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Assessment of Probe-to-
Specimen Distance Effect in
Kidney Stone Treatment With
Hydrodynamic Cavitation
The aim of this study is to focus on the effect of probe-to-specimen distance in kidney
stone treatment with hydrodynamic bubbly cavitation. Cavitating bubbles were generated
by running phosphate buffered saline (PBS) through stainless steel tubing of inner diame-
ter of 1.56 mm at an inlet pressure of �10,000 kPa, which was connected to a 0.75 mm
long probe with an inner diameter of 147 lm at the exit providing a sudden contraction
and thus low local pressures. The bubbles were targeted on the surface of nine calcium
oxalate kidney stones (submerged in a water pool at room temperature and atmospheric
pressure) from three different distances, namely, 0.5 mm, 2.75 mm, and 7.75 mm. The
experiments were repeated for three different time durations (5 min, 10 min, and 20 min).
The experimental data show that amongst the three distances considered, the distance of
2.75 mm results in the highest erosion amount and highest erosion rate (up to 0.94 mg/
min), which suggests that a closer distance does not necessarily lead to a higher erosion
rate and that the probe-to-specimen distance is a factor of great importance, which needs
to be optimized. In order to be able to explain the experimental results, a visualization
study was also conducted with a high speed CMOS camera. A new correlation was devel-
oped to predict the erosion rates on kidney stones exposed to hydrodynamic cavitation as
a function of material properties, time, and distance. [DOI: 10.1115/1.4030274]

Introduction

Hydrodynamic cavitation is the generation of vapor bubbles
due to the sudden drop in pressure when a liquid flows through a
constriction. As the channel diameter reduces significantly, veloc-
ity of the flow increases due to the conservation of mass and a
sudden pressure drop is observed leading to low local pressures.
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When the pressure drops to a critical pressure, cavitation inception
occurs and bubbles start to be observed. When the emerging bub-
bles are exposed to atmospheric pressure, they collapse inward
generating shock waves, which are of highly destructive nature
for the exposed surfaces [1].

Cavitation in macroscale can be observed in ships’ propellers
and hydraulic turbines [2], which is typically considered as a phe-
nomenon to be prevented and is a crucial design parameter for
turbo machinery. However, the number of studies on exploiting
the destructive nature of cavitating bubbles for various applica-
tions is continuously increasing. Jyoti and Pandit [3] showed that
hydrodynamic cavitation is an energy efficient method for large
scale water disinfection. Schneider et al. [4] used hydrodynamic
cavitation to enhance boiling heat transfer of refrigerant R-123. Ji
et al. [5] produced biodiesel with the help of hydrodynamic cavi-
tation. Huang et al. [6] exploited the destructive effect of cavitat-
ing bubbles on degradation of chitosan to reduce its molecular
size without changing its chemical structure. We have previously
demonstrated that the destructive effects of hydrodynamic cavita-
tion could be exploited to kill leukemia cells in in vitro culture [7]
and in the ablation of benign prostatic hyperplasia tissues [8].

In our recent study, it is shown that hydrodynamic cavitation
can successfully erode calcium oxalate kidney stones [9]. In fact,
cavitation of ultrasonic origin has long been successfully used in
kidney stone treatment by lithotripsy [10–13]. Ultrasonic proce-
dures are noninvasive, yet, they have some limitations and side
effects, including restrictions in the size, physicochemical proper-
ties, and location of stones to be treated [14–21]. Moreover, inter-
nal bleeding or severe pain during the passage of small stone
particles through ureters and urethra may also be observed
[22,23]. Application of ultrasonic cavitation to critical body parts
other than kidney, such as eyes, breasts, and skin wounds, has its
risks and limitations as well [21,24–26].

In addition to noninvasive extracorporeal shock wave litho-
tripsy, invasive techniques, ultrasonic lithotripsy, laser lithotripsy,
or electrohydraulic lithotripsy with the aid of ureteroscopy are
also present. The high price of the equipment for laser lithotripsy,
accidental tissue injury, and ureteral perforation could be counted
as the major disadvantages of laser lithotripsy. Moreover, not all
calculi can be fragmented with one type of laser. Patients must be
exposed to retreatment or additional clinical procedure to remove
residual fragments [27]. The major disadvantage of electrohy-
draulic lithotripsy is the requirement of multiple maneuvers and
prolonged hospital stay [28]. On the other hand, infections, nerve
damage, internal bleeding, and ureteral injury may also be seen

during the operation with instruments using ultrasound, laser, and
electricity. Therefore, alternative techniques with less side effects
and disadvantages should be developed and tested.

In our previous work, we reported the effects of hydrodynamic
cavitation on kidney stone erosion and destruction for the first
time [9]. In this work, we further focused on the dynamics of cavi-
tation effects on kidney stones and searched for optimal destruc-
tive conditions. Here, we optimized the system and analyzed the
effects of probe-to-specimen distance on erosion rate of kidney
stones. The study was accompanied with extensive visualization
tests conducted using a high speed camera. Monitoring micro-
scopic images and processing them using several robust vision
modules in the context of micromanipulation were carried out in
our previous work [29–31]. Results presented in this work under-
line the importance of probe-to-specimen distance in exploiting
the destructive nature of cavitating bubbles for biomedical appli-
cations, and provide a prediction tool for an average erosion rate
as a function of probe to specimen distance and material
properties.

Experimental Setup and Procedure

Experimental Setup. Experimental setup to generate cavitating
bubbles was constructed based on the experimental setup used in
Perk et al. [9], with the addition of piping extensions allowing the
adjustment of the probe-to-specimen distance.

PBS contained in a high pressure vessel is propelled through a
stainless steel tubing of an inner diameter of 1.56 mm at an inlet
pressure of �10,000 kPa (Fig. 1(a)). The inner diameter suddenly
dropped to 147 lm at the exit due to the PEEK probe connected to
the steel tubing with appropriate fittings, which acts as a micro-
orifice. This orifice was submerged into a water tank, where the
kidney stones were positioned at the desired distances relative to
the orifice exit (Fig. 1(a)). Inlet pressure was monitored through a

Fig. 1 (a) Microchannel configuration with the orifice throat and exit area and experimental placement of the kidney stone
and (b) experimental setup

Table 1 Material characterization of the calcium oxalate kidney
stones [32]

Material Kidney stone
Chemical composition Calcium oxalate monohydrate
Density (g cm�3) 2.038
Young’s modulus (GPa) 24.51
Shear modulus (GPa) 9.2
Poisson’s ratio 0.33
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pressure gauge with 6.8 kPa sensitivity, while the flow rate was
measured with a high pressure Omega turbine flow meter with
0.011 ml/s sensitivity (Fig. 1(b)). A control valve was used to
adjust the flow rate.

The kidney stones were removed surgically at Maltepe Univer-
sity School of Medicine Hospital with the approval of Maltepe
and Sabanci Universities’ Ethics Committees. Their compositions
were analyzed by X-ray diffraction (XRD). XRD results revealed
that the kidney stones were composed of 90% calcium oxalate and
10% phosphate. Material properties of the kidney stones are al-
ready present in the literature [32] and are presented in Table 1.

In our experiments, we used a CMOS camera (Phantom v310, a
trademark of Vision RESEARCH), which is a high speed camera
with 10,000 frames per second. The speed of the camera is 3 Gpx/s
and maximum speed at full resolution of 1280� 800 (20 lm pixel
size) is 3250 frames per second. The camera has a minimum frame
rate of 24 fps. Blur can be eliminated and the minutest details can
be seen by using short exposure times. On the v310, exposure time
can be set to the minimum value of 1 ls. The camera supports 8 -
and 12-bit pixel depth. While smaller bit-depth implies more re-
cording time and smaller files, greater bit-depth provides more gray
levels and finer details. The greater digitalization of 12 bits facili-
tates acquiring more detailed data from the raw image.

Due to resolution and lighting issues, we used the camera at
3250 fps, which provides reasonably good images. The imaging
system was equipped with two pulsed 198 high performance LED
arrays having a total area of 180 mm� 120 mm and serving for
background illumination. The average duration of the light pulses
was approximately 60 ls, and the average time delay between the
two consecutive images was tuned to 2 ms. We also utilized K2
DistaMax special lens, which offers ultimate in long-distance mi-
croscopy. TX tube of the lens provides 2� amplification in all
cases, with all objectives, and with all working distance choices. It
should be noted that although the Phantom v310 camera has sensi-
tivity needed for even the most challenging lighting conditions,
throughout our experiments, because of the insufficient lighting in
the environment we utilized a variable iris in our camera system.
Besides the focusing ring, the K2 DistaMax has a built-in iris dia-
phragm for depth of field and light attenuation control.

In order to obtain sharp images for efficient erosion detection,
blur, which might occur in such microscopic images, must be
removed. Blur could be the result of inappropriate imaging condi-
tions such as out of focus camera, or relative motion of the camera
and the imaged object. In order to remove or minimize the effect of
the blur existing in the images, one can utilize a deblurring algorithm
on the blurred images. Deblurring algorithms can be developed using
either linear or nonlinear filtering approaches. In this work, we
implemented a linear deconvolution type deblurring algorithm using
image processing toolbox of MATLAB. Blurred images are decon-
volved with a filter (mask), which has the size of (2 mþ 1)
� (2 mþ 1) pixels, where m is an integer. In our implementations,
we set m¼ 2. The resulting enhanced images have sharper
boundaries.

Experimental Procedure. After the experimental setup was
prepared as explained above, PBS in the storage tank was pressur-
ized and propelled into the stainless steel tubing and the probe,
which is a PEEK microorifice of inner diameter of 147 lm. The
cavitation number, r, is a dimensionless number used for quanti-
fying similar cavitating conditions and for representing the inten-
sity of cavitation. The intensity of the cavitation was often
described by the cavitation number, which is dependent on the
local pressure at the orifice exit, vapor pressure of the liquid, flow
velocity and the density of the fluid and is expressed as [33]

r ¼ Pex � Pvð Þ
1
2
qV2

th

(1)

where Pex is the exit pressure, Pv is the vapor pressure, q is the
fluid density, and Vth is the flow velocity at the orifice. Since the
inlet pressure determines the flow velocity, intensity of the cavita-
tion is also dependent on the inlet pressure. Inlet pressure was
increased, and cavitation inception was observed at a pressure of
�483 kPa corresponding to a cavitation number of 0.35 with the
emergence of bubbles from the probe exit consistent with the find-
ings in the literature [33]. Due to the sudden pressure drop at the
orifice, bubbly cavitation incepted leading to cavitating bubbles.
The orifice exit was submerged in a water tank, where the kidney
stones were positioned at a specified distance from the orifice exit.
The emerging bubbles were exposed to ambient pressure at the
exit of the probe, where the bubbles collapse occurred. Collapsing
bubbles in the cavitating flow were targeted onto the kidney stone
specimen surfaces so that the destructive effects of the collapse
were exploited to erode the kidney stones.

Beyond cavitation inception, inlet pressure was further increase
so that the flow rate was adjusted to 2 ml/s, while the flow velocity
was 117.9 m/s at the orifice. The kidney stones were exposed to
the cavitating flow with the corresponding cavitation number of
0.014 in this study at three different distances measured from the
probe to specimen surface, namely, 0.5 mm, 2.75 mm, and
7.75 mm. In the light of the previous studies [7–9] of the authors,
these three distances were chosen so that they could reveal the
effect of the probe-to-specimen distance. The distance was
adjusted with a home-made micromanipulator including a vision
control system. Such manipulators based on compliant mecha-
nisms are already present in the literature [29,34] and have resolu-
tions of several micrometers. The distances were measured by
inspecting the images taken with the camera based on the compar-
ison with known dimensions in the system. This cavitation num-
ber was selected in parallel lines with the studies on microscale
hyrodynamic cavitation and our previous study [9] to ensure ero-
sion on the kidney stone sample surfaces. Each experiment was
repeated for three different time durations, which were 5 min,
10 min, and 20 min. The probe–specimen distances were deter-
mined in the light of the images taken from visualization studies,
which reveal the effective volume and range of emerging bubble

Table 2 Quantification of probe-to-specimen distance, application time, initial and final weights (mg) of the kidney stones, kidney
stone erosion rates (mg and % min21) at 9790 kPa pressure

Specimen Distance (mm) Application time (min) Initial weight (mg) Final weight (mg) Erosion rate (mg min�1) Erosion rate (% min�1)

Stone 1 0.5 5 313.7 309.2 0.90 0.29
Stone 4 2.75 5 215 209.6 1.08 0.50
Stone 7 7.75 5 319.5 318.1 0.28 0.09

Stone 2 0.5 10 429.7 421.2 0.85 0.20
Stone 5 2.75 10 363.1 353.1 1 0.27
Stone 8 7.75 10 454.6 452.0 0.26 0.06

Stone 3 0.5 20 526.8 515.3 0.58 0.11
Stone 6 2.75 20 460.2 445.4 0.74 0.16
Stone 9 7.75 20 614.3 611.5 0.20 0.02
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clouds from the probe exit. The experimental matrix is presented
in Table 2.

The mass of each kidney stone was measured before and after
the experiments with an uncertainty of 60.1 mg. The correspond-
ing average erosion rates in mg/min were calculated by dividing
the eroded mass by the evolved time. The percentage of erosion
relative to the initial mass was obtained using the erosion amount,
initial mass, and elapsed time. Sterile conditions were sustained
by autoclaving all the probes, orifice throat, containers, and valves
before each test. After each test, eroded kidney stones were placed
to a sterile container kept at room temperature and were left for
drying for a day. Thereafter, the weights of the specimens were
measured again so that erosion amounts and rates could be
assessed.

For assessing the erosional effects caused by hydrodynamic
cavitation on kidney stones control experiments were performed.
The control experiments were conducted with a probe having a
larger inner diameter (�2.8 mm). In these experiments, first of all,
the same outlet velocities for both cavitating and noncavitating
conditions were considered. For a small amount of time (�5 min),
no significant erosional change compared to a 5 min exposure to
bubbly cavitating flow was observed in control experiments (non-
cavitating conditions) with the same outlet velocity.

The material of the kidney stones is the same for all samples
according to the performed XRD results. The geometries are also
similar so that no significant change in the surface morphology is
expected for the samples. In addition, an additional test was also
conducted as a control experiment similar to the work of Perk

et al. [9]. Accordingly, a freely moving sample was exposed to
bubbly hydrodynamic cavitation of the same density. The stone
was confined but free to rotate. Under these conditions, the initial
and final weights of the samples were also measured. The erosion
on the samples had a similar trend for each case, and the change
of the exposed area on the stones did not affect the total erosion
amount on the exposed samples.

Results

Figure 2 displays flow rate as a function of inlet pressure for
bubbly cavitating flow conditions. The first data point corresponds
to the cavitation inception condition, where cavitation number is
around 0.35.

Due to approaching choking flow conditions, where an increase
in flow rate and flow velocity would not be possible beyond a cer-
tain inlet pressure, the slope of the flow rate profile has a decreas-
ing trend. Approaching choking conditions could be also
recognized in Figs. 3–5.

Bubble clouds emerging from the test probe are displayed in
Fig. 3. Bubble clouds were observed for three times using the
same micro-orifice and flow conditions to check for the repeatabil-
ity. No significant change in the cloud size and density was
observed for each case. As seen from this figure, the bubble cloud
has first a conical shape. The density of the cloud becomes lower
as the distance from the probe is increased, which is due to the
continuous collapse of bubbles, and thus, due to the continuous
decrease in the number of bubbles in the bubble cloud as they
move downstream the probe exit. After reaching the maximum
cross section in the conical shape, the cross section of the bubble
cloud has a decreasing trend, until all the bubbles collapse. As a
result, it could be deduced that there is interplay between the
intensity of bubble cloud and the bubble cloud cross section deter-
mining the exposed area, which is tabulated for different probe-to-
specimen distances in Table 3. For a smaller probe–specimen
distance, more bubbles can be targeted to a smaller exposed area
with larger velocities.

Erosion amounts obtained from tested kidney stone samples are
displayed as a function of time in Fig. 6. As can be observed in
the figure, there exists an optimum probe–specimen distance in
this study, namely, 2.75 mm, which provides the highest amount
of erosion for all the application durations, which are 5.4 mg,
10 mg, and 14.8 mg for 5 min, 10 min, and 20 min of application,
respectively. The lowest erosion amount is observed for the
probe–specimen distance of 7.75 mm. This result indicates thatFig. 2 Flow rate as a function of inlet pressure

Fig. 3 Bubble cloud emerging from the probe exit at different cavitation intensities with assessment of effec-
tive range of bubbles and assessment of effective volume
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the erosion rate induced by cavitating flows does not necessarily
increase as the distance between the orifice and the specimen is
reduced, but an optimum distance is present and should be deter-
mined, where the highest erosion amounts are attained. In order to
explain this trend, visualization of cavitating bubbles for different
distances from the probe was performed.

Erosion rates achieved throughout the experiments are pre-
sented in Table 2 and plotted in Fig. 7. The results have the same
trends as the erosion amount results, which were averaged over
the exposure time to obtain erosion rates. The highest average
erosion rate is achieved at the distance of 2.75 mm (0.94 mg/
min), whereas the lowest average erosion rate is found to be
0.25 mg/min at the distance of 7.75 mm. As it can be observed
from Fig. 7, the erosion rate decreases with increasing applica-
tion time.

Experimental erosion rate data in this study are used to develop
a correlation providing the best prediction of the experimental
data based on curve fitting using least squares method. This corre-
lation is based on the approach of Crowe [1], where the erosion
rate is written in terms of important parameter, which are Rp (in
mm), the particle radius (average bubble radius, taken as 90 lm in
this study), rb (in Pa), the flexural strength, Et (in Pa), the
Young’s modulus of elasticity, t (in min), time, dis (in mm),
probe–specimen distance, and is expressed as

Wðmg=minÞ ¼ 7074� 104E0:8
t r2

bR�1:19
p ðð�4:23Þ

� 10�11dis2 þ ð2:4Þ � 10�10dis� ð1:01Þ
� 10�9Þðð4:22Þ � 10�12 � ð8:61Þ � 10�14tÞ

(2)

The above correlation can predict the experimental data with an
MAE (mean absolute error) of 6.09%. All of the experimental
data are within 25% of the correlation as shown in Fig. 8. Spheri-
cal particles are considered as bubbles, while it was also assumed
that microbubbles emerging from the microprobe have the same
velocity as the flow velocity inside the probe.

Discussion

The cavitation number corresponding to cavitation inception is
in agreement with the cavitation inception numbers reported in
the literature for microscale [4,33,35,36], while it is lower than
cavitation inception numbers reported for macroscale [37,38],
which is due to size scale effects. In contrast to stream nuclei
observed in macroscale cavitation, surface nuclei are the key pa-
rameter for the inception of hydrodynamic cavitation in micro-
scale, which is observed both in the literature and this study with
the emergence of bubbles from the surface of the probe rather
than from the bulk of the fluid. These differences are attributed to
small residence time for surface nuclei and surface tension forces,
which are significant at microscales [4,33,35,36]. Low incipient
cavitation numbers were obtained from the experiments in micro-
scale cavitation implying that cavitating flow conditions are more
difficult to be attained in microscale, and there is a dominant size
scale effect [33,35,36].

Fig. 5 Effective volume as a function of cavitation number

Table 3 Experimental kidney stone surface area which is
exposed to erosion (mm2) at 9790 kPa pressure for the
probe–specimen distances of 0.5, 2.75, and 7.75 mm

Distance (mm) 0.5 2.75 7.75
Exposed area (mm2) 0.045 0.33 1.91

Fig. 6 Experimental results of kidney stone amount (mg) as a
function of time (min) at 9790 kPa pressure for the
probe–specimen distances of 0.5, 2.75, and 7.75 mm

Fig. 7 Experimental results of kidney stone erosion rate (%
min21 with respect to the initial mass) as a function of time
(min) at 9790 kPa pressure for the probe–specimen distances of
0.5, 2.75, and 7.75 mm

Fig. 4 Penetration length as a function of cavitationnumber
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The volume occupied by the bubble cloud (effective volume)
grows with the decrease in cavitation number. However, the
change in this volume becomes smaller and smaller because of
the exponential trend with the applied inlet pressure implying that
it is converging to a certain value. A similar trend is also valid for

the effective range of the bubble cloud, which poses the limits of
treatment with hydrodynamic cavitation at the same time. The
maximum values for effective volume and effective range are
5.88 mm3 and 8.25 mm, respectively, which are expected to be
close to their maximum possible values. All these parameters are
determined by processing the images by the camera system using
the camera software. With the use of the software, the dimensions
and important features can be easily assessed in detail. It can be
also seen that bubbles emerging from the probe exit could reach
to distances 56 times more than the inner diameter, and this value
could serve for the limit for the probe–specimen distance.

Some of the hitting bubbles collapse when hitting the specimen,
while the others bounce back from the specimen and collapse
afterward. For a larger probe–specimen distance, fewer bubbles
can be targeted to a larger exposed area with lower velocities due
to the conservation of mass. Many bubbles collapse before hitting
the target, and the effect of bubble collapse on the specimen
diminishes with the distance. At an optimum distance, a large
exposed area exists with a considerable hitting velocity of the
bubbles, some of which already collapse at a close distance from
the target, while the rest collapse after bouncing back from the
specimen. Thus, there exists a maximum erosion amount at a fixed
time for an optimum distance, which is 2.75 mm in this study.
This result implies that a closer distance does not necessarily lead
to a higher erosion rate, and the probe-to-specimen distance is a
significant parameter affecting the erosion rate and should be opti-
mized for a better erosion performance. The amount of erosion
observed in the kidney stones increases with an increase in appli-
cation time, which is in agreement with our previous findings [9].

The trends in Fig. 7 can be explained from scanning electron
microscopy (SEM) images displayed in Fig. 9. Figure 9(a) shows
an SEM image of the surface of an unexposed sample kidney
stone sample with sharp edges on the surface, while Fig. 9(b)
depicts the surface of an exposed kidney stone sample with
destroyed edges. A significant difference in the unexposed stone’s
surface is present in the form of sharp points and crystal-like
structures, which can be more easily removed with the exposure
of bubbly cavitation, compared to the exposed kidney stone’s sur-
face. As can be observed, there is a gradual reduction in sharpness
of the edges and corners with the cavitation exposure. A more
“shaved-off surface,” which is more difficult to be eroded, appears
with increasing exposure time leading to a decrease in erosion
rate with time.

Chemical composition of stones is also an important parameter
for the erosion efficiency. Most of the kidney stones are composed
of calcium and these stones, particularly calcium oxalate, are

Fig. 8 Comparison of experimental erosion rate with predictions of the proposed
correlation

Fig. 9 (a) SEM image of an unexposed sample and (b) SEM
image of exposed sample (exposed for 20 min at a
probe–specimen distance of 2.25 mm)
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physically hard to destroy by conventional lithotripsy method. We
have previously shown successful erosion of calcium oxalate kid-
ney stones by hydrodynamic cavitation [9]. However, erosion effi-
ciency may be limited for stones >0.5 cm in size. Although we
have not tested the effect of hydrodynamic cavitation on softer
stones such as uric acid or magnesium based stones, it is plausible
that they may be eroded more easily. We are aware of the fact that
usage of artificial stones could allow us to obtain data with lower
variations and smaller standard deviations. Yet, even though natu-
ral stones were used in this study, we could obtain consistent and
reproducible test results encouraging us about future clinical
applications of the technique.

Conclusion

The findings of this study reveal the potential of using hydrody-
namic cavitation in biomedical applications. Short application
time required to erode and break the kidney stones, a potential to
have less side effects because of easy probe targeting and manipu-
lation possibilities, less heat generation at the target site and sur-
roundings compared to ultrasound or laser-based techniques, and
the simple yet effective methodology are proven to be some of the
many advantages of using hydrodynamic cavitation in kidney
stone treatment. Although in vivo animal experiments and clinical
trials are yet to be done, in the light of data obtained from our pre-
vious work [7–9] and this study, we expect less side effects and
complications such as kidney pelvis or ureter perforation, internal
bleeding, tissue damage due to increased local temperature or
infections using hydrodynamic cavitation. Since the efficiency
was increased at optimal stone–probe distances, stones might be
destroyed in a single session eliminating the need to use multiple
interventions [9]. Further studies will reveal the in vivo perform-
ance and efficacy of the device.

In this study, the experimental setup is designed in a way that
parameters such as probe-to-specimen distance, inlet pressure,
and application time can be adjusted and optimized to increase the
treatment efficiency, studies revealing the effects of changing
abovementioned parameters are seen necessary. In this study, the
effects of changing inlet pressure and changing probe-to-
specimen distance are filtered out. Effects of changing the inlet
pressure are observed via a visualization study using a high speed
camera, whereas the kidney stones are subjected to hydrodynamic
cavitation at different probe-to-specimen distances. Also, experi-
ments are repeated for different application times, namely, 5, 10,
and 20 min.

In the light of the presented data and results, the following con-
clusions are obtained:

• Different inlet pressures result in different penetration lengths
(and accordingly different effective volumes), e.g., different
maximum vertical distances measured from the probe, where
cavitation effects can be observed.

• Probe-to-specimen distances studied in this work (0.5, 2.75,
and 7.75 mm) are inside the range of the penetration length of
the emerging bubble cloud, which is found to be 8.25 mm for
a cavitation number of 0.014.

• This study shows that the probe-to-specimen distance is an
important parameter to be optimized. The erosion rate
increases with the distance up to an optimum value
(2.75 mm), beyond which it has a declining trend.

• The maximum average erosion rate observed in this study is
determined to be 0.94 mg/min at a 2.75 mm probe-to-
specimen distance, whereas the minimum average erosion
rate is 0.25 mg/min at a 7.75 mm probe-to-specimen distance.

A correlation to predict the erosion rate using probe-to-
specimen distance, system parameters, and material properties as
variables is developed, which could predict the experimental
results with a mean absolute error of 6.09%. To amplify of the
effect of the proposed method, multiple probes could be installed
in parallel so that much higher erosion rates could be attainable.

Since the size of such probes is rather small, such a configuration
could easily fit in a regular endoscopy device. As a result, the pro-
posed technique has a potential of providing much higher erosion
rates with simple modifications and insertions in the system.
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