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Abstract— This paper proposes a pulley-based haptic sim-
ulator device as training tool for ureteroscopy allowing for
continuous insertion into a virtual ureter. The device motor
provides a resistive feedback force to familiarize users with the
forces experienced during surgery. We conducted a preliminary
evaluation study with 7 subjects to compare subject perfor-
mance using the system with visual and visuo-haptic feedback.
Results support the utility of the device in terms of range forces
rendered to the user and accurate following of the ureter profile.
The addition of haptic feedback caused the subjects to perform
the task more slowly. Future studies will evaluate if haptic
feedback leads to enhanced skill development long-term with
extended practice.

I. INTRODUCTION

Ureteroscopy is the most common means to remove kidney
or ureteral stones [1]-[4]. During ureteroscopy, several com-
plications can arise, such as ureteral avulsion or perforation,
due to the endoscopic diameter or excess applied force
[5], [6]. Ureteral avulsion, a complete tear of the ureter,
almost in-variably leads to major reconstructive surgery and
possible loss of kidney function [7]-[11]. Ureteral perfora-
tion, a stretching of the ureter, is a more common adverse
event. While perforation can be successfully managed with
stent placement, there remains increased risk of ureteral
stricture long-term. Experienced surgeons are able to min-
imize ureteral avulsions and perforations. However, novice
surgeons unfamiliar with the proper range of insertion and
extraction forces are more likely to cause damage. Proper
preparation in the haptic experience of an ureteroscopic
surgery would likely minimize devastating ureteral injuries.

Several surgical training models have been developed to
help novice surgeons avoid complications when performing
ureteroscopy [12], [13]. Inanimate models are inexpensive,
but they lack the dynamic properties of a living system.
Animal models are dynamic but costly, and variances with
human organ systems in failure properties have limited use
and effectiveness of these models [14], [15].

Virtual reality (VR) ureteroscopic surgery simulation de-
vices have also been developed to provide novice surgeons
with experience in urinary tract calculi removal. These sys-
tems have been shown to improve the performance of VR
endoscopic tasks by novice endoscopists [16]-[18]. However,
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Fig. 1: Proposed haptic simulator for ureteroscopy consisting
of a pulley-based haptic device, sensorized ureteroscope

handle, and a custom virtual environment.

these systems do not incorporate haptic feedback - a critical
modality to assess potential for tissue damage. Recently,
a prototype has been developed to aid in reducing the
risk of ureter wall perforation and avulsion by providing
visual feedback of instantaneous extraction forces [19]. The
prototype allows surgeons to see when they may be operating
near a dangerous insertion/extraction force but distracts the
surgeon from the workspace. There is still a need to train
novice surgeons to understand the amount of force applied
just before perforation or avulsion so that these accidents
may be prevented in the future.

Virtual environments paired with haptic feedback have
been shown to improve training for laparoscopic surgery and
bone-sawing procedures [20]-[22]. Inspired by this work, we
propose a prototype haptic simulation device that will lay the
groundwork for creating a high fidelity VR simulation with
realistic haptic feedback training tool for ureteroscopy. In
this paper, we provide a description for the proposed device
along with a preliminary investigation of user performance
when using the device through a human subject study with 7
novice subjects. In a crossover experimental design, subjects
performed simulated ureteroscopic insertion tasks with and
without haptic feedback from the device, in a randomized
order. We analyze a variety of performance metrics to deter-
mine potential benefits of haptic feedback for the simulator.

II. DEVICE DESIGN

The proposed haptic simulator for ureteroscopy has two
degrees of freedom in sensing and one degree of freedom in
haptic feedback. The device can be viewed as two integrated
electro-mechanical subsystems, each providing one sensing
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Fig. 2: Example of real ureteroscopic procedure (reproduced from [23]) shown with use of the proposed haptic simulator
(a). Block diagram of human interaction with the haptic device and simulation environment (b).

degree of freedom for the ureteroscope tip. The two sub-
systems are integrated with CHAI3D, an open-source cross-
platform C++ simulation framework for computer haptics
and virtual reality [24]. The first subsystem is a mechanically
driven pulley system that controls insertion for the simulated
ureteroscope tip. The second subsystem is a modified han-
dle of a Boston Scientific LithoVueTM Single Use Digital
Flexible Ureteroscope that controls ureteroscope orientation.
The Boston Scientific LithovueTM is a state of the art
ureteroscope and is commonly used to perform ureteroscopy
(Fig. 1, 2).

A. Pulley System

The pulley system consists of two 5 centimeter (2 inches)
diameter pulleys placed roughly 25.4 centimeters (about 10
inches) apart and connected using a 3.175 millimeter (1/8-
inch) diameter flexible round belt. The belt dimensions are
modeled after the scope dimensions of the Boston Scientific
LithoVueTM System. In comparison, the LithoVue System
ureteroscope dimensions used in surgery contains a 2.6 mil-
limeter (7.7F) tip diameter and a 3.2 millimeter (9.5F) outer
sheath diameter [25]. It should be noted the belt diameter
used in the proposed haptic training device closely matches
the diameter of the outer sheath, as the sheath is what the
surgeon maintains contact with throughout the surgery. The
length of the apparatus was determined due to the typical
length of the scope and the average length of a human ureter,
approximately 25-30 centimeters [26]. This design allows for
a simple display of the guided linear motion, the first physical
degree of freedom, associated with the surgical procedure.

Attached to one pulley is a Nichibo 12V gearless DC
motor (model 775-7013F-R/94). The motor supplies force
feedback on the user by applying a torque, 7, at the center of
the pulley. The force felt by the user, supplied by the motor,
F,, is the quotient of 7, and the distance to the tangent of the
pulley or its radius r,,.y. Users are provided feedback as
they as they move the belt forwards or backwards using their
fingertips, simulating the movement that is used by surgeons
as they guide the scope through the ureter. The gearless
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Fig. 3: Planar motion of the haptic proxy in the virtual
environment, where A relates the change in encoder ticks
to absolute motion in one time step and ¢, relates the
ureteroscope handle position to the direction of motion.

functionality of the motor allows it to be back-drivable so
users can operate back and forth in a linear motion. This
motor is controlled using a Dual VNH5019 motor driver,
external power supply, and an Arduino Uno. The other pulley
is attached to a Yumo 1024 pulse per rotation incremental
rotary encoder that is able to read the rotational position
of the pulley as the belt moves. Using the data from the
incremental rotary encoder the Arduino Uno transforms first
physical degree of freedom into the linear motion in the
virtual environment based on the encoder counts, 8 (Fig. 3).

B. Modified Boston Scientific LithoVueTM Handle

The modified ureteroscope handle provides the second
physical degree of freedom via an embedded potentiometer.
It should be noted the handle is not physically connected
to the pulley subsystem or any flexible ureteroscope. The
potentiometer is actuated by the user in a similar fashion to
the way a surgeon deflects the tip of the flexible ureteroscope
by rotating the blue knob located at the top of the device.
When the blue knob is rotated by the user, the potentiometer
resistance value changes. The resistance value is read by
the Arduino Uno and used to change the direction of linear
motion in the virtual environment. The direction of motion
is quantified as angle ¢. In summary, the device has two



degrees of freedom and is capable of providing planar motion
in the virtual environment (Fig. 3).

C. CHAI3D Virtual Environment

As the name suggests, CHAI3D (Computer Haptics Active
Interface) is an open source set of libraries written in C++
developed for experimental haptics in the research commu-
nity, capable of rendering forces to haptic devices in a three
dimensional virtual world utilizing the OpenGL graphics
platform. There are two objects in the custom built 3D virtual
world environment used to simulate the forces felt during the
ureteroscopy procedure, a haptic tool spherical point and a
3D simulated ureter solid object.

The haptic tool spherical point is used as a proxy for the
ureteroscope. For higher fidelity, the haptic tool spherical
point should be replaced with a deformable and flexible
virtual ureteroscope object. However, due to the simplicity of
the low cost proposed haptic device and the highly compu-
tationally expensive algorithm for mesh on mesh collisions,
the ureteroscope is modeled as a spherical point and denotes
the three dimensional cartesian coordinate position of the tip
inside the virtual world. For clarity and continuity, it is worth
restating how the haptic tool spherical position is interfaced
by the human user. The human user can move the haptic
point in a planar motion, two degrees of freedom, inside of
the virtual environment by displacing the belt on the pulley
subsystem to move linearly and turning the knob on the
LithoVue handle to change the direction of the linear motion
inside the virtual environment (Fig. 3). Equations (1) and (2)
govern the transformation of the encoder position, 6, and
ureteroscope knob angle, ¢ into the Cartestian coordinates,
y and z, in the virtual world. As the device only allows for
planar motion, the x position is kept constant. The subscript
k denotes the time step. A scaling factor of 10240 is used to
scale the high resolution encoder ticks.
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The 3D simulated ureter solid object was created in
SolidWorks as a uniformly cylindrical tube made of piece-
wise arc lengths. The center of the tube circle is placed
at the center of the virtual world. The geometry of the
simulated ureter object approximates human anatomy and
it could easily be modified to use patient-specific data.

D. Force Rendering Algorithm

The main goal of this work was to design a device
and simulation environment capable of demonstrating the
forces typically associated in the ureteroscopy procedure.
The rendered forces output by the device and felt by the
human user should be consistent with what surgeons feel
while performing an insertion or extraction from the ureter.
While there are dynamic visco-elastic models for interaction
forces of soft tissue deformation, many of them are infeasible
as they require finite difference methods, which are known
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Fig. 4: Profile of simulated ureter and virtual haptic wall.

to be computationally expensive [27]. Other methods for
soft body dynamics that do not require finite difference
methods that have been used to render forces from soft body
interactions fail in this particular setting because they rely on
closed surface meshes [28]. A thin-walled tube geometry is
a non-closed surface which makes deformable modeling a
challenge. Therefore, we chose a simple yet versatile virtual
wall model as a first approximation for rendering forces in
the range of the ureteroscopy procedure. Additionally, the
virtual wall model is a typical performance benchmark for
haptic devices [29].

The virtual wall model employed in the human user studies
and device validation is based on the center-line of the
simulated ureter (Fig. 4). Two virtual walls are rendered at
an offset distance, r;,, from the of the ureteral center line.
The ureter is aligned in the y —z plane. For any given y value
there is defined a zgegireq, Which corresponds to the ureteral
center line. When the haptic tool position sufficiently crosses
above or below the rendered virtual walls, the force increases
proportionally to distance the tool is past the wall. A constant
term f is added to the virtual wall to ensure the command
to the motor is high enough to overcome the no load current
rating of the motor. In order to keep the system passive, the
force value is set to zero when the velocity of the haptic tool
position, v, is less than or equal to 0. Passive is defined such
that motor does not inject energy into the system causing the
pulley to rotate in the opposite direction of user intention.
This rendering force is shown below in Equation (3).

kAz + ﬁ 2> Zdesired + Tius  glven v >0
Fym = < kAz+ ﬁ 2 < Zdesired — Viu given v>0 (3)
0 Otherwise

The force felt by the human user and output by the
motor, Fp,, is calculated based on the interaction force of
the haptic tool with the ureteral wall, Fj;,. Since the DC
motor is controlled via Pulse Width Modulation (PWM)
duty cycles, an experimentally based 1D Lookup table was
constructed. To construct the Lookup table I, a constant duty
cycle command was sent to the motor above an arbitrary
encoder count, 8 > 300 counts. The experimenter held the
pulley system above the set threshold and recorded the



current through the motor windings, imor, as measured by
the motor driver for different values of duty cycle. Due to
the noisy nature of recording i, and the characteristics
of DC motors changing based on internal temperature, the
process was conducted a total of five times for each duty
cycle shown. The average values of iy, were used for each
duty cycle command. 7, is directly proportional to iyoror,
through the DC motor torque constant k.., = 0.0869 ﬁfrflﬁ,
F,, was computed according to equation (4).

T
Fy = = (4)
Tpulley

TABLE I: PWM, Current, Force Lookup Table

PWM | AVg imotor (mA) | Fp (N)
30 2800 0.9545
40 5000 1.7044
50 6500 2.2157
60 8300 2.8293
70 9800 3.3406
80 11300 3.8519
90 13000 4.4314
120 18000 6.1358

III. USER STUDY
A. Experimental Protocol

In order to validate the proposed device as a surgical
training tool, a human user study was conducted. Seven
participants were recruited (mean age: 22, std age: 5). All
partcipants were unverisity affiliated. The protocol falls under
the University of Texas at Austin IRB. Each human-user was
first given a brief introduction on how to interface with the
haptic device in the virtual environment. Once familiar with
both the manipulation and the force feedback associated with
collisions inside the ureteral wall, the subject was asked to
complete six trials of the simulated task. For the purpose of
this experiment, a trial consists of the human user navigating
along the full length of the simulated ureter. The goal was
to follow the path while avoiding the ureteral walls. For half
of the trials, the subjects received haptic feedback, condition
"H’, and for the other half of the trials no haptic feedback,
condition 'NH’, was provided. The order of conditions was
randomized prior to the study.

B. Data Collection and Analysis

Data was collected at a frequency of 200 Hz. The times-
tamp of each data point, the haptic tool position, haptic tool
velocity, @, Zgesireds Fsim» and imoror Was recorded to compute
performance metrics. Note i,,:,r Was equivalently equal to 0
during trials of ‘NH’. The metrics computed were total time
to complete the pass, the average error position error from
Z t0 Zgesireq NOrmalized over the trial time, the ratio of time
when Fy;,, was rendered over total trial time, the ratio of time
of a rendered force to the time when no force was rendered
for each trial, the max force for each trial, and the average
force over each trial normalized over time. All metrics were

averaged for all trials and subjects with mean and standard
deviations reported in Table II. All metrics except Tiya
were found to be normally distributed with homogenous
variance according to the Jacque-Bera and Bartlett tests,
respectively. Therefore, the 1D ANOVA statistical was used
to compare significant difference between the two conditions,
where p —value < 0.05 was considered significant. For T4,
the non-parametric Mann Whitney U test was used. To
further investigate the validity of the proposed simulation
paradigm, the recorded Fj;,, was separated into bins and the
frequency of each force bin divided by the total number
of force observations was plotted as a distribution for each
condition. Lastly, the linear correlation between F,, and Fy;,
was computed for each trial in the "H’ condition.

C. Results

The outcome of the user study is shown below in Table
II. Each metric is defined in order, top down, in Section
III B. From Table II, it is shown there is little difference
between the performance metrics in each condition "H’ vs
’NH’. The significantly different metric between conditions
(p =0.0271) was the total time to complete the trial. The
"H’ condition took statistically significantly longer to com-
plete than the ‘NH’ trial across subjects. Similarity between
conditions is also shown in Fig. 5 where the distribution
of forces is almost evenly split between the two conditions.
The most frequent force bin observations were between 3N
- 4N. In Fig. 6, an example plot of the correlation between
F, and Fj, is shown for one subject. In general, most
observation pairs for each session are near the linear trend
line. However, there are many outliers above and below the
trendline indicating time points where there is a mismatch
between the force output by the motor, F;,;, and the computed
force in simulation, F;,.
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TABLE II: Performance Metrics: Means, standard deviation, and significant difference between conditions: 7;,; is the total
time to complete the trial, Z,,,, is the average path error normalized by trial time, —/ is amount of time during a trial

Tyr

Tiotal

force was rendered over total trial time, 7~ is ratio of time force was rendered to amount of time with no force rendered,
Avg Max Fj;, is the computed max force averaged over trials, Avg Fy;, is computed force averaged over trial time.

Metrics Mean "H’ | Mean 'NH’ Std 'H’ Std "NH’ P-val
Tiorar (8) 66.4340 40.8355 48.9683 14.6794 0.0157
Zerror 4.2956 4.3381 1.1238 1.0637 0.9005

% 0.3163 0.2966 0.1035 0.1005 0.5357

;—fj 0.4947 0.4483 0.2245 0.1967 0.4804

Avg Max Fg,, (N) 4.3818 4.0934 0.9014 0.7982 0.2788
Avg Fiim (N) 0.9897 0.9264 0.3767 0.3562 0.5787
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Fig. 6: Linear correlation of calculated simulator force, Fy;,
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IV. DISCUSSION

Interestingly, the inclusion of haptic feedback for the task
did not affect the task performance across many metrics. The
most affected performance metric was the increase in T;.y.
The inclusion of haptic feedback likely forced the users to
slow down and reconsider their trajectory. Additionally in
the "H’ condition trials, users still receive feedback when
correcting their trajectory as the haptic position needs to ap-
proach the center line of the ureter to proportionally decrease.
It was hypothesized that the addition of haptic feedback
would dramatically decrease the error in haptic position from
the center as compared to no haptic feedback. Our results
did not show statistically significant improvements in Z,,,
though the mean value was slightly lower. Subjects may have
relied more on the visual feedback of the simulation to guide
their trajectories, as compared to the haptic feedback. Other
studies in haptics for motor learning have also shown am-
bivalent results on the addition of haptic guidance feedback
for motor skill acquisition [30], [31]. Thus, it is possible the
particular method of haptic rendering chosen for this study
may be limited for enhancing performance. Future studies
will include evaluating different forms of haptic feedback
(e.g., varying haptic feedback gains or adding damping).

A positive result as shown by Fig. 5 is the forces rendered
to the user indeed do match the forces typically seen in the
ureteroscopy procedure as reported in literature by [15], [14],
[32] to be between 0-6N with many of the forces in the mid-
dle, indicating little or no perforation and a low likelihood
of ureteral avulsion. Despite this, one would expect the Fy;,
in the "NH’ condition to be distributed to higher value force
bins and the opposite to occur in the 'H’ condition. This
emphasizes the idea that the subjects likely relied more on
the visual than haptic feedback to complete the task. The
R? correlation shown for each subject in Fig. 7, shows a
discrepancy in the ability of the haptic device to provide
the necessary force. Specifically, the relationship between
F, and F;, should be linear, resulting in R? values near
1 for all trials. The scattering of data from the established
linear trendline, shown in Fig. 6 suggest a potential issue
with the device’s ability to render stable forces. However, it
is known that an otherwise stable haptic device can become
unstable if the human user is not passive [29]. In Fig. 7,



most subjects’ correlation increased from the first trial to
the final third trial indicating improved performance with
continued use. Furthermore, there is likely a time delay
between the sent force command, Fy;,, and the sampling of
motor current, iyq,r, especially during spikes of Fy;,, due to
a sudden increase when the user momentarily halts inside of
the virtual wall and then continues their motion.

V. CONCLUSIONS

Despite the lack of performance increases as a result of
haptic feedback, the proposed simple pulley-based haptic
device and simulation environment was able to render forces
in the range typical of the ureteroscopy procedure to human
users during the simulated task. User performance also seems
to improve as a function of device use for most subjects.
As a result, this work lays a preliminary foundation for the
development of surgical training tool for ureteroscopy. An
area of future work to further validate the proposed device
and the virtual environment is to see how performance differs
between novice users and expert surgeons, and to explore dif-
ferent types of haptic feedback or extended training practices
that may enhance performance.
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