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A Novel Hybrid Ureteroscope Tracking for
Robotic-Assisted Retrograde Intrarenal Surgery via
Recognition of Pathway With Lumen Identification

Jung-Min Han , Dong-Soo Kwon , Senior Member, IEEE, and Ki-Uk Kyung , Member, IEEE

Abstract—Resolving disorientation of the surgeon caused by
wrong recognition of scope’s position, which often increases pro-
cedural time and workload, remains a significant challenge in
robotic-assisted retrograde intrarenal surgery (RIRS). This letter
introduces a novel hybrid ureteroscope tracking algorithm that
integrates low-latency lumen identification with robotic motion
data to enhance intrarenal navigation. The system estimates the
ureteroscope’s position on the centerline of the kidney by recogniz-
ing its pathway. In validation tests using a 3D-printed phantom, the
proposed method achieved an average localization success rate of
89.2% for major calyx entry and 84.1% for minor calyx entry, with
an average computation time of 0.26 seconds, ensuring low-latency
operation. Usability testing with ten novice participants demon-
strated a 44.5% reduction in cognitive workload (NASA-TLX),
improved task success rates, and reduced manipulation effort.
These results indicate that the proposed tracking algorithm sig-
nificantly enhances ureteroscope navigation, improving efficiency
and reducing the surgeon’s cognitive load in robotic-assisted RIRS.

Index Terms—Surgical robotics: planning, medical robots and
systems, vision-based navigation.

I. INTRODUCTION

A. Background

R ETROGRADE intrarenal surgery (RIRS) has become the
gold standard for kidney stone removal, establishing itself

as a widely adopted urological intervention [1]. During the RIRS
procedure, precise manipulation of the ureteroscope is essential
to prevent tissue injuries and ensure complete stone fragment
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retrieval [2], [3]. Achieving such dexterity requires surgeons
to undergo extensive training, navigating the tortuous and often
poorly visible anatomical structures [4]. Although RIRS offers a
minimally invasive approach for patients, it imposes significant
physical fatigue on surgeons, which can, over time, become a
career-limiting burden [5].

To mitigate these challenges, robotic-assisted RIRS has
emerged as a promising alternative, introduced by several re-
search groups[6], [7], [8], [9], [10], [11]. These robotic systems,
featuring teleoperation capabilities, provide a user-friendly in-
terface designed to alleviate surgeon fatigue [12], [13].

B. Problem Statement

Retrograde Intrarenal Surgery (RIRS) requires precise nav-
igation of the ureteroscope within the kidney. In conventional
RIRS(Fig. 2(a)), surgeons rely primarily on video imagery and
subtle tactile cues to maintain positional awareness. However,
in robotic-assisted procedures, the absence of direct feedback
further complicates spatial perception, making it more difficult
for surgeons to accurately determine the ureteroscope’s depth
and orientation. This misjudgment often results in the wrong
recognition of the scope’s position, causing disorientation of the
surgeon during ureteroscopy, leading to prolonged procedural
time and increased cognitive workload.

Disorientation is a well-known issue in endoscopic surgery.
Studies have shown that minimal access surgery, including
endoscopy, poses significant cognitive and spatial awareness
challenges for surgeons, often leading to procedural inefficien-
cies and increased complication risks [14]. To overcome these
challenges, an effective ureteroscope tracking system must offer
precise and real-time positional awareness while minimizing
additional hardware complexity.

C. Related Works

Ureteroscope tracking, which determines the overall position
of the ureteroscope within the kidney, offers a potential solution
to this problem. Existing tracking methods are broadly catego-
rized into three groups: image-based, external sensor-based, and
hybrid approaches [15].

Image-based tracking methods utilize feature or depth infor-
mation extracted from ureteroscope video imagery [16], [17],
[18]. While these methods benefit from simplicity and the lack
of additional hardware requirements, they suffer from tracking
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Fig. 1. Experimental setup: (a) Overview of the experimental setup; (b)
Ureteroscope movement within the robotic system; (c) Graphical user interface
for renal navigation using the proposed algorithm, including 1© ureteroscope
video feed, 2© intrarenal structure rendered in virtual space, 3© navigation view
showing the ureteroscope’s position, 4© control panel, and 5© event log window.

inaccuracies due to image quality degradation caused by intraop-
erative impurities (e.g., blood clots, dust) and the high structural
similarity within the intrarenal environment [15], [21].

External sensor-based methods, using technologies such as
electromagnetic (EM) and fiber Bragg grating (FBG) sensors,
offer more precise positional data [19], [20], [21]. However,
these methods are susceptible to inaccuracies arising from pa-
tient movements, such as breathing or coughing, and present
challenges in sensor integration with commercial ureteroscopes,
potentially compromising device performance.

The hybrid method seeks to combine the strengths of both
image-based and sensor-based approaches, achieving contin-
uous, high-precision tracking [22]. However, this method in-
troduces system complexity and requires additional operational
space, making it less practical for robotic-assisted RIRS. Ad-
dressing these limitations necessitates a system that offers both
simplicity and precision.

D. Research Objective

The goal of this letter is to resolve surgeon disorientation
caused by errors of the ureteroscope’s position, which increases
procedural time and workload in robotic-assisted RIRS. To

address this, we propose a novel hybrid ureteroscope tracking
method grounded in a lumen identification algorithm, as de-
picted in Fig. 1. Our approach retains the precision of hybrid
methods while minimizing spatial and operational complexity
by utilizing only robotic motion data and ureteroscope imagery,
eliminating the need for external sensors.

Unlike conventional methods, which rely on additional hard-
ware for tracking, our approach estimates the ureteroscope’s
position along the kidney’s centerline, ensuring robust naviga-
tion despite minor anatomical variations. This system employs
motion data from robotic encoders and centerline information
from a 3D ureter model to achieve continuous ureteroscope
tracking, as illustrated in Fig. 2(b).

Furthermore, the algorithm identifies lumen bifurcations to
guide ureteroscope advancement, enabling the operator to in-
tuitively and continuously ascertain the ureteroscope’s position
within the ureter, even without additional intraoperative imag-
ing.

II. A NOVEL HYBRID URETEROSCOPE TRACKING METHOD

A. The Workflow of the Proposed Method

The workflow of the proposed algorithm is illustrated in Fig. 3.
To determine the ureteroscope’s position within the ureter, three
inputs are used: ureteroscope imagery, robotic motion data, and
the centerline of the ureter. Ureteroscope images and robotic
motion data are transmitted to the algorithm in real time, allow-
ing it to track the ureteroscope and identify lumens at bifurcation
points. The algorithm then maps the ureteroscope’s position onto
the centerline of the intrarenal structure and renders it within a
virtual 3D ureter model for the operator

B. Ureteroscope Tracking Using Motion Data

In kidney stone removal procedures, a thorough inspection of
all calyces is critical to ensure a high stone-free rate. To track
the ureteroscope within the complex intrarenal structure, the
centerline of a 3D ureter model, derived from CT images, was
employed. Using a structural analysis toolkit [23], the centerline
extending from the ureter to each minor calyx was extracted.
This centerline, represented as a graph of points and edges,
captures the internal pathways of the kidney and preserves the
scale of the original CT model.

For the ureteroscope tracking, we utilized robotic motion
data to estimate the ureteroscope’s insertion depth rather than
relying on external tracking devices, because it provides a direct
and stable positional reference, unlike rotation or tip deflection,
which require additional sensing mechanisms. As depicted in
Fig. 4, the ureteroscope is modeled as a point and vector, and
its position is continuously updated based on the translation
of the robotic motion data (Fig. 4(b)). When the ureteroscope
reaches a bifurcation, the next path is determined by the lumen
identification and tracking process.

C. Lumen Identification

Since tracking with motion data alone only estimates the in-
sertion depth, we introduced a method to match lumen positions
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Fig. 2. Illustration of conventional RIRS and the proposed tracking method: (a) Conventional Retrograde Intrarenal surgery (b) the concept diagram of the
proposed novel ureteroscope tracking algorithm.

Fig. 3. Workflow of the proposed algorithm.

with the intrarenal structure to accurately determine the direction
at bifurcation points. This matching process is shown in Fig. 5.

Upon reaching a bifurcation (Fig. 5(a)), points on the next
possible paths are selected, and their 3D coordinates are pro-
jected onto a 2D image plane (Fig. 5(b)). To ensure accurate
projections, the intrinsic and extrinsic camera parameters of the
ureteroscope are applied. The projection equation is given by:

p′ = Ku × [I|tvc]×Rvc × Pvw (1)

Where p′ represents the projected point coordinates, Ku is the
intrinsic parameter matrix (containing the camera’s focal length
and image center), and Rvc and tvc are the rotation matrix and
translation vector, respectively. These transformations map the

Fig. 4. Ureteroscope tracking along the centerline based on robotic motion
data: (a) The distal end of the ureteroscope is simplified as a point and a vector.
(b) This simplified model is positioned on the centerline, which is composed
of points and edges, and it moves along the centerline as the motion data is
continuously provided.

3D coordinates from the virtual world coordinate system to the
simplified ureteroscope’s camera coordinate system, and Pvw is
the coordinate of the path points on each next path in the virtual
world coordinate system (Fig. 5(b)). The intrinsic parameters
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Fig. 5. Lumen identification Process: (a) When the ureteroscope model approaches a bifurcation during navigation, the algorithm is initiated. (b) Path points are
projected into 2D space using the ureteroscope’s camera parameters. (c) Simultaneously, lumens are detected from the ureteroscope image. (d) The center points of
the detected lumens are clustered to determine the lumen center points. (e) A least squares matching algorithm is applied to match the path points with the lumen
center points. (f) Finally, the lumens are identified based on the matching results.

were obtained using Zhang’s calibration method [24], while the
extrinsic parameters were derived from robotic motion data and
the point and vector of the simplified ureteroscope model on the
centerline.

Simultaneously, we employed instance segmentation using
Detectron 2 [25], based on the Mask R-CNN architecture, to
detect lumens and extract their center points in the ureteroscope
image (Fig. 5(c)). A 3D-printed phantom, reconstructed from pa-
tient CT data, was used to capture more than 200 internal ureter
images for training the model, incorporating diverse viewing
angles. The training process was conducted with a learning rate
of 0.001, momentum of 0.9, and batch size of 64 over 900 epochs.
The training, conducted on Ubuntu 20.04 with PyTorch 1.8 and
CUDA 11.1, took approximately six hours using a system with
a Xeon CPU, 128GB RAM, and an RTX 3090 GPU.

Regions of the lumen segmented from a ureteroscope image
may be detected separately as multiple individual instances on
the image due to the characteristics of the ureteral structure.
Therefore, it is necessary to group them through clustering to
identify the closest lumen shown in the ureteroscope image.
For this purpose, the K-means clustering algorithm proposed
by MacQueen [26] was used (Fig. 5(d)). This algorithm is a
representative clustering technique that divides data points into
K clusters and operates on the principle of minimizing the
following objective function.

J =

N∑

n=1

K∑

k=1

rnk‖xn − µk‖2 (2)

Where J is the total distortion, xn is the detected lumen center
point, µk is the centroid of the k th cluster which is supposed to
be the center coordinates of the identified lumens, and rnk is the
variable that is 1 if the point µk is the closest point to the point
xn, otherwise 0. The K, the total number of clusters was set
equal to the number of projected path points at the bifurcation.
Following optimization, the center coordinates of each identified
lumen were derived.

Finally, these centers of each identified lumen were then
matched with the projected path points using least squares
matching (Fig. 5(e)), enabling accurate lumen-path association
as the ureteroscope passed bifurcation points (Fig. 5(f)).

D. Lumen Tracking and Direction Decision

Lumen tracking refers to the process of identifying and con-
tinuously following the detected lumen structures to assist in
navigation, particularly at bifurcation points. Once the lumens
are identified, they are continuously tracked to guide the uretero-
scope’s movement at bifurcation points, as depicted in Fig. 6.
Bounding boxes are created around the detected lumen centers
to facilitate tracking (Fig. 6(a)). The size of these boxes is
selected empirically to balance tracking robustness and the risk
of overlap, which could result in tracking loss. A larger bounding
box increases robustness but may overlap, while a smaller box
risks losing track during rapid ureteroscope movement.

For tracking, we used the Simple Online and Real-Time
Tracking (SORT) algorithm, which combines Kalman Filter-
based motion prediction with object assignment via the Hun-
garian Algorithm [27]. SORT enables lightweight, real-time
multiple object tracking, ensuring reliable lumen tracking during
the procedure. The Euclidean distance between the bounding
box center and the ureteroscope image center is calculated for
each frame (Fig. 6(b)). Based on these distances, the clos-
est lumen is selected as the next path when the ureteroscope
passes a bifurcation (Fig. 6(c)). This process is repeated as the
ureteroscope advances through subsequent bifurcations during
robotic-assisted RIRS (Fig. 6(d)). If tracking fails due to unex-
pected occlusions, the system will reset and re-initiate the lumen
identification process to re-establish the navigation path.

III. EVALUATION OF PERFORMANCE AND USABILITY

A. Experimental Setup

To assess the performance and effectiveness of the proposed
method in a robotic setting, an experimental environment was
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Fig. 6. Lumen tracking and direction decision process: (a) Bounding boxes
are generated around the identified lumens and tracked until the ureteroscope
model reaches the bifurcation point. (b) The distances between the centers of the
bounding boxes and the ureteroscope image are calculated for each frame. (c)
Upon passing the bifurcation, the lumen closest to the center of the ureteroscope
image is selected as the next path. (d) The ureteroscope model then follows the
centerline of the selected path until it encounters the next bifurcation.

created. The method was integrated into a robotic RIRS system
as a visual guide to assist the surgeon in tracking the posi-
tion of the ureteroscope. A disposable ureteroscope, Lithovue
(Boston Scientific, US), was mounted on the ZamenixTM P
system (ROEN Surgical, Daejeon, Korea) [11], a commercially
available robotic platform for RIRS surgery. A 3D-printed renal
phantom, created from patient CT data, was accessed using
the Navigator ureteral access sheath (Boston Scientific, US).
A dedicated software program was developed to display the
ureteroscope’s position, rendering the 3D kidney model and
centerline in real time alongside the master console. To en-
sure consistent and accurate initialization, a 3D-printed ureter
model was fixed at the distal end of the ureteral access sheath.
Before tracking began, the robot automatically positioned the
ureteroscope at the designated entry point, establishing a reliable
starting reference for navigation and enabling precise tracking
from the outset. During the procedure, robotic motion data from
the ZamenixTM P system and the ureteroscope images from
the Lithovue were transmitted to the proposed algorithm, which
rendered the tracked ureteroscope’s position in the virtual scene.

B. Evaluation of Localization Success Rate and
Calculation Time

To evaluate the method’s performance, we measured the
localization success rate and computation time. Initially, we
conducted an experiment using an electromagnetic (EM) sensor
attached to the tip of the ureteroscope to obtain a quantitative

TABLE I
LOCALIZATION SUCCESS RATE OF THE PROPOSED ALGORITHM

TABLE II
COMPUTATIONAL TIME OF THE PROPOSED ALGORITHM

TABLE III
COMPARISON OF EXISTING METHODS AND THE PROPOSED ALGORITHM

tracking accuracy measurement. The results showed an aver-
age tracking error of 4.13mm. While this method provides a
quantitative accuracy evaluation, real-time implementation in
clinical settings remains challenging due to sensor embedding
limitations. As a result, we primarily focused on localization
success rate as an alternative performance metric to better reflect
the system’s robustness in practical scenarios.

For localization success rate, the ureteroscope, mounted on
the robot, was inserted into the renal pelvis of the phantom via
the ureteral access sheath and navigated from the major calyx
to the minor calyx. The actual position of the ureteroscope was
compared with the tracked position displayed by the software.
This test was repeated fifteen times for each target, and the results
are shown in Table I. It was observed that the localization success
rate decreased as the number of bifurcations along the path to the
minor calyx increased. Nevertheless, the overall average success
rate for reaching the major calyces was 89.2%, outperforming
previous studies, as shown in Table III. This suggests that our
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Fig. 7. Usability test with the ZamenixTM P System: (a) Usability test proce-
dure; (b) Location of 8 minor calices in the 3D ureter model.

tracking method enhances ureteroscope navigation accuracy, po-
tentially improving spatial awareness and procedural precision
in RIRS.

In terms of computation time, the ureteroscope tracking pro-
cess updated the position every 0.01 seconds before reaching
a bifurcation. At bifurcation points, where lumen identification
and tracking occur, the update time was 0.26 seconds, as shown
in Table II. These findings indicate that while our method is
not the fastest in absolute terms, it achieves a strong balance
between accuracy and computational efficiency. This balance
of performance ensures efficient guidance without excessive
delays, helping surgeons maintain accurate awareness of the
ureteroscope’s position during tracking.

C. Usability Test Using ZamenixTM P System

A usability test was conducted to evaluate the effectiveness
of the visual guidance provided by the proposed method. The
procedure is illustrated in Fig. 7(a). Ten novice participants were
randomly selected and trained on both the phantom’s structure
and the operation of the ZamenixTM P system. Each participant
was assigned the task of navigating the ureteroscope to three
randomly selected minor calyces, chosen from among eight
calyces in the 3D model (Fig. 7(b)). To ensure an unbiased com-
parison, the trials were randomized such that each participant
performed three tasks with visual guidance and three without,
in a fully shuffled order. Participants were instructed to inform
the supervisor when they believed they had reached the target
location.

The evaluation metrics for the test included task success rate,
cumulative manipulation (translation, rotation, and deflection),
and task completion time. Task success rate was defined as the
ratio of successful target reach attempts to total attempts. Cu-
mulative manipulation was measured by summing the uretero-
scope’s motion in terms of translation, rotation, and deflection
during task execution. Completion time was recorded from the
start of the task until the participant announced that they had
reached the target. After the test, the reliability of the results
was validated using statistical tools (IBM SPSS Statistics), and
the findings are presented in Fig. 8.

Fig. 8. Usability test results of the proposed algorithm: (a) Task success
rate; (b) Cumulative manipulation: translation; (c) Cumulative manipula-
tion: rotation; (d) Cumulative manipulation: deflection; (e) Completion time;
(f) NASA-TLX score.

The comparison of performance with and without visual guid-
ance showed that the task success rate improved by 26.6% with
the assistance of visual guidance (p = 0.049; Chi-squared test).
This improvement suggests that the additional spatial awareness
provided by the tracking system enables surgeons to locate the
target more accurately, increasing procedural reliability.

Regarding cumulative manipulation, the amount of translation
decreased significantly by 17.6% (p = 0.0.049; Independent
Samples t-Test), the amount of rotation decreased significantly
by 29.1% (p = 0.035; Independent Samples t-Test), and deflec-
tion was reduced by 32.2% (p = 0.017; Independent Samples
t-Test). These reductions indicate that visual guidance helps
surgeons optimize ureteroscope movements, leading to more
controlled and efficient navigation. By minimizing unnecessary
motion, the system could potentially reduce tissue trauma and
procedural fatigue, contributing to improved patient safety and
surgeon performance.

Furthermore, task completion time was reduced by 24.0%
when visual guidance was used (p = 0.037; Independent Sam-
ples t-Test). Shorter procedure times are clinically significant
as they reduce the duration of anesthesia and the potential risks
associated with prolonged surgery.

In addition, the NASA-TLX questionnaire [28], adminis-
tered to assess mental workload, revealed a 44.5% reduction in
workload when tracking information was utilized (p = 0.005;
Wilcoxon signed-rank test). The reduction in cognitive burden
suggests that the proposed method allows surgeons to focus more
on decision-making rather than struggling with spatial orienta-
tion, which could be particularly beneficial for less experienced
surgeons.
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These results indicate that the use of the proposed method
allowed participants to complete tasks more accurately and in
less time, with fewer manipulations required. Additionally, the
psychological burden on the operators was significantly reduced,
leading to an overall improvement in task efficiency.

IV. CONCLUSION AND FUTURE WORK

The goal of this letter is to resolve surgeon disorientation
caused by errors of the ureteroscope’s position, which increases
procedural time and workload in robotic-assisted RIRS. To
address this, we propose a hybrid tracking algorithm that in-
tegrates lumen identification with robotic motion data, enabling
ureteroscope localization without external tracking devices. Un-
like conventional methods, which rely on additional hardware
for tracking, our approach estimates the ureteroscope’s position
along the kidney’s centerline, ensuring robust navigation even
in the presence of minor anatomical variations. Since signif-
icant kidney deformation is unlikely during ureteroscopy, the
proposed algorithm dynamically adjusts the tracking pathway
using lumen identification, ensuring robust navigation despite
minor anatomical shifts. The identified lumen positions help
determine the appropriate direction of the ureteroscope at bifur-
cation points, ensuring consistent navigation and reducing the
risk of misalignment.

The proposed hybrid tracking algorithm demonstrated
promising results, achieving a tracking speed of 0.26 seconds
and a localization success rate of 89.2%. This performance was
accomplished using only the images from a commercial uretero-
scope and the motion data from the robotic system, without
the need for any additional tracking devices. This configuration
offers several advantages for robotic RIRS. It simplifies the
system setup, contributing to more efficient use of space in
the operating room. Moreover, because the system only relies
on robotic motion data, it is compatible with any commercial
ureteroscope, enhancing its versatility.

The results of our comparative experiments showed that the
visual guidance provided by the proposed algorithm signifi-
cantly improved the efficiency of intrarenal navigation. The
visualization of the ureteroscope’s position, alongside the kidney
model, helped the operator better understand both the current
position and the location of the target minor calyx. This guidance
enabled quicker navigation to the target with reduced manip-
ulation, even in the kidney’s complex anatomical structure.
Importantly, the tracking information reduced the cognitive
burden of determining directions during navigation, allowing
operators to perform tasks with greater confidence and less
stress.

Thus, we strongly believe that the proposed method over-
comes the inherent challenges of identifying the ureteroscope’s
position within the kidney during robotic RIRS, enhancing both
the efficiency and convenience of the procedure.

However, despite its promising performance in a controlled
phantom environment, the proposed tracking system has limi-
tations in replicating real kidney conditions. Anatomical vari-
ations, tissue elasticity, and the presence of stones or surgical
tools may introduce challenges that were not fully addressed in

this study. Large stones within the lumen or unexpected defor-
mations in the renal structure could affect lumen identification,
leading to tracking inaccuracies. Additionally, the presence of
surgical instruments such as laser fibers or baskets may introduce
visual occlusions that require further algorithmic refinement.
Addressing these challenges will require further investigation in
more clinically relevant settings.

To our knowledge, this study is the first to demonstrate the
effectiveness of navigation technology for robotic RIRS using a
commercial ureteroscope. Its significance lies in the application
of our algorithm to a commercial robot and ureteroscope, with
successful performance validation, highlighting its potential for
real-world clinical use.

In future research, we aim to enhance the system’s perfor-
mance by incorporating techniques such as hardware accel-
eration and model optimization to reduce its computational
complexity. Additionally, we plan to explore the extension of this
technology to other endoscopic surgeries, conducting further
validation through animal experiments to confirm its applica-
bility and identify areas for improvement within the context of
kidney stone removal procedures.
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