone. Since the
working distance during ureteroscopy is typically 20-50 mm,
the 200 mm translational range is sufficient for autonomous
targeting and adjustment. A 0.9° stepper motor for rotation,
and an ANNIMOS 25 kg digital servo motor to control
twisting degrees of freedom, thereby enabling precise and
complex maneuvering within the urinary tract. Vision-based
tip tracking, using a high-resolution endoscopic camera and
image-processing algorithms, provides continuous feedback
for accurate control. Two perpendicular cameras were em-
ployed to obtain the world position for in-air tracking. The
actuation system is coordinated by a microcontroller, which
synchronizes all actuators and leverages kinematic modeling
to translate desired tip positions into precise motor com-
mands. As shown in Fig. 5(a), the developed setup integrates

" 3 5, 6 7 s B v} i
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(b) Synthetic kidney model (c) Kidney stone

Fig. 5: ARA-URS experimental setup with kidney (ren) and
kidney stone (renal calculi).

the ureteroscope assembly with a synthetic kidney (Fig. 5(b))
and kidney stone (Fig. 5(c)). The kidney model was placed
on a stable platform, and the kidney stone was positioned in
different poles of the kidney using a retrieval basket without
any adhesive fixation. In the validation experiments, in-air
kinematic calibration was performed for both the real-world
and DT ARA-URS. The tip position was tracked using two
cameras placed along perpendicular axes to determine its true
world coordinates. In the subsequent in-vitro stone targeting
experiments, the ureteroscope’s endoscopic camera was used
to identify the stone’s position, and inverse kinematics was
applied to compute the joint angles for the three actuators.
These joint angles were then used to actuate the system,
guiding the ureteroscope tip through the renal collecting
system toward the target stone.

C. Development of DT of RA-URS

A DT of the RA-URS (Fig. 6(a)) is created in NVIDIA
Isaac Sim using the .stl files of CAD models exported

from SolidWorks through the URDF framework. Since the
URDF export provides geometry in .st1 format with only
basic texture information, the ureteroscope developed na-
tively in Isaac Sim (as described in the previous subsection)
is substituted into the imported model. All components are
then enhanced with appropriate color and texture attributes
to replicate the physical system, yielding a high-fidelity
DT. Real-time synchronization between the physical and
virtual systems is achieved through joint mapping and motion
tracking. The Kinematic Accuracy Assessment of the URS
Robot and task-navigation experiments, presented in the next
section, are conducted to assess the correspondence between
the real prototype and its DT, thereby examining the fidelity
of the simulated environment.

The kidney model [24], [25] is developed from patient
CT scans [26], which are first converted into .obj files
and imported into Blender for refinement. Distortions caused
by patient motion during scanning are corrected through
extensive editing of vertices, edges, and surfaces, with the
Laplacian Smooth Modifier in Blender applied to further en-
hance surface continuity, thereby reconstructing an anatom-
ically accurate renal pelvis and ureter—regions critical for
simulating stone removal. We created custom textures from
surgical images and applied them in Blender using UV
mapping and shader nodes, reproducing the mucosal appear-
ance of the ureter, renal pelvis, and calyces. This process
produced a visually and anatomically realistic kidney model
that serves as the surgical environment for robotic simulation.
Different internal and external views of the rendered kidney
are depicted in Fig. 6(b).

Kidney stone models are developed to capture clinically
relevant variations in shape, size, and surface morphology,
enabling anatomically realistic DTs for surgical simulation.
Real patient samples and medical images serve as references
for modeling the most common kidney stones: calcium
oxalate, calcium phosphate, uric acid, and struvite. A custom
light-box setup with two 4K UHD cameras (EMEET C950),
a NEMA 14 stepper motor, and a 3D-printed holder en-
ables controlled multi-angle acquisition. 40 images per stone
(twenty from each camera) are captured at 18° increments
and processed in Adobe’s Substance 3D Sampler to generate
3D reconstructions. Rendered kidney stones of uric acid
(UA), calcium oxalate monohydrate (COM), calcium hydro-
gen phosphate dihydrate (CHPD), and magnesium ammo-
nium phosphate hexahydrate/carbonate apatite (MAPH/CA)
types are shown in Fig. 6(b).

III. EXPERIMENTS AND RESULTS

To evaluate the consistency between the real-world ARA-
URS system and its digital twin (DT), two experiments were
conducted: (a) Kinematic accuracy assessment of the URS
Robot, and (b) In-vitro stone targeting experiment.

A. Kinematic Accuracy Assessment of the URS Robot

To validate calibration of both the real-world and DT mod-
els of the ARA-URS system, an in-air kinematic accuracy
assessment experiment was performed. Thirty random points
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(a) DT of ARA-URS
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(b) Rendered kidney and kidney stones

Fig. 6: DT of ARA-URS developed for NVIDIA Isaac Sim.

were selected within the reachable workspace of the robotic
system in both the real-world setup (Fig. 7(a)) and the DT
simulation. For each point, the inverse kinematics model
was used to compute the corresponding joint angles, which
were then executed on both systems to directly compare the
desired and actual tip positions.

The forward kinematics of the actuated joints and con-
tinuum section were used to compute the tip position p, =

(xtvytazt)T:

1- 0.
xy = cosls L, %, (D
1- 0.
yo = sinby L, —=—, ©)
sin 6.
Zt:L1+d1+LcT> (3)
where L, = 105mm is the continuum segment length,
0. € [f%ﬂ,%ﬂ is the bending angle, 65 € [—m, 7] is

the rotation angle, L; = 565 mm is the fixed offset, and
d; € [—100,100] mm is the linear translation along the
proximal axis. These equations form the basis for inverse
kinematics, mapping workspace positions to joint commands.
The resulting tip trajectories were tracked using two perpen-
dicular cameras, with the reference position defined at z = 0
for consistency across trials. Both side and tip views were
recorded for precise monitoring of tip motion (Fig. 7(b)—(c)).
The accuracy assessment experiment results are shown in
Fig. 8. Fig. 8(a) illustrates the complete reachable workspace
of the ARA-URS, while Fig. 8(b) shows the 30 selected
target points with a direct comparison of the desired versus
tracked trajectories in both simulation and real-world exe-
cution. Fig. 8(c)—(e) provide orthogonal 2D projections of
the target and actual positions, clearly visualizing positional
deviations across different planes. Fig. 8(f) presents the tip
tracking errors in the z, y, and z directions, quantitatively
demonstrating the calibration accuracy of the system.

B. In-vitro Stone Targeting Experiment

Following the in-air kinematic assessment experiment, the
real-world and DT models of the ARA-URS were further
evaluated for task-oriented navigation through an in-vitro
stone targeting experiment. In this setup, the tip of the
ureteroscope was initially positioned in the renal pelvis
approximately 2-3 cm from the kidney stone. From this
starting point, the robotic system autonomously navigated

(a) In-air kinematic accuracy assessment expt. setup

(b) Tip tracking from side view (c) Top view

R

(d) In-vitro stone targeting experimental setup

Fig. 7: Experimental setup.

toward the stone until the ureteroscope tip reached the
closest feasible position. Once the ureteroscope was placed in
proximity, the stone was detected and masked using a vision
pipeline, which enabled continuous tracking of the stone
location during the experiment. The detected stone position
was then used to guide the robot motion, allowing the system
to converge toward the target and reach close proximity. This
experimental working-space was selected to replicate the
clinically relevant scenario where, once in close proximity,
the ARA-URS must be able to move toward the stone and
make subtle adjustments to ensure the stone is accessible for
laser lithotripsy. To quantitatively assess targeting success,
the stone coverage within the ureteroscopic camera frame
was used as the primary metric. If the stone occupied 50% or
more of the image frame, the trial was considered successful,
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as this ensured sufficient visual dominance of the stone for
safe and effective laser lithotripsy. This criterion was applied
consistently across both DT and real-world experiments.

The experimental setup for in-vitro stone targeting is
shown in Fig. 7(d), where the ureteroscope camera image
of the stone positioned in front of it is displayed on the
monitor. For the DT experiments, Fig. 9(i) illustrates the
initial view of the stone, while Figs. 9(ii-xxxi) show the
final targeted positions after the robotic navigation. Similarly,
for the real-world setup, Fig. 10(i) shows the initial stone
view, and Figs. 10(ii—xxxi) depict the corresponding post-
targeting views. Representative examples of stone coverage
are provided in Fig. 11, where Fig. 11(a) shows the area
covered in the DT model and Fig. 11(b) presents the real-
world results. In both cases, the average stone coverage
exceeded the 50% threshold, confirming that the robotic
system consistently guided the ureteroscope tip into clinically
optimal positions for subsequent laser lithotripsy.

IV. DISCUSSION

We investigated the kinematic accuracy and task-
navigation capabilities of the ARA-URS system through
two complementary experiments: In-air Kinematic accuracy
assessment and In-Vitro Stone Targeting. The integration of
real-world and DT models enabled a comprehensive eval-
uation of targeting precision and workspace reproducibility.
Table I provides a quantitative performance summary of both
experiments. In the In-air kinematic assessment experiment,
30 randomly distributed points were selected within the
reachable workspace, and the corresponding joint variables
were obtained via inverse kinematics (IK). The results
demonstrated close agreement between DT and real-world
trials, although notable deviations were observed in the latter.
As shown in Table I, the root mean square errors (RMSE)
along the (x,y, z) axes were [5.9856, 6.5434, 4.8734] mm,
yielding a mean Euclidean error of 9.665 mm with a standard
deviation of 2.998 mm.

TABLE I: Summary of simulated and real-world experimen-
tal results

In-air Kinematic Calibration
Error RMSE (x, y, z)

Mean Eucli. error, and Std. dev.
In-Vitro Stone Targeting

Average area coverage (DT)
Average area coverage (Real world)

Values [mm)]
[5.985, 6.543, 4.873]
[9.665, 2.998]
Values [%]
88.77
58.94

Several factors contributed to the observed discrepancies:

1) The long and rigid ureteroscope shaft in the in-air
configuration introduced mechanical vibrations at the
distal tip, amplifying error.

2) Simultaneous actuation of the three joints (linear inser-
tion, rotation, and tip bending) compounded vibration
effects. In surgical conditions, however, the shaft typi-
cally remains in contact with the ureter wall or ureteral
access sheath, which provides natural damping and is
expected to reduce error.
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Fig. 8: Total Workspace and Results of airborne tip position-
ing for a real world URS robot.

3) Optical tracking relied on a white PLA marker sphere
mounted at the tip. This simplified detection but intro-
duced additional tracking noise, particularly in the x
and y directions.

4) Calibration was constrained to external camera-based
monitoring.

Overall, these findings confirm that the DT environment
accurately replicates the kinematics of the physical system,
while highlighting sources of error specific to the In-air
mechanical configurations.

The second experiment assessed the system’s ability to
autonomously navigate the ureteroscope tip toward a kidney
stone for laser lithotripsy. The task began with the uretero-
scope placed 2-3 c¢m from the stone, after which the DT and
real-world systems executed IK-based motion to reach the
closest point of approach. Targeting success was evaluated
using stone coverage in the endoscopic image: if the stone
occupied > 50% of the frame, the trial was considered
successful for dusting and fragmentation readiness. It is
important to point out that there exists no one perfect
working distance in URS. However, to perform lithotripsy the
laser must have adequate space to safely be advanced (so that
the laser energy does not damage the ureteroscope) [27], but
also if advanced too far, the fiber can become unstable and
even break. Therefore, in our second experiment, we tested
whether we could reach the kidney stone, at a minimum
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Fig. 11: Percentage of stone area covered in the ureteroscopic
view. (a) DT setup, (b) real-world setup.

defined by reaching a safe working distance where the
stone occupies half the screen, to facilitate future optimal
laser lithotripsy. The quantitative results (Table I) show
that the average stone coverage was 88.77% in simulation
and 58.94% in real-world trials, both exceeding the success
threshold. This confirms that the system mostly guided the
ureteroscope tip into clinically acceptable positions for laser

lithotripsy and never completely lost the stone. The small
performance gap between simulation and real-world targeting
is attributed to mechanical tolerances, camera distortions, and
uncertainties in stone surface modeling.

The combined results underscore the feasibility of DT-
assisted ARA-URS for surgical task execution. In both ex-
periments, the DT consistently outperformed the real-world
trials in terms of numerical accuracy, reflecting its ability to
provide a near-idealized kinematic environment. The real-
world deviations, while higher, remain within clinically
acceptable bounds and provide insight into areas requiring
refinement. Importantly, this work demonstrates that ARA-
URS with a high-fidelity DT can serve as a powerful frame-
work for automating kidney stone ureteroscopy, enabling
accurate calibration, reliable stone targeting, and seamless
mapping between simulation and physical execution.

V. CONCLUSION AND FUTURE SCOPE

This work presented a 3-DOF supervised autonomous
robotic-assisted ureteroscopic system (ARA-URS) integrated
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with a digital twin (DT) for kinematic accuracy assess-
ment and task navigation. Two experimental studies — in-air
kinematic accuracy assessment and in-vitro stone targeting
— demonstrated that the DT is capable of reproducing the
motion behavior of the physical system while enabling
controlled evaluation of targeting performance. The results
show that the DT environment can support development and
validation of navigation strategies prior to deployment on the
physical system. These findings highlight the feasibility of a
DT-assisted RA-URS framework for improving experimental
reproducibility, system evaluation, and training in minimally
invasive kidney stone surgery.

Future work will focus on improving both the robotic
system and the DT by incorporating physiological dynamics
such as ureteral peristaltic motion, improving mechanical
transmission to reduce vibration, and integrating advanced
sensing technologies including electromagnetic tracking and
fiber Bragg grating (FBG) sensors for more accurate tip lo-
calization. Additional studies will investigate dynamic stone
motion, fluid-filled intra-renal conditions, and the reacha-
bility of the system across different regions of the renal
collecting system. Expanding the diversity of kidney models
in both physical and simulated environments will further
improve the generalizability of the proposed framework.

Overall, this work provides a proof-of-concept for digital
twin-assisted robotic ureteroscopy and establishes a founda-
tion for the development of perception-driven, clinically rel-
evant robotic assistance systems for kidney stone treatment.
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