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A B S T R A C T

Minimally invasive methods were sought for faster recovery from benign prostatic hyperplasia (BPH) and lower 
urinary tract (LUTS) symptoms. For this, the search for effective, low-side-effect methods for tissue ablation, 
particularly for managing BPH and certain bladder pathologies, has been continued to advance. In this regard, 
the energy released during the formation of hydrodynamic cavitation bubbles offers an alternative treatment 
method. In this study, we present the feasibility of the use of hydrodynamic cavitation with a flexible cystoscopy 
device prototype designed for the treatment of LUTS-related diseases. The developed flexible cystoscopy device 
prototype allows easy access to the urinary bladder through urethra with minimal pain, demonstrating its 
suitability as a minimally invasive approach. Precisely targeted cavitation exposure prevents prostatic capsule 
and bladder perforation. Moreover, an automatic actuating mechanism supports steering for real-time visual 
feedback. The developed device prototype was first tested on an ex vivo human bladder and then on an in vivo 
porcine bladder. Histopathological analyses were performed after both species were tested. For both analyses, 
significant tissue ablation at the targets was observed upon exposure to cavitating flows. Finally, the temperature 
profile on the device was obtained using a thermal camera. Accordingly, it was observed that the temperature 
increase during the procedure was not significant. The developed device prototype can thus realize mechanical 
ablation-based therapy, avoids unintended heat deposition which might appear in laser ablation and leads to 
fewer side effects such as uncontrolled tissue damage and low target area effectiveness that might occur in 
minimally invasive tissue ablation methods.

1. Introduction

Benign Prostatic Hyperplasia (BPH) is an urological disease that is 
frequently seen in men as they get older [1]. It is also known as prostate 
enlargement among the public and negatively affects the individual’s 
life quality. Due to the expansion of prostate tissue, lower urinary tract 
symptoms (LUTS) occur as the bladder and other urethral tissues narrow 
[2]. Complaints in patients generally include sudden urination, noctu
ria, the feeling of not being able to empty the bladder, recurrent urinary 

tract infections and bladder stones [3]. Although BPH cannot be elimi
nated, its symptoms can be alleviated. BPH is a disorder that might lead 
to kidney failure if left untreated and affects 25.2 % of individuals [1]. 
Although the frequency of the disease increases with age, the highest 
prevalence is known to be above the age of 70 [4]. Alpha-blockers and 
alpha-reductase inhibitors are preferred as the first therapeutic 
approach [3]. Drug treatment facilitates urine flow by relaxing the 
smooth muscle tissues in the prostate and urinary tract. However, sur
gical intervention becomes inevitable in patients who do not respond to 
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medicaments [5]. There are several approaches to manage benign 
prostatic hyperplasia (BPH), each tailored to the severity of symptoms 
and patient needs. Two key approaches are debulking and ablation. 
Debulking procedures such as radical prostatectomy involve surgically 
removing part of the prostate and are commonly used in patients with 
larger prostates (greater than 80 mL) [6]. These procedures can reduce 
the tumor burden and increase the effectiveness of systemic treatments 
such as androgen deprivation in metastatic prostate cancer [7]. Ablation 
techniques are also minimally invasive procedures that aim to destroy 
excess prostate tissue or to reduce the prostate gland size. [8]. These 
techniques are preferred in patients with smaller prostate volumes or 
those who are not suitable for invasive surgeries due to advanced age or 
comorbidities [9]. Therefore, ablation is usually chosen for less severe 
cases or patients seeking for minimally invasive options, while debulk
ing is reserved for more comprehensive disease management. [6].

In patients with excessive prostate enlargement, a suprapubic cath
eter can be used as a temporary solution before prostatectomy surgery. 
Depending on the condition of the patient, the surgeon can perform 
surgery to reduce the size of the prostate through the urethra or to widen 
the bladder neck. In both cases, the goal is to reduce the urinary com
plaints of the patient and to prevent bladder stones and kidney damage 
that might occur over time. Therefore, open or closed procedures can be 
used in surgical operations, but it has been reported that closed pro
cedures provide faster recovery [10]. Extracorporeal and minimally 
invasive urological interventions are increasingly popular for treating 
kidney/bladder stones and abnormal genitourinary tissues [11,12].

Transurethral resection of the prostate (TURP) has historically been 
described as the gold standard and is frequently used for BPH [13]. In 
this procedure, special instruments are placed in the urethra to remove 
the enlarged parts of the prostate [14]. The procedure is performed 
within a short time and patients can return to their normal life the next 
day. Unfortunately, many complications occur after the operation, such 
as bleeding, sexual dysfunction, transurethral resection syndrome, uri
nary tract infection and urinary retention [5]. Monopolar and bipolar 
TURP efforts have shown equivalent complications [15]. Interest in this 
method of treating BPH has decreased since the 90 s with the emergence 
of alternative procedures [16]. For example, techniques based on abla
tion of the prostate using electricity, light or heat energy are preferred 
over TURP because they cause less bleeding [17]. In the plasma evap
oration technique, the prostate tissue between the two electrodes is 
destroyed [18]. Laser enucleation is another ablation procedure of the 
prostate that is achieved with light energy [19]. Techniques used for 
laser ablation generally include photoselective vaporization (PVP), 
Holmium laser (HoLEP) and Thulium laser (THuLEP). In the high- 
intensity focused ultrasound (HIFU) technique, prostate-related tissues 
are targeted by using ultrasound waves [20]. On the other hand, some of 
the problems that may arise from laser ablation usage in TURP which are 
as follows; urinary retention, hematuria, infections and urethral stric
tures [21,22]. Histotripsy is primarily a non-thermal ablation method 
that uses short, focused ultrasound pulses to mechanically fractionate 
tissue via cavitation. While rapid, repeated pulses can produce localized 
heating under specific conditions [23], histotripsy protocols utilizing 
short pulses (<10 ms) have been shown to avoid thermal damage, 
generating precise and predictable ablation zones [24]. On the other 
hand, the transurethral needle ablation (TUNA) technique transmits 
low-energy radiofrequency waves through two needles to thermally 
ablate the prostate tissue [25]. TUNA may cause urinary retention, 
irritating symptoms, incomplete symptomatic relief, and a higher like
lihood of retreatment [26,27]. In contrast to thermal ablation methods, 
mechanical ablation is less harmful to nearby cells and tissues and 
maintains the biological temperature in the vicinity of the exposed re
gion [28]. For example, aquablation (Aquabeam®) is a heat-free tissue 
resection technique utilizing high-velocity waterjet with upstream 
pressures up to 55 MPa [29,30]. Another example involves the utiliza
tion of a two-stage cavitation strategy based on the sono-porosity effect 
for operating nanodroplet-coated microbubbles [31,32]. Theoretically, 

combining the effect of cavitation bubbles collapse with high-velocity jet 
flow augments the ablation efficacy and reduces the energy requirement 
for high pressures as in the case of waterjets. Hydrodynamic cavitation 
occurs when the local pressure of the liquid suddenly drops below the 
saturation vapor pressure. Hydrodynamic cavitation is obtained inside 
microchannels using microflow restrictive elements such as micro ori
fices, where the channel cross-section area suddenly shrinks [33]. Micro- 
scale hydrodynamic cavitation, which could be incepted with the use of 
micro-flow restrictive elements such as orifices, has shown a high po
tential for use in various bio-related applications [34]. Previous studies 
on harnessing the destructive energy of microscale hydrodynamic 
cavitation are promising [35].

While mechanical ablation elements brought together as a cystos
copy device, ergonomic factors had to be taken considered for opera
tional safety. Urologists have to operate in a variety of distinctive 
ergonomic settings, each with its particular challenges. Surgeons might 
experience emotional fatigue, depersonalization, a lack of sense of 
personal accomplishment, and early retirement as a result of injuries 
[36]. The ergonomic factors in operational strategy can be counted as 
setting and exposure type, followed by device design and musculoskel
etal alignment [37]. The height of the operating table is one of the most 
important parameters for achieving a neutral body position and also 
establishes the basis of all interactions. To maximize neutral position 
and minimize the surgeon discomfort, many studies reported that the 
operating surface height should be at the level of the groin symphysis of 
the surgeon or just below the elbow height [38]. At this height, the 
upper extremities remain at a neutral position for at least 90 % of the 
time, while muscle activation in the biceps is minimized [39]. When 
employing flexible ureteroscopic and cystoscopic equipment, much 
tension is put on the wrist and thumb. Accordingly, the extensor carpi 
ulnaris, thenar, and flexor carpi were reported to have the highest cu
mulative and average muscle workload for both navigation tasks and 
procedural activities. In contrast, the biceps, deltoid, and triceps had the 
lowest workload [40]. To reduce musculoskeletal strain, a variety of 
secure devices are available, each with benefits and drawbacks [41,42]. 
The performance of the system during cystoscopy must be improved by 
optimizing the cystoscope and endoscopy unit to reduce the risk of 
operation-related injuries and enhance the well-being of operators [37].

This study presents a unique, flexible cystoscopy device prototype 
based on hydrodynamic cavitation and offers an alternative treatment 
approach for lower urinary tract symptoms which is less invasive, more 
precise and user-friendly than existing approaches. To verify the efficacy 
of the cavitation probe as a biomedical device, it was initially assessed 
on an ex vivo human bladder and then on a male porcine bladder for 
modelling in vivo. The probe is housed in an 80◦ bendable, 3D-printed 
cystoscopy probe which is mounted on an automatic joystick. More
over, an endoscopic camera was included to provide real-time guidance 
to the operator during in vivo porcine bladder. The proposed technique is 
safe and effective according to both the ex vivo human bladder and in 
vivo porcine bladder test results. The results provide an evidence for the 
biomedical use of this device in addressing lower urinary tract (LUTS) 
symptoms associated with BPH.

2. Material and methods

2.1. Device prototype and technological description

The device prototype was specifically designed and fabricated for in 
vivo porcine bladder tests to assess the effectiveness of microscale hy
drodynamic cavitation on the mechanical ablation of soft tissues inside 
the urinary tract (Fig. 1D). The developed device consists of four 
different subsystems including a fluidic system (Fig. 1A), a flexible 
cystoscopy probe system (Fig. 1B), an actuation system (Fig. 1C), and a 
visualization system as included with other components in Fig. 1D.

The fluidic system, which provides the pressurized fluid flow 
essential for generating hydrodynamic cavitating flow, is composed of a 
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high-pressure nitrogen tank, a stainless-steel liquid container, stainless 
steel tubing, pressure gauges, a microparticle filter, control flow valves, 
and a biomedical grade flexible cavitation tube made of poly
etheretherketone (PEEK) polymer. The flow restrictive element at the tip 
of the cavitation probe is a 1 cm long microtube with an inner diameter 
of 250 μm, which is attached to another PEEK tube with a length of 1.5 m 
and inner diameter of 1 mm. In order to determine the required up
stream pressures corresponding to the formation and collapse of cavi
tation bubbles downstream of the nozzle, the submerged jet flow of the 
cavitation was experimentally visualized at various upstream pressures 
using a high-speed camera at 3000 frames per second (FPS). Further 
details can be found in Supplementary Information (S.I. 2). The real- 
time visualization system is composed of a 2 mm diameter camera 
module (FISCam™) with integrated illumination, which captures high- 
quality images with 400 × 400 resolution at 30 frames per second 
with a 120◦ field of view.

The cavitation probe and endoscopic camera were delivered and 
steered inside the urinary tract through a 3D-printed flexible cystoscopy 
probe. The fabricated cystoscope is a tendon-driven robotic platform 
comprised of three main sections including a guide part, a separating 
part, and a flexible part. The tendons used in the device are medical- 
grade stainless steel tendons. Pairs of tendons attaching to individual 
segments are common [43,44] as they facilitate autonomous movement 
of the segments. By adjusting the shear settings, it becomes possible to 
change the maximum angles at which joints can be bent, thereby 
enabling the constraint of bending capacities for each joint and the 
formulation of contact-aided compliant mechanisms (CCMs) [45]. Pre
vious investigations by our group revealed that a bending angle of 5 
degrees could be achieved at each junction in a total of 8 segments due 
to constraints related to the tooth-sleeve configuration [46]. In this 

study, one of our aims was to develop a new locking structure to achieve 
8-degree bending angle in a single segment. Thus, a bending angle of 40 
degrees could be reached with fewer segments in the tendon-driven 
mechanism. An increase in the number of segments in the flexible part 
leads to an increase in the bending angle as the total probe length de
creases. Owing to the decreasing of the structure of the system, the guide 
part is composed of five separate pieces and constitutes a 38 cm long 
rigid insertion tube with a single hollow lumen at its center can be seen 
at bottom of the Fig. 1B. It is followed by a separating part where the 
cavitation probe and camera are segregated. The flexible part has a base 
piece, tiltable joint pieces, and a head segment. The bendable joints are 
tooth-sleeve structures, and each piece is limited to rotating 8◦ con
cerning the previous piece. The flexible part can bend up to ± 40◦ in a 
single axis with 5 connected segments at the distal tip. The head segment 
possesses two distinct engraved U-shaped trenches for tendon place
ments, thereby eliminating the need for tendon stopper ferrules. The 
total length of the probe is 46 cm, and its caliber is 21 FR (7 mm). In a 
previous study conducted by our research group, fabrication processes 
and preliminary attempts were included without a complete validation 
[47].

2.2. Forces acting on the end effector

Parameters such as flexibility, maneuverability and user-friendliness 
are very important during the design of the manipulator system. Flexible 
continuum robots exhibit a superior performance in terms of these pa
rameters when compared to rigid body systems. Several major forces are 
acting on the flexible end effector which are shown in Fig. 2. Ftension is the 
force resulting from the tension of the wires. Fj is the inertial force. Ftube 

is the counter force that occurs due to the deformation of the cavitation 

Fig. 1. Detailed schematic of the components of flexible cystoscopy device based on hydrodynamic cavitation (A) Schematic of the fluidic system to be used for 
cavitating flows (B) Cavitation probe inner, outer sections and flexible segments. (C) Motor controlled joystick components (D) Portable cystoscopy device equipped 
with hydrodynamic cavitation jet nozzle.
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tube material (Polyetheretherketone) during bending, which makes the 
elastic material return to its original shape. To generate hydrodynamic 
cavitation bubbles, the liquid inside the tube is propelled as the jet flows. 
A separate force arises from the contact of the liquid in the cavitation 
tube and the jet flow Fjet . This force introduces a Fluid-Structure Inter
action (FSI) problem. Additionally, there are disruptive perturbations 
arising from this contact also shown as Fexternal.

The Ftension applied for movement of the end effector is important to 
determine the robot’s movement limits and field of view. According to 
the Ftension, the torque selection of the servo motor to be used in the 
prototype and other mechanical factors are determined. Therefore, the 
relationship between Ftube and Fjet force dynamics in the system needs to 
be known. Finally, there are friction forces that arise due to the me
chanical contact between segments.

FSI emerges when a fluid flows through a deformable structure, 
resulting in an exchange of force and momentum between the two sys
tems [48]. Initially, FSI studies focused on phenomena such as the water 
hammer effect and changes in fluid behavior under transient flows by 
taking the changes in tube wall thickness and tube deformation into 
account [49]. In general, when systems have fewer structural con
straints, analyzing FSI becomes more crucial. The cavitation tube ma
terial is assumed to be linearly elastic in this regard. In the FSI analysis, 
various dimensionless parameters play important roles, including the 
Poisson’s ratio, the ratio of pipe radius to tube wall thickness, ratio of 
liquid mass density to pipe wall mass density, ratio of liquid mass 
modulus to pipe wall thickness, Young’s modulus, and ratio of liquid 
mass density to tube wall mass density. In addition, the behavior of an 
elastic tube subjected to continuous flow is affected by many parameters 
such as the fluid pressure, fluid velocity, forces acting on the tube, 
stresses and resonance frequencies of the materials. In order to under
stand this behavior, static and structural dynamic analysis of the flexible 
tube under various forces should be examined. There are two main ap
proaches for transferring momentum to the structure: mechanical FSI 
and thermal FSI [50]. In our case, we investigate only mechanical FSI 
effects, neglecting the effect of heat on tube dynamics. In this study, a 
PEEK cavitation tube is considered. Periodic displacement is expected to 
occur at the free end of the tube due to jet flow. To analyze the force 
generated by the jet flow in the tube, we can examine the tube oscillation 
force caused by the jet flow in the end segment, considering that the 
bendable section is fixed at the base segment. Since the segments are 
freely movable, any FSI perturbation in the base segment is expected to 
affect all the subsequent segments. As the fluid leaves the tube, a reac
tion force occurs in the same direction as the flow direction of the fluid 
[51]. The variation method was used in the single-supported bendable 
tube-shaped model, and static effects were examined. The system con
verges or diverges at high flow rates with the FSI effect, depending on 

the dependent variables. w (x, T) represents the tube vibration [52]: 

w(x,T) = Σwσ(x)eiwT (1) 

According to sum of the w (x, T) values will grow exponentially, and the 
system will become imbalanced and divergent. By examining this limit, 
the maximum flow rate of the system can be calculated. The inlet ve
locity of the fluid, tube length and flexibility of the tube were selected as 
the major parameters. For the analysis, β value is obtained by calculating 
mt and mf which are the peek tube mass and DI water mass from the 
tube, respectively. The microtube at the tip is relatively short compared 
to the entire tubular cantilever and can be considered as a weight. The 
mass-dependent β value is between 0 < β < 1. The β value for the 
cavitation tube can be expressed [53] as: 

β =
(mf )

(mt + mf )
(2) 

2.3. Motor driven actuating mechanism

A motor-driven mechanism was designed and developed to move the 
tendon-driven bending components of the flexible cystoscopy probe, 
which enables the operator to steer the cavitation probe onto the desired 
target. Savöx-1272SG servo motor with 30 kg-cm (294.2 N-cm) torque 
value at 7.4 V voltage supply was used in this system. By taking the 
operational requirements of surgeons during cystoscopy into account, a 
single-handed, user-friendly joystick was designed from scratch. The 
end effector can be controlled along one axis using a control knob and a 
servo motor. If necessary, the surgeon can easily rotate the joystick 
around 90◦ by turning the wrist or using the non-operating hand, 
allowing the end effector to reach intended areas in 3D space while 
receiving visual feedback from the endoscopic camera simultaneously. 
All required electronics were integrated into the joystick in a balanced 
manner, eliminating the need for an additional control box apart from 
energy input via a battery or DC adapter. Control algorithms were 
written in a C-based programming environment. The endoscopist’s left 
hand is typically used to hold and operate cystoscopes. The operator 
may exert most of the force on a joint when it is in the neutral posture. 
Particular care could be taken when designing medical devices to ensure 
that the instrument is built to be utilized in a neutral posture. Imple
menting certain approaches is essential to ensure an ergonomically 
correct cystoscope which includes maintaining optimal handling, 
employing assisted torque vectoring, minimizing looping during the 
technique, and adopting a neutral grip. To enhance its sensitivity to tip 
deflection and torque, the cystoscope should be kept short and straight 
and have a flexible orientation. The prototype developed in this study 
allows the operator to use it with both right and left hands.

Fig. 2. Forces acting on the flexible part of the cystoscope and an image taken from the ex vivo human bladder.
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2.4. Patient and porcine samples

In the light of the experimental and numerical data obtained from 
previous studies conducted on a probe with an inner diameter close to 
that in this study (0.3 mm), it could be inferred that the pressure 
required for the cavitation inception should be higher than 0.55 MPa 
[54]. In addition, it was stated in the same study that the inlet pressure 
should be raised to the value of 1.035 MPa to reach the supercavitation 
condition [54]. Accordingly, the operation pressures were chosen as 
0.35 MPa and 1.35 MPa to perform experiments under desired condi
tions. A bladder tissue sample from a male patient and a male porcine 
were used for the experimental study. The experimental protocols were 
approved by the institutional ethics committee for animal research of 
the Acibadem Mehmet Ali Aydinlar University (Ethic no: ACU-HADYEK 
2020/06). The bladder tissue sample taken from the patient was excised 
in a triangular shape and stitched. Particular attention was paid to 
ensuring that the sample included the urethra and bladder neck. The 
human bladder sample was immediately placed in formalin, and the 
waiting time was 24 h for formalin fixation to occur. Before the flexible 
cystoscopy probe experiment, the tissue was soaked in Phosphate- 
Buffered Saline (PBS) for 1 h to rehydrate and purify it from formalin. 
The human bladder sample was divided into 5 sections and numbered, 
and no cavitation exposure was performed on the control sample. All 
procedures were applied to other samples from a distance probe top to 
the target of 3 mm and 20 min, the effect of the exposure was examined 
by changing the angle of the probe and the amount of pressure. For 
sample 3, the inlet pressure of angle of exposure of were applied 1.35 
MPa and 0◦, respectively, while they were 1.35 MPa and 40◦ for sample 
number 4, respectively. Samples 2 and 5 were tested by adjusted 
exposure angles to 0◦ and 40◦, respectively at the inlet pressure of 0.35 
MPa. The samples were examined under a Leica ES2 Stereo Microscope 
10X before and after the cavitation process (Fig. 3, S.I. Fig. 1). To test the 
patient sample, the tissue should be tense, just like in a living body. A 
system, which can fulfil this function by pulling the tissue with 4 pegs 
and keeping it tense and stable, was designed (S.I. Fig. 2). The experi
ments were carried out in a tank filled with distilled water (DI) to 
represent the living body, and at this stage, it was recorded using the 
high-speed camera Dantec Speed Sense VEO 310 (S.I. 4).

For in vivo porcine bladder tests, a healthy male porcine with a body 
weight of 80 kg was used. The porcine was premedicated with 0.1 mg of 
diazepam per kilogram of body weight, 10 mg/kg ketamine, and 0.01 
mg/kg atropine intramuscularly. Anaesthesia was induced with 2 mg/kg 
propofol administered intravenously. Following anaesthesia, porcine 
was draped and prepared for cystoscopy. During the operation (20 
min.), the table height was set to 85 cm, and the distance from the 
monitor position to the front of the surgeon was fixed at 90 cm. To avoid 
any neck strain, the screen was fixed at 25◦ below the horizon to ensure 
an eye-resting position. The flexible cystoscopy probe was easily inser
ted through the urethra by using the flexibility feature. Cystoscopic 
examination and focus on urinary tissue were comfortably performed 
(Fig. 4A). The flexible hydrodynamic cavitation probe was easily 
localized on tissue for cavitation exposure (S.I. 5). Cystoscopy probe was 

applied to include the urethra and bladder neck of the porcine. After the 
cystoscopy procedure was completed, the porcine’s abdomen was 
incised and its bladder was removed to demonstrate the efficiency of the 
probe through histopathological analysis (Fig. 4B). Then, a high dose of 
anesthetic was administered to the porcine.

2.5. Thermal Investigation of device prototype

The temperature profile around the device prototype and tissue 
samples was obtained using a thermal camera (FLIR T1020) to assess the 
temperature variations (Camera resolutions up to 1024x768, 3.1 MP). 
The thermal sensitivity of the camera was smaller 20 K at 30 ◦C, and the 
field of view was 12◦x9◦. The room temperature was fixed at 21 ◦C, 
thermal images with durations of 1and-5–10-15–20 min were taken on 
two different tissue samples for the inlet pressure of 0.35 MPa, where 
cavitation inception was not detected, as well as for the inlet pressure of 
1.35 MPa, where the supercavitation condition existed. The aim of the 
temperature measurements was to identify the local temperature on the 
surface of the target tissue exposed to the emerging spray under the 
influence of cavitating flow inside the nozzle. The nozzle, specifically 
designed for this experiment, was positioned outside the water, while 
the target tissue was located in the vicinity of the liquid surface to 
facilitate accurate assessment of thermal effects. A thermal camera was 
placed one meter away from the experimental setup to track the heat 
generated by cavitation and transferred to the tissue. In order to capture 
temperature differences upon cavitation exposure, the camera focused 
on the spray and target’s surface while recording temperature changes 
at the air–liquid interface. This experimental configuration addressed 
the drawbacks of direct temperature measurements within the liquid 
medium while detecting thermal dissipation caused by cavitation.

2.6. Histopathological analysis

The cavitation effect on the urethral samples was assessed by histo
pathological analysis of the specimens. The specimens were fixed in 10 
% neutral buffered formalin for 24 h. All specimens were dissected into 
two pieces vertically from the middle of the cavitation region and at the 
same angle through a line bisecting the cavitation hole. All pieces were 
embedded in paraffin, sectioned in 3 µm thickness, and stained with 
Haematoxylin & Eosin. Evaluation of all specimens was histopatholog
ically assessed by a digital image output from Virasoft software and 
interpreted by a pathologist. Histopathological images were analyzed in 
detail to extract such as penetration depth and ablation zone diameter in 
the ImageJ software.

2.7. Statistical analysis

For each histopathological image, penetration depth and ablation 
zone diameter were measured separately from 3 different slides. Student 
t-test was used to compare the results. The corresponding hypothesis can 
be expressed as: Do the effects of different angles differ on the pene
tration depth and ablation applied at the same pressure? All statistical 

Fig. 3. Patient samples before the cavitation procedure.
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analyses were performed using the GraphPad Prism 5.01 (GraphPad 
Software Inc, Boston).

3. Results

3.1. Experimental investigation of the cavitation probe

The developed submerged jet corresponding to the smaller upstream 
pressure was associated with minimum disturbances. Fig. 5 represents 
ten consecutive frames for the upstream pressures of 0.7 MPa as the 
control case (no cavitation) and 1 MPa as the cavitating flow case where 
it was initially observed. At the same time, perturbations were observed 
at 1.66 msec, 2 msec, and 3 msec in the submerged jet at the larger 
upstream pressure indicating the collapse of cavitation bubbles inside 
the jet stream. Consequently, an increase in the upstream pressure in
tensifies the perturbations in the jet stream in response to the augmen
tation of vigorous cavitation bubble collapse. These results suggest that 
when considering the prototyped cavitation probe, an upstream pressure 
of 1 MPa or higher is required for creating cavitating flow downstream 
of the nozzle. In the light of all these results, the pressure value of 0.35 
MPa was chosen as the reference pressure for presenting the non- 
cavitating flow condition. In addition, in order to amplify the ablation 
effect, the inlet pressure of 1.35 MPa was selected as the reference 
pressure for the supercavitation condition.

3.2. Validation of continuum robotic manipulator

According to the manufacturer’s catalogue, the PEEK tube density 
ρpeek is 1320 kg/m3, the inner diameter of peek tube din is 1 mm, the 
outer diameter dout is 1.6 mm. The tube length from base segment to tip 
L1 is 90 mm, nozzle length Ln is 10 mm, nozzle inner diameter dN is 0.8 
mm. When β values are calculated according to L1 length, β2 can be 
found as 0.782. This value is between 0 < β < 1. For this range, it can be 
stated that the flow is in the critical flow rate area. The imaginary part of 
the natural frequency becomes negative when fluid inflow velocity u ≥ 6 
m/s. In this case, the oscillation of the tube at u > 6 m/s is not 
convergent but rather divergent, which means that the tube oscillation 
becomes unstable above a certain flow rate [53]. Accordingly, the de
vice was examined as submerged, and the system was operated at two 
different inlet pressure values, one low (0.35 MPa) and one high (1.35 
MPa). It was observed that these conditions did not have any disruptive 
effect on the system’s behavior. The minimum force needed to achieve 
the maximum joint angle (40◦) was measured as 52.876 N for each pair 
of wires using a strain gauge during flow in the cavitation tube. Force 
and torque values measured at 10◦ intervals are given in Table 1.

In the torque calculation, a distance vector amplitude of 17 mm (the 

servo-horn torque distance) was considered so that the torque acting on 
each pair of wires could be computed as 89.889 N-cm. The proposed 
design effectively accommodates varying flow rates without the risk of 
divergent and unstable oscillations at the end effector. The tube’s dy
namics, including oscillations and other structural factors, can be 
controlled by adjusting flow rates and tube length, which enables a more 
efficient and effective device design. Ultimately, the measured and 
calculated values provide information for selecting an appropriate 
motor to achieve a bending angle of approximately 40◦, thereby 
attaining the maximum joint angle. The motor-driven mechanism was 
embedded in an ergonomically designed and 3D printed joystick (190 
mm × 70 mm) enabling the surgeon to maneuver single-handedly and to 
steer the distal part with only a push of a thumb. The device was tested 
by 3 different practitioners and it was observed that the highest tension 
was in the extensor pollicis brevis and abductor pollicis longus and 
lower in the extensor carpi ulnaris. The device is stabilized with a 15-20◦

grip between the operator and the handle while the operator is in a 
neutral position. The device can be rotated around 270◦ with the wrist. 
The designed device contributes to reducing the impact area of tension 
on the arm (255 g). More details are included in Supplementary Infor
mation 1 and 2. As a result of the force analysis and aforementioned 
efforts, a functional and ergonomic actuator system prototype was 
developed for surgical use, enabling the end effector to move via a servo 
motor. The presented motor-driven system facilitates the acquisition of 
images from various angles of the bladder with the flexible cystoscopy 
probe during the in vivo porcine bladder test (Fig. 6).

3.3. Temperature profile during operation

Thermal images of two different tissue samples are displayed in 
Fig. 7 for inlet pressures of 0.35 MPa and at 1.35 MPa. They were 
recorded using a thermal camera at exposure times of 1and-5–10–15–20 
min. Detailed steps of experiment images taken at 1–5–10–15 and 20th 
minutes given in SI, Fig. 3. It can be clearly recognized that the tem
peratures within the tissue range from 22.50 ◦C to 23.90 ◦C. Moreover, 
the temperatures at the exit point of the nozzle vary from 21.90 ◦C to 
25.10 ◦C. It can be inferred from the thermal data shown in Fig. 7 that 
the temperature changes in the vicinity of the tissue samples due to 
cavitating flow are relatively insignificant.

3.4. Histopathological analyses

The developed flexible cystoscopy probe was tested at inlet pressure 
of 0.35 MPa and 1.35 MPa exposure angles of 0◦ and 40◦ on patient 
samples. Then, it was utilized in vivo porcine bladder study on porcine 
under anaesthesia at inlet pressure of 1.35 MPa and exposure angle of 

Fig. 4. (A) A schematic which represents the view of the operator during the ablation process with the flexible cystoscopy device with the cavitation effect placed in 
the urinary tract of the porcine. (B) The bladder removal process along with the urinary tract.
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0◦. Histopathological examination of porcine and human bladder tissues 
following ablation upon exposure to hydrodynamic cavitating flow re
veals specific findings related to the ablation. In Fig. 8, the proposed 
device was used in an ex vivo human bladder which was performed 
under 0.35 MPa. No treatment was performed on the control sample. 
The non-cavitation condition was mimicked for both 0◦ and 40◦ bending 

angles. After 20 min of exposure time, no ablation was observed on the 
sample. As a result of histopathological analysis, 328.66 µm superficial 
ablations were observed in sample 0.35 MPa and 0◦ angle, while there 
wasn’t depth detected. 355.68 µm depth was measured in sample 0.35 
MPa and 0◦ angle. In the patient sample, only a superficial ablation of 
the bladder epithelium was observed at both 0◦ and 40◦ bending angles 
for 0.35 MPa pressure (Fig. 8).

Tissue ablation could be recognized for the inlet pressure of 1.35 
MPa deep which can be observed from Fig. 9. Under the same pressure, 
1.35 MPa, when the bending angle was 0◦, the ablation surface diameter 
was 785.99 µm, and the depth of the ablation area was 635.21 µm. On 
the other hand, the ablation surface diameter was increased up to 1629. 
71 µm and the ablation depth was decreased to 356.69 µm. As a result, 
cavitation-exposed areas could be seen eroded areas of the bladder 
mucosa, submucosa and deeper parts of lamina propria; characterized 
by loss of transitional cell layer, loss of connective tissue elements of 

Fig. 5. High-speed visualization of submerged flows of the cavitation probe. Upstream pressures were obtained to study cavitating flow at 1 MPa (right) and non- 
cavitating flow at 0.7 MPa (left). At 1.66 ms, 2 ms, and 3 ms disturbances in the flow, indicated by yellow arrows, occurred due to the collapse of the cavitation 
bubbles and caused perturbations and locally curved streamlines.

Table 1 
Force values measured at 10◦ intervals.

Bending angle Mass (kg) Force (N) Torque (N-cm)

10◦ 1.28 12.557 21.347
20◦ 2.67 26.193 44.528
30◦ 3.25 31.882 54.199
40◦ 5.390 52.876 89.889
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submucosal area and deeper parts of lamina propria. Any findings of 
damage, erosion, necrosis or injury could not be seen in the neigh
bouring areas.

Based on this information, an in vivo porcine bladder was carried out 
on porcine at the inlet pressure of 1.35 MPa and bending angle of 0◦. 
Histopathologic analyses show us the ablation surface diameter was 
85.51 µm, and the depth of the ablation area was 337.73 µm. Hydro
dynamic cavitation results in clear and prominent damage and loss of 
cells to the exposed urethral mucosa, and we can also detect the pene
trating effect of cavitation into the deeper parts of the tissue such as 
submucosa and smooth muscle tissue (Fig. 10). It can be also observed 
that the application of cavitating flow leads to the formation of deeper 
and more focused and sharp areas of tissue damage in the target area.

Histopathological images were processed using the ImageJ program. 
The results are displayed in terms of penetration depth and ablation 
zone diameter in Table 2.

The results show only superficial ablation of the samples of the inlet 
pressure of 0.35 MPa and at both bending angles of 0◦ and 40◦ (p <
0.0001) (not shown graphic). According to ex vivo human bladder 
samples, the inlet pressure of 1.35 MPa and bending angle of 0◦ is more 
deep compared to the angle of 40◦ in 20 min. (p < 0.0001). According to 
the test results for the in vivo porcine bladder samples, the penetration 
deep generated by the cavitating flow at the inlet pressure of 1.35 MPa 
was measured as 337.73 µm within 20 min. Because penetration depth 
measurements are different between ex vivo human bladder and in vivo 
porcine bladder studies, there are statistically significant differences in 
the patient samples and porcine sample at the inlet pressure of 1.35 MPa 
and at the bending angle of 0◦ (p < 0.0001) (Fig. 11).

4. Discussion

BPH is a urological disorder seen in men over the age of 70 and often 
causes LUTS. The patient’s complaints about urination increase and 
negatively affect the individual’s life routine. While drug treatments 
provide fewer results in the long term, surgeries provide a significant 
increase in the quality of life in a short time. Bladder ablation is typically 
used in the standard management of BPH when LUTS are directly related 
to bladder pathology. In some cases where bladder function is 
compromised or additional bladder pathology is identified, bladder 
ablation may be considered to improve bladder emptying and to reduce 
symptoms [55]. Bladder outlet obstruction resulting from both prostatic 
enlargement and bladder neck dysfunction may require a combined 
approach to relieve symptoms [56]. Studies on bladder neck vapor
ization have shown that it improves overall urine flow and more rapidly 
reduces BPH symptoms [57,58]. These treatments are generally 
preferred when presenting with both BPH and LUTS and provide relief 
without extensive surgical procedures [59]. In addition, treating the 
bladder first minimizes complications from surgical procedures which 

are performed during prostate treatment [60]. In this sense, there is a 
need for biomedical devices that cause fewer side effects after the 
operation, provide recovery in a short time, and are also cheap and user- 
friendly. In this study, we explored the feasibility of harnessing the 
destructive energy of microscale hydrodynamic cavitation in urological 
soft tissue ablation.

We designed and developed a flexible cystoscopy device, which 
paves the way for a new treatment modality for patients with lower 
urinary tract symptoms. According to the conservation of mass and 
Bernoulli’s principle, when a sudden cross-section reduction in the fluid 
flow’s path happens, here along the small flow restrictive element which 
is the microtube at the tip of the nozzle, the fluid velocity increases, and 
the static pressure drops. The adjustment of the upstream pressure in the 
liquid container results in reaching the vapor pressure at the entrance of 
the microtube and the distal end of the nozzle. From these locations 
which act as nucleation sites, cavitation bubbles appear, grow, merge, 
and eject inside the submerged jet flow. When cavitation bubbles 
implode, the stored energy inside bubbles affects the nearby region and 
surface in terms of re-entrant jets and shock waves. Inertial cavitation 
and stable cavitation are two separate types that are commonly involved 
in ablation systems. When bubbles violently burst and rapidly expand 
due to drastic pressure fluctuations, inertial cavitation takes place, 
creating localized high temperatures and pressures that generate strong 
mechanical forces. Additionally, shockwaves released by their collapse 
intensify the mechanical disruption of adjacent tissues or materials 
[61,62]. On the other hand, the localized dissipation of energy by 
microstreaming and shear forces acting on surrounding structures oc
curs in stable cavitation, where bubbles oscillate around an equilibrium 
size without bursting. Stable cavitation is a supplementary mechanism 
in tissue manipulation because these oscillations contribute to me
chanical or thermal effects over prolonged periods of time [63]. In hy
drodynamic cavitation, both inertial and stable cavitation are essential 
because of their combined effects, which enable accurate and effective 
tissue ablation. The literature on ablation systems and cavitation-based 
technologies such as hydrodynamic sprays, ultrasound-induced cavita
tion, and other minimally invasive techniques for tissue disruption has 
extensively explained these mechanisms [64,65]. At the distal boundary 
of a collapsing bubble at its maximum volume, the re-entrant jet im
pinges towards the target tissue surface with a high velocity followed by 
the water hammer shock effect, which leads to the formation of primary 
shock waves. Subsequently, the cavitation bubble attains its minimum 
volume and collapses resulting in a secondary shockwave. The interac
tion of these shockwaves creates a high-pressure field, causing vigorous 
collapses of cavitation bubbles and high-velocity jets and imposing 
physical damage to the surface of the target tissue. To evaluate the in 
vivo efficacy of this approach, a flexible cystoscopy probe of 21 FR 
caliber and 80◦ bendability mounted on an automated joystick was 
designed and 3D printed. The cystoscopy device consisted of an 

Fig. 6. (A) Right move and (B) Left move of the end effector.
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endoscopic biomedical camera providing real-time visual feedback, as 
well as a prototyped flexible cavitation probe, which exposes cavitation 
flows inside the urinary system. The cavitation probe features a simple 
but effective micro orifice design consisting of a proximal fluid trans
mission line connected to a distal microtube tip, both made of PEEK 
material. The handheld motorized joystick provides a lightweight, 
portable, and ergonomic solution for guiding the cystoscopy probe 
within the urinary tract and targeting the site of exposure. Considering 
high-speed images of the submerged liquid flow at different operating 
upstream pressures of the cavitation probe, the flow disturbance due to 

cavitation bubble collapse in the flow was examined at 1 MPa, indicating 
the minimum required upstream pressure for delivering the cavitation 
bubbles out of the nozzle (Fig. 5). As a result, cavitating flow at the 
upstream pressure of 1.35 MPa was applied to the bladder tissues of both 
human and porcine.

Tested the developed biomedical device prototype first on ex vivo 
human bladder and then in vivo on porcine bladder. The porcine is often 
preferred because it can identify human diseases as a large animal model 
[66]. In ex vivo human bladder, only superficial ablation occurs of the 
inlet pressure of 0.35 MPa, while deep ablation occurs at the inlet 

Fig. 7. Temperature distribution along the device neighborhood for different inlet pressures and durations.

Fig. 8. Histological images of stained haematoxylin-eosin human bladder tissues. (A) Control (B) Cavitation zone at 0.35 MPa and bending angle of 0◦. (C) 
Cavitation zone at 0.35 MPa and bending angle 40◦.
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pressure of 1.35 MPa. In this case, the device is harmless at low pressures 
and shows the desired performance at higher pressures. After obtaining 
the optimum configuration at the inlet pressure of 1.35 MPa and 
bending angle of 0◦ in vivo porcine bladder tests were performed. His
topathological staining and analysis of the cavitation depths in porcine 
and human bladders differ significantly (p < 0.0001) (Fig. 11). The 
flexible cystoscopy probe created a 635.21 µm ablation depth when 
applied to the human bladder at the pressure of 1.35 MPa and bending 
angle of 0◦, while the same pressure and angle applied to the porcine 

bladder resulted in a 337.73 µm ablation depth. This is due to the fact 
that porcine and human bladder tissues respond differently to low de
formations due to the difference in elastin fiber network ratios [67]. In 
this sense, the behavior of porcine bladder tissues to mechanical effects 
is different from human bladder tissue [68,69]. Thus, the different re
sults are due to differences between species [70]. Moreover, it is known 
that the bladder tissue in patients with diseases such as BPH and LUTS 
becomes thicker [71]. In addition, the water retention rate of living 
tissues and their different tensions in liquid may also be factors 

Fig. 9. Histological images of stained haematoxylin-eosin bladder tissues. Patient bladder specimen exposed to cavitation flow at 1.35 MPa (A) at 0◦ bending angle 
and (B) 40◦ bending angle.

Fig. 10. Histological images of stained haematoxylin-eosin porcine bladder sample exposed to (A) non-cavitation flow and (B) cavitating flow at 1.35 MPa and 
bending angle 0◦.
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contributing to this difference [72]. However, our in vivo porcine 
bladder test results provide positive outcomes and suggest that micro- 
scale hydrodynamic cavitation exposure achieves tissue ablation in 
both species, leading to tissue destruction in the targeted regions within 
20 min. While radiofrequency and microwave ablation achieve larger 
lesion sizes (1.6–3.3 cm), they are associated with cooling water to avoid 
thermal damage for 5 min operation time which applied to a porcine 
liver [73]. Thulium fiber laser achieves a high ablation diameter 
(2.1–18 mm) with a better thermal control [74]. On the other side, our 
hydrodynamic cavitation approach provides a precise, localized abla
tion size (50 µm – 2.0 mm) with minimized surface thermal effects, 
making it a promising option for applications requiring high precision 
and minimal collateral damage. These observations indicate that hy
drodynamic cavitation can induce controlled tissue damage in both 
porcine and human bladder tissues thanks to the designed and devel
oped cystoscope prototype. We demonstrated the clinical usability of 
this device while our research efforts on developing the device are 
continuing.

Water jets have been utilized to cut soft tissues in a variety of sci
entific and clinical applications. According to studies, the pressure 
required for water jet cutting soft tissues with the Erbejet device ranges 
from 1 to 8 MPa [75,76]. During liver resection surgeries, average 
pressures range from 3 to 4 MPa [77]. In our case, we performed the 
whole experiment up to 1.35 MPa which helps to decrease the damage of 
neighboring tissue and cells. In similar studies conducted by our group, 
we found that the erosion rate of calcium oxalate kidney stone samples 
exposed to microscale hydrodynamic cavitation flows at the pressure of 
9.79 MPa was 0.31 mg/min [78]. In addition, it was suggested that the 
distance, time and material properties between the micro orifice throat 
of the device and the sample could be correlated to estimate the erosion 

rate of kidney stones [79]. In another study, the effect of hydrodynamic 
cavitation flows at the pressure of 9.6 MPa on prostate cells and benign 
prostatic hyperplasia tissue was investigated and it was concluded that 
this approach was comparable to the ultrasonic cavitation method in the 
ablation of abnormal pathological tissues [80]. Besides, lithotripsy and 
cavitation-based methods used in the treatment of kidney stones were 
discussed and it was emphasized that hydrodynamic cavitation could be 
an alternative method to ultrasound-induced cavitation techniques in 
the treatment of kidney stones [17]. When immobilized cells are 
exposed to carpet bombardment with cavitation flows, the mechanical 
deformation and morphologies of various cancerous cell line differ [81]. 
The biophysical effect of HC on confluent cell monolayers was examined 
using the HC-on-a-chip device (HCOC) [82]. HC leads to different 
cellular response zones such as cell lysis, cell necrosis, cell per
meabilization, and no-response region. In addition, it has been shown 
that oxidative stress occurs in the lysis and necrosis regions where 
bubble collapse occurs, and this has a destructive effect on structures 
such as membranes, DNA and protein. It has been shown that cell 
permeability increases and mechanical properties change in the zone 
between the HC-affected and unaffected regions [82]. While the effec
tiveness of reactive oxygen species (ROS) was not directly investigated, 
previous research has conducted similar examinations. In a study, ul
trasonic pressure, radiation intensity and microbubble density were 
compared in mouse prostate xenograft tumors and it was shown that as 
the microbubble concentration increased, apoptosis increased [83]. The 
number of dead cells was compared by comparing the ceramide values 
that changed as a result of membrane disruption. Ceramide appears as a 
marker related to cell death. In this study, we examined the mechanical 
effect on the region of interest by using hematoxylin eosin staining. 
While the histopathological images provide insights into the condition 
of the cell cytoplasm and nuclei, it does not quantitively assess cell 
proliferation quantitatively. Future studies may include cell prolifera
tion markers which will provide more detailed information about bio
physical effects of cavitation bubbles as well as ROS effects. We recently 
developed a device prototype that is flexible and capable of hydrody
namic cavitation on a small scale [35]. The flexible cystoscopy prototype 
was tested in mouse models of prostate and bladder cancer and was 
reported to cause tissue damage in a short time [54]. The flow rate of the 
proposed system at a maximum pressure of 1.7 MPa was recorded at 
3.67 ml/s according to a study published in a reputable journal [54]. In 
contrast, the Aquabeam device operates at a flow rate of 18.6 ml/s as 
indicated in another scholarly article [84]. The operation at such a high 
flow rate poses challenges in terms of flow control and potential harm to 
the surrounding tissues. Our system addresses these issues by offering a 
solution with a flow rate approximately 5 times slower, leading to 
minimal tissue damage compared to existing market solutions. The 

Table 2 
Ablation amounts of all specimens for ex vivo human bladder and in vivo porcine 
bladder.

Samples Pressure Bending 
Angle

Penetration 
Depth

Ablation Zone 
Diameter

Human 
bladder- 1

1.35 
MPa

0◦ 635.21 µm 785.99 µm

Human 
bladder- 2

1.35 
MPa

40◦ 356.69 µm 1629.71 µm

Human 
bladder- 3

0.35 
MPa

0◦ non 328.66 µm

Human 
bladder- 4

0.35 
MPa

40◦ non 355.68 µm

Porcine 
bladder

1.35 
MPa

0◦ 337.73 µm 85.51 µm

Fig. 11. Statistical comparison of human and porcine bladders under 1.35 MPa pressure (p < 0.0001).

E. Kestek et al.                                                                                                                                                                                                                                  Ultrasonics Sonochemistry 114 (2025) 107223 

11 



Aquabeam device uses fluid jets for ablation, with an outer tube diam
eter of 22 Fr, an inner nozzle diameter of 330 µm, and operating pres
sures ranging from 3.45 MPa to 55.15 MPa [85]. This study proposed a 
device with a 21 Fr diameter and a microtube with an inner diameter of 
250 µm, allowing for low-pressure hydrodynamic cavitation and pre
venting damage to surrounding tissues. The results of the performed ex 
vivo human bladder and in vivo porcine bladder tests demonstrate the 
feasibility of micro-scale hydrodynamic cavitation as a potential alter
native method for treating LUTS symptoms in the bladder caused, for 
example, by BPH. The ablation rates are comparable with the related 
studies on high-pressure jets and ultrasound therapy [86,87]. Our device 
offers a unique approach for clinical use in sensitive and controlled 
tissue studies, minimizing the risk of undesired tissue damage. 
Furthermore, it will act as an alternative to existing methods that might 
cause thermal-induced unwanted tissue damage during ultrasound- 
induced cavitation. It can be used to treat various urological disorders 
and alleviate symptoms commonly seen in patients with BPH. Besides, 
the device provides a versatile and precisely controlled tissue removal 
targeting the bladder neck and bladder orifice to relieve bladder outlet 
obstruction (BOO).

The developed prototype stands out with its flexibility and user- 
friendly design, offering a minimally invasive approach for addressing 
LUTS symptoms in patients, including those caused by BPH. In addition, 
considering the concept of soft tissue ablation causing less damage to 
nearby tissue, it has a high potential for clinical use as a biomedical 
device. Further to its flexibility suitable for patients with small urethral 
canals, irrigation is not much needed since the device is fluid-powered. 
The mechanical ablation treatment performed by the device with hy
drodynamic cavitation has fewer side effects because it is more targeted 
than other treatment procedures (radiofrequency, laser, ultrasound and 
cryoablation). Besides, it has been reported that medical treatment costs 
for patients are more expensive than surgery ($1,742 and $1,436, 
respectively) [88]. The cost of the developed flexible cystoscopy device 
is approximately $1000, excluding the endoscopic camera unit. In this 
sense, the developed device has a superior end-product cost when 
evaluated in terms of price performance. The developed flexible proto
type has the potential of revolutionizing the management of LUTS, 
including symptoms associated with BPH, and will be further developed 
for commercialization and clinical use in the near future.
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