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Abstract
The primary goal of this study is to verify the applicability of a miniature wetcoupling device specifically designed for shock wave lithotripsy (SWL) and its effect on
improving the stone comminution efficiency. Despite the technical and functional
improvements implemented in the recent years, modern shock wave lithotripters have
failed to re-achieve the treatment outcome of their ancestor, the original Dornier HM3.
The defects of the dry-coupling approach used in contemporary lithotripters have been
considered as one of the key factors that contribute to their reduced stone fragmentation
efficiency. Therefore, this study aims at addressing this drawback by designing and
developing a new coupling device to substitute the contemporary dry-coupling device.
The idea of the miniature wet-coupling design is to combine the strengths of the
water-bath coupling and the dry coupling to produce a high-quality coupling while still
ensuring great user convenience. In this study, the wet-coupling device was designed for
a contemporary electromagnetic (EM) lithotripter with an acoustical lens, consisting of a
patient-interface component, a water-filled bellow, and a connecting unit in between.
Through 3D printing of customized molds and downstream mold casting with
polyurethane rubber, these components were built individually and then assembled
together. To verify the performance of this wet-coupling device, in vitro stone
fragmentation tests and coupling quality tests were performed with two coupling setups
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on the same EM lithotripter and a PVC torso model to mimic a clinical SWL treatment.
Soft cylindrical BegoStone phantoms (10 mm × 10 mm, D × H) were treated by shock
waves delivered at a pulse repetition frequency (PRF) = 1.5 Hz and a power output set of
E2.5. The coupling interface condition and subsequent changes during the shock wave
treatment were captured after every 500 shocks.
The wet-coupling setup has successfully maintained a steady and uniform
coupling interface with minimal coupling defects. In contrast, the dry-coupling setup
resulted in an initial bubble formation and a subsequent bubble aggregation within the
coupling medium that impeded the energy delivery. The wet-coupling setup resulted in
a significantly-improved comminution efficiency (41.5% vs. 27.3%) after 2000 shocks.
Based on the modular design, the wet-coupling device can be easily modified for other
dry-coupling lithotripters and serve as a promising optimization for clinical SWL.
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1. Introduction
1.1 Background
1.1.1 Kidney stone disease
Observed since the ancient time, kidney stone disease, i.e., urolithiasis, has
affected 5-12% of the population throughout the world [1]. In the United States, over 10%
men and 7% women were suffering from the kidney stones (also named renal calculi)
according to a prevalence study performed in 2012 [2], and the estimated annual health
care costs for stone related disorders are higher than $5 billion [3].

Figure 1: Schematic of renal calculi.
Due to mineral metabolism disorders, renal calculi are formed in the kidneys
consisting of major crystalline substances (~95% by weight) and non-crystalline matrix
components (Figure 1). The stones can be classified by their chemical compositions,
including calcium oxalate monohydrate (COM) or dihydrate (COD), uric acid, brushite,
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cystine, carbonate-apatite (CA) and cystine stones, among which COM stones are the most
common ones. In research, artificial stones in addition to real kidney stones have been
utilized. Table 1 shows the acoustic and physical properties of several major types of renal
calculi and artificial stones made of BegoStone with two different powder-to-water ratios,
The combination of the crystalline and non-crystalline components and the
inhomogeneity of the material structure both contribute to the fragility of renal calculi,
thus enabling the application of shock waves on stone fragmentation [4].
Table 1: Acoustic and mechanical properties of typical kidney and artificial stones.
Stone
ρ
cL
cT
R
TP
TS
θP
θS
E
G
σf
3
Type
(kg/m ) (m/s) (m/s) (%) (%) (%) (deg) (deg) (GPa) (Gpa) (MPa)
COM
2038
4535 2132
52
69
86
19
45
25
9.3
3.1-5.2
Cystine
1624
4651 2125
43
74
90
19
45
20
7.3
1.3-3.7
Brushite
2157
3932 1820
46
71
89
22
56
19
7.1
3.0-4.8
CA
1732
2724 1313
3
86
100
33
N/A
8.5
3.0
0.6-1.3
Hard BS
1995
4159 2319
56
72
83
21
40
27
11
7.1
Soft BS
1563
3148 1813
36
85
93
29
56
13
5.1
3.1
Data cited from [5-8], where ρ, cL, cT, R, TP, TS, θP, θS, E, G, and σf represent density, longitudinal and
transverse wave speeds, reflection coefficient, transmission coefficients for pressure wave and
shear wave, the 1st and 2nd wave critical angles, Young’s modulus, shear modulus, and tensile
fracture strength, respectively.

1.1.2 Shock wave lithotripsy
Shock wave lithotripsy (SWL) is a revolutionary technology that has reshaped the
treatment options of kidney stone patients. Before its invention, the patients were
restricted to choose either an open kidney surgery or a minimally invasive surgery to
remove kidney stones, which can cause extra pain to the patients during the therapy.
Therefore, the need for eliminating the invasiveness of the surgical instrument in stone
removal grew and has been met by SWL since the early 1980s [9].
2

This unprecedented technology introduces shock waves into clinical practices and
has been proved to be efficient for noninvasive stone comminution. The apparatus
incorporating a fluoroscopic imaging system can extracorporeally generate and focus
shock waves which travel through an outer coupling medium and inner tissues to reach
the targeted stone and break it into minor fragments. A sufficient SWL treatment can
result in spontaneously dischargeable stone pieces with minimized surrounding tissue
injuries, and thus enhance the comfort of the patients compared to other stone removal
techniques.
Since FDA approval on the clinical application of Dornier HM3, the firstgeneration shock wave lithotripter, SWL has played an essential role in treating
urolithiasis in the United States. Despite the remarkable advances in ureteroscopy in the
past decades, SWL remains to be a favorable choice for the patients who are willing to
receive a noninvasive treatment even if this may lead to a failed outcome and require a
retreatment [10].

3

Figure 2: The original Dornier HM3 lithotripter.
SWL has experienced significant changes, with the introduction of new
technologies in the modern lithotripters. The original HM3 is an electrohydraulic (EH)
lithotripter which excites a high voltage discharge at the electrode gap to generate shock
waves and employs an ellipsoidal reflector to focus the beam. A water tub was employed
to establish a water-based coupling, with a bi-planar fluoroscopic imaging system used
for localizing the stones (Figure 2) [11]. The second- and third-generation lithotripters
adapted new shock wave generating methods such as electromagnetic (EM) and
piezoelectric (PE) technologies. In addition, the coupling technique has shifted from the
water-bath (or “wet”) coupling to the “dry” coupling, which utilizes a water-filled bellow
enclosed around the shock wave generator and coupling gels at the bellow-patient
interface. However, these changes in lithotripter design have not resulted in an
enhancement of the treatment outcome as expected [12]. Previous studies comparing
modern lithotripters against the original HM3 illustrated this discouraging observation
[13-22], which is largely attributed to a lack of a clear understanding of the mechanism of
4

SWL despite the technology advancement [4]. Therefore, optimization of SWL, both on
the lithotripter-design-side and on the clinical-operation-side, is needed to re-establish the
competency of SWL in treating urolithiasis.

1.2 Literature review
1.2.1 Dry coupling
As shown in Figure 2, the original Dornier HM3 applies a water-filled tub through
which shock waves transmitted from the shock wave generator of the lithotripter to the
patient. This coupling method ensures an ideal condition for shock wave transmission yet
causes some inconveniences in clinical practice. The patients must get immersed into the
water tub during the treatment, and water replacement is required between subsequent
treatments, which increases the total treatment time.

Figure 3: Dry coupling has been broadly employed on modern shock wave
lithotripters with its advantages of convenience and patient-friendliness.
Therefore, successive lithotripters have altered this water-bath coupling to the
“dry” coupling [10, 23]. Under this design, shock waves are delivered from the generator
5

into a water-filled bellow, passing through the bellow-patient interface and entering the
patient’s body, thus decreasing the coupling area and improving the user convenience of
SWL (shown in Figure 3). Ultrasound coupling agents are applied to the bellow surface to
eliminate air remaining between the therapy head and the patient’s body, which can
minimize the transmission attenuation of the shock wave, and these media range from
creams to ultrasonography gel [24-26]. On the one hand, the patients no longer need to
undress for the treatment, sustaining more privacy and feeling more comfortable; on the
other hand, the doctors can simply apply and replace the coupling agent for the patient
instead of laborious operations.
Dry coupling has managed to resolve the major weaknesses of the previous
coupling method and has been widely applied in modern lithotripters. However, it also
raises new issues discussed since the last decade [18, 24, 26-37]. The subsequentgeneration lithotripters are struggling in approaching the stone comminution efficiency
of the Dornier HM3, partially due to the coupling method change [24].

1.2.2 Defects in dry coupling
Researchers have observed air bubbles trapped within the coupling agent in
multiple cases [26-32, 34, 35] (Shown in Figure 4). Theoretically, the discrepancy of
acoustic impedance between air and other media (e.g., soft tissue, water, and water-based
coupling agents) can cause a low transmission coefficient of shock waves at the interface.
Previous studies have also demonstrated coupling defects’ remarkable impact on the
6

delivery of shock wave energy [26-30] and the quality of treatment outcome [26, 27, 31,
32].

Figure 4: Example of air bubbles trapped within the coupling area [27].
Pishchalnikov et al. have demonstrated that air pockets occupying only 2% of the
coupling interface could lead to 20% to 40% decrease in stone comminution [28]. They also
observed that in a simulated treatment, the quality of coupling is significantly decreased
when a patient is repositioned during treatment. The acoustic pressure is reduced by 32%,
while the energy transmission is decreased by 57%. Jain and Shah suggested that the
efficacy of shock wave transmission could be correlated to air bubbles trapped in the gel
[29]. Li and colleagues found that the influence on the SWL also differed by various size
and location of bubble coverage on the coupling interface [30]. As they concluded, air
pockets not only interfere the transmission of shock wave energy but also alter shock wave
properties, e.g., focal width and focus of maximum positive pressure. In consequence,
larger shock pulse number and higher energy settings are required to achieve sufficient
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stone comminution [31, 32], which may lead to a higher risk for shockwave-induced tissue
injuries.

1.2.3 Efforts on improving coupling quality
To improve the quality of acoustic coupling, one approach is to optimize the
selection of the coupling agent. Cartledge et al. conducted a study on various media as
coupling agents affecting SWL [33]. They observed that the ultrasonography jelly could
be the optimum agent utilized in SWL treatments yet did not identify the reason. Another
study from Bergsdorf’s group compared the effect of ultrasound gel with various viscosity
and found that the gel of low viscosity could result in a higher coupling quality [31].
To eliminate air bubbles at the coupling interface during application, Neucks et al.
examined several methods of applying gel by comparing the digital images of coupling
interface [34]. The results indicated that gel applied from a stock jug instead of applied by
hand with a squeeze bottle could contribute to a higher efficiency of stone fragmentation,
and the gel should be placed on the treatment head as a bolus, allowing its omnidirectional expansion when being attached to the patient’s skin.
When it comes to eliminating bubbles within the coupling interface after
application, a major problem is that the coupling area remains invisible for lithotripters
unequipped with surveillance cameras [26]. The removal of air bubbles in routine SWL
treatments lacks sufficient support from the observation of size and location of possible
air pockets. Until 2011, Bohris et al. incorporated cameras into their study on the acoustic
8

coupling of dry head lithotripters [35]. They installed the camera in the therapy head and
found that the surveillance cameras were able to detect imperfect coupling in SWL
sessions and contribute to coupling improvement.
Recent studies have employed this technique into coupling control, which is
coined as optical coupling control (OCC) [26, 27]. Tailly et al. compared the results of oneyear-period SWL treatments under OCC and under “blind” control respectively [27].
Their findings indicated that treatments under OCC could decrease the number of shock
waves by over 25% and the energy level by over 22%, both for renal stones and ureteral
stones. Another researcher Lv randomly determined the coupling method of treatments
within an institute and calculated the stone-free rate after 3 months of two groups [26].
His results regarding the number of shock waves and energy level agreed with Tailly’s
findings. In addition, the stone-free rate after 3 months of the OCC group is larger than
that of the “blind” control group, implying that OCC could contribute to the optimization
of SWL treatment using modern lithotripters.

1.3 Motivation for this study
This study is motivated by solving the coupling defects in dry coupling which has
been proved to be a crucial factor influencing shock wave transmission. As previous
studies indicated, potential methods dealing with air bubble entrapment in the coupling
interface can be addressed by optimal coupling agent selection and application as well as
manual removal of air bubbles. However, these strategies are poor against defects
9

generated during the therapy. Though OCC can be repeated when needed, it will
interrupt the flow of the treatment and require extra time and efforts from the doctors to
monitor and maintain the quality of the coupling interface.
Therefore, the idea of a new coupling method, named miniature wet coupling
without a tub, was proposed, to synergistically combine the strengths of water-bath
coupling and dry coupling while minimizing the efforts required in implementation.

1.4 Objectives
The goal of this study is to design and develop a new coupling device to substitute
the dry-coupling device widely employed in modern lithotripters. The device should be
modularly-designed and has the potential to be flexible for future modifications. By
combing the ideal transmission circumstance of water-bath coupling and the privacyprotecting design of dry coupling, the new coupling strategy should significantly improve
the treatment efficiency of contemporary lithotripters while maintaining sufficient user
convenience. If this idea can be verified and implemented on clinical lithotripters, SWL
may regain the stone removal performance observed in the original HM3 where an ideal
coupling setup will serve as the prerequisite of waveform optimization. In Chapter 2, the
design iterations of a prototype device for wet coupling are described. The experimental
setups and the metrics calculated to summarize data are also included in this chapter. The
detailed results of the experiments comparing the performance of the dry-coupling bellow
and the wet-coupling device are presented and discussed in Chapter 3. Chapter 4
10

summarizes the main findings of this thesis research with conclusions and
recommendations for future studies.
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2. Methodology
2.1 Introduction
To address the drawbacks in the current dry-coupling, a new coupling device has
been designed and developed. Guided by primary design criteria, the prototype design
was accomplished in computer software and examined experimentally. The overall
development of the device under several design iterations and the downstream
experimental design are described in this chapter. The corresponding results of the
experiments will be presented and discussed in the following chapter.

2.2 Prototype development
2.2.1 Design criteria
The design of the wet-coupling device is based on several criteria. Firstly,
considering the availability of experimental devices, the new device is specifically
designed for an existing modern lithotripter (Siemens Lithostar Modularis 3rd generation,
Siemens AG, Erlangen, Germany), which originally applies a dry-coupling bellow.
Secondly, the device should be able to deform vertically to fit the focal length of the shock
source (140 mm in this study) and the axial skin-to-stone distance (SSD) of the patients (90
mm in this study). The outer diameter of the device should not exceed the original bellow
which is 180 mm, while the inner diameter should not interfere the focused shock wave
115

and hence is greater than the aperture size (115 mm) at the bottom and (

140

× 90 = 74 𝑚𝑚𝑚𝑚)

at the top. Thirdly, a concave and flexible top surface integrated with the vacuum chamber
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is required to match the curvature of the body and obtain an effective and stable
attachment between the wet-coupling device and the skin. A supporting waist belt can
also be introduced to strengthen the connection. Moreover, the device is featured with
water inlets and outlets to enable a water circulation, thus eliminating the bubbles within
the device and sustaining the water temperature comfortable for the patient. Last but not
least, to enhance the compatibility of the wet-coupling device, the prototype design is
constructed to be modular and robust so that further modifications of the design can be
made on individual components.

2.2.2 Experimental setup

Figure 5: (a) Bottom view of the torso model. (b) Schematic side view of the
experimental setup for wet-coupling attachment test.
To assess the sample’s performance on the efficiency and reliability of the
attachment, an in vitro experimental setup was utilized, as shown in Figure 5. A PVC torso
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model (SIMULAB, Seattle, WA), equipped with an acrylic wall located at the caudal end
and two openings at the abdomen and right lower back areas, was employed in the test.
A 200 mm × 200 mm square polyurethane rubber membrane (Poly 74-24, Polytek
Development Corp., Easton, PA) with a thickness of 5 mm was covered on the back
opening with the Loctite super glue (Henkel Corp., Westlake, OH) to simulate the
patient’s skin. The torso model, placed on a flat table during the experiment, was filled
with water to press against the membrane.
In addition, a vacuum suction system was established, including a 0.02 HP
vacuum-pressure pump (BARNANT CO., Barrington, IL), a needle valve (102-MMC,
NOSHOK, Inc., Berea, OH) and a vacuum pressure gauge (WIKA Instrument, LP,
Lawrenceville, GA). These units were connected and linked to the sample device via a 1/4
inch×3/8 inch PVC tubing (VWR Corp., Center Valley, PA).

2.2.3 Design iterations
The development of the prototype of the wet-coupling device has undergone
multiple design iterations. Each iteration involved concept Computer-aided design (CAD)
drawings in SOLIDWORKS (Dassault Systèmes SolidWorks Corporation, Waltham, MA)
and the construction of a scaled-down model device made of a two-component
polyurethane rubber (Poly 74-24, Polytek Development Corp., Easton, PA). Polyurethane
rubber is considered as one of the most commonly-used materials in medical devices [38].
In this study, the polyurethane rubber possesses a Shore hardness of 25A, which was
14

selected to maintain a balance between stiffness and viscosity of the liquid rubber. The
first design involved three configurations of attaching components together with an
identical bellow component which matched the dimension of the lens mounted on the
Siemens Modularis system (Figure 6). Inspired by the seal configuration design of a
swimming goggle, Type A is equipped with a soft seal surrounded by eight individual
suction cups which can be connected to the vacuum pump through the built-in tunnels
within the device. Type B, in contrast, integrates the suction chamber with the sealing
gasket resulting in a larger contact area. Type C, which was eventually selected to be the
foundation of successive designs due to its simplicity in design and lower height profile
compared to the other two configurations.

Figure 6: Rendered pictures of three configurations in the 1st iteration.
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Figure 7: (a) The reference lens for the prototype design and (b) detail view of its
mechanical locking structure.
In this favorable design, a concave gasket inverted from a cylinder is applied to
contact with the lumbar area of the patient’s body. In addition, the convex-topped crosssection is designed to enhance the sealing efficacy. The vacuum chamber adapts a zigzag
pattern, with eight air outlets down towards the bottom of the component. An annular
channel is embedded at the bottom side to guide the tubing connection. Following the
fabrication of the model of Type C, one major issue observed was that the vacuum
chamber was too narrow to ensure a reliable vacuum seal between the device and the
simulated patient’s body as expected. Therefore, a modification of the chamber geometry
was mainly concerned in the next iteration.
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Figure 8: (a) CAD, (b) bottom view, and (c) cross-section side view of the prototype
design in the 2nd iteration.
As shown in Figure 8, the second iteration of the design employs a ring-shaped
enclosure on the attaching head. The feature of the convex top of the cross-section is
maintained in this design, while the contact area is narrowed due to the expansion of the
vacuum chamber. At the bottom, the tubing channel is refined to better conform to the
rigid tubing connectors at each joint. As expected, the test result indicated that the annular
chamber could offer an effective and consistent partial vacuum seal without using the
supporting belt. A potential refinement was to alter the route profile of the tubing, forcing
the main tubing to penetrate through the lateral wall instead of heading to the device
vertically. This adjustment could reduce the connection space between the patientinterface component and the shock-source component, thus decreasing the total height of
the wet-coupling device.
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Figure 9: (a) CAD and (b) cross-section side view of the assembled prototype in the
3rd iteration. (c) Altered bottom tubing channel. (d) Three components were
manufactured individually and assembled as the prototype used in this study.

Figure 10: CAD mold designs of (a) the patient-interface component and (b) the
shock-source-side component.
18

Based on these iterations, the final version of the prototype design was
accomplished and assembled experimentally. As shown in Figure 9, the alternation of the
tubing channel and the assembling pattern of two components are incorporated in this
design. A 3D printed plastic supporting part (colored in gray) was fabricated to link the
patient-interface component with the shock-source component. It can be glued to the
patient-interface component and has a mechanical lock to connect the bellow. Two Ø8 mm
holes drilled on the lateral side of the supporting part, are designed to serve as water inlet
and outlet. The model of the bellow was extended vertically to facilitate the product
molding. Table 2 summarizes the dimensions of the three components and the final
assembly, respectively.
Table 2: Dimensions of three components and the whole assembly.
Part
Attaching head
Connecting unit
Bellow (folded)*
Bellow (at rest)
Assembly (folded)*
Assembly (at rest)

Dout
(mm)
170
134
175
163
175
175

Din
(mm)
110
110
110
110
110
110

Hmax
(mm)
40
20
40
56
89
105

* The bellow is fully folded such that the limbs of each fold are paralleled.

The full-size production of each component was performed individually in the lab.
Figure 10 presented the drawings of the designed molds for the attaching head and the
bellow. These multi-component molds were 3D printed, polished, cleaned and assembled
manually. After the working surface of the mold was covered with the release agent (Ease

19

Release 300, Smooth-On, Inc., Macungie, PA), a liquid rubber mixture was stirred
sufficiently and poured into the mold cavity. The rubber was cured and let dry at room
temperature overnight, after which the units were disassembled to obtain the fabricated
model.
Instead of the 25A polyurethane rubber employed on the attaching component,
the material selection of the bellow part was reconsidered before the production. The
extent to which the thin shell of the bellow deformed due to the water pressure was
essentially determined by the stiffness of the material, which could be excessive under the
25A configuration. Therefore, a urethane rubber with a Shore hardness of 50A (PMC121/50, Reynolds Advanced Materials, Charlotte, NC) was selected as the material of the
bellow based on the simulation result of the bellow deformation under gravity in
COMSOL Multiphysics (COMSOL, Inc., Burlington, MA). The resultant prototype with
the tubing connection is presented in Figure 9(d).

2.3 Stone fragmentation test
After the assembly of the wet-coupling prototype, further investigation on the
performance of this device was conducted experimentally. In particular, stone
fragmentation test was performed to evaluate the shock wave transmission efficacy of the
new prototype against the existing dry-coupling bellow.

2.3.1 Materials and methods
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Figure 11: Experimental setup of major devices including components of vacuum
connection system. (d) Acrylic stone holder with silicone rubber membrane and
stone sample. (e) Side view of wet-coupling setup.
On top of the experimental setup illustrated in Section 2.2, a 3D positioning system
was assembled and integrated with the torso model to fix a Ø14-mm (inner diameter)
cylindrical acrylic stone holder with its bottom covered by a silicone rubber membrane
(Figure 11(d)). The Siemens Modularis lithotripter used in this experiment has a
motorized table for the patient, on which the torso model was placed to facilitate an
alignment of the stone to the shock wave focus. Figure 11 shows a picture of the
experimental setup with the dry-coupling bellow and the wet-coupling device. Before the
experiment, the fluoroscopic C-arm was calibrated with the focal point, while the bellow
was mounted on the generator and clamped with a zip tie. For the dry-coupling bellow,
the inner air was then squeezed out through a built-in air tube by selecting the “Rinse”
21

option on the remote controller of the lithotripter. For the wet-coupling prototype, two
customized rubber stoppers were applied on the lateral holes on the connecting unit.
The cylindrical stone phantoms utilized in this study were built by stirring
BegoStone powder with water thoroughly at a ratio of 5:2 by weight and pouring the
mixture into a custom 3D printed stone mold [39]
After settling at room temperature overnight, the stone phantoms were demolded.
As shown in Figure 11(d), the resultant samples were uniform in dimensions (Ø10 mm ×
10 mm) and physical properties close to renal calculi indicated by Table 1.
Prior to the stone fragmentation, the stone samples were immersed in water for 30
min. The stone phantom was then placed in the holder which was clamped inside the
torso model. The torso was tied on the flat table with the polyurethane membrane facing
the generator and filled with degassed water, after which the stone was aligned with the
generator’s focal point under the guidance of fluoroscopic imaging.
Next, the coupling was established between the therapy head and the simulated
patient’s skin. For dry coupling, the enclosed bellow was deflated first to allow the
application of a decent amount of the coupling gel (Clear Image Singles® Ultrasound
Scanning Gel, NEXT Medical Products, Branchburg, NJ) at the center of the top surface.
Then the bellow was inflated with water by rising the pressure configuration level to 3,
thus pressing against the stretched membrane. In this way, the gel could be omnidirectionally expanded and effectively avoid air entrapment as suggested by Neucks’
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study [34]. For wet coupling, the vacuum connection was first activated, after which the
coupling device was pushed against the polyurethane membrane of the torso model until
the vacuum seal was established. The water was then injected into the enclosure and
squeezed the inner air out through the tube. For each treatment, the dry-coupling bellow
was detached from the torso to clean the interface thoroughly, after which the coupling
was re-established.
During the experiment, each specimen was exposed to either 1000 or 2000 shocks
at a pulse repetition frequency (PRF) of 1.5 Hz. The output energy setting was controlled
at E2.5, corresponding to a p+ of 48 MPa, under which stone comminution produced by
the dry-coupling and wet-coupling techniques were compared.

2.3.2 Post-processing of the stone fragments
After the experiment, all the fragments in the stone holder were removed and
placed in an opened container. The container was heated in a 65 ˚C oven for 24 hours to
dry the stone pieces, which then passed through two different sieves (No. 7 and 10, W.S.

Tyler, Mentor, OH)) to separate the fragments into the size range of r > 2.8 mm, 2.0 mm<
r <2.8 mm, and r < 2.0 mm. Stone fragments < 2 mm are considered as spontaneously
dischargeable by patients and the corresponding stone comminution efficiency can be
calculated by Equation 1:
𝑆𝑆𝑆𝑆 =

𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 −(𝑀𝑀>2.8 +𝑀𝑀2.0−2.8 )
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇
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(1)

2.4 Coupling quality test
In addition to the stone fragmentation test, the quality of coupling under two
coupling methods was further investigated and assessed via optical imaging of the
coupling interface.
The experimental setup of the coupling quality test is the same as the one
illustrated in Section 2.3.1, except that a digital camera (EOS-30D, Canon, Inc., Tokyo,
Japan) was mounted on the 3D positioning system facing at the coupling interface. The
camera was adjusted to focus on the coupling interface.
After the coupling was established following the steps described in Section 2.3.1,
the lithotripter was controlled to generator shock waves at a constant PRF (= 1.5 Hz). The
power input was sustained at a level of E2.5. Photos of the coupling interface were taken
and saved every 500 shocks. After 2000 shocks, the camera was removed, and the data
were transmitted to the computer for downstream processing.
The area ratio (AR) of the air pockets within the effective coupling interface was
calculated to assess the quality of the dry coupling. The equation can be written as:
𝐴𝐴𝐴𝐴 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(2)

where the area of the air bubbles was measured in ImageJ (National Institutes of Health,
USA). The total effective area was defined by the intersection of the focused shock wave
at the bellow-patient interface, which was approximated as a circle of Ø74 mm.
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3. Results and discussion
3.1 Results
3.1.1 Stone comminution

Figure 12: (a) Average stone comminution efficiency measured after 0, 1000, and 2000
shocks under dry coupling (n = 1 after 1000 shocks and n = 2 after 2000 shocks) and
wet coupling (n = 3 for both 1000 and 2000 shocks). Examples of stone phantoms
exposed to 2000 consecutive shock waves at a PRF = 1.5 Hz under (b) dry-coupling
and (c) wet-coupling setups.
Figure 12(a) presents the trend of average stone comminution efficiency versus the
number of shock waves delivered to the stone phantom under the original dry-coupling
and the newly-designed wet-coupling setups. The measurements were taken every 1000
shocks, to describe the discrepancy of stone fragmentation between two coupling
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strategies throughout the treatment. Due to a technical issue occurred on the lithotripter
which caused a device malfunction, the experiment was interrupted after 9 trials.
Based on the data obtained so far, the average comminution efficiency under wet
coupling after 1000 shocks (18.1 ± 0.6%) is slightly lower than that under dry coupling
(21.0%). However, because of the limited sample size, no statistical difference could be
detected. As more shock waves are delivered, the average comminution efficiency under
wet coupling after 2000 shocks (41.5 ± 3.9%) is considerably higher than that under
original dry coupling (27.3 ± 0.9%). This finding can be supported by the t-test result with
a P value of 0.018. Compared to dry coupling, the wet-coupling device produces a more
consistent increase of comminution efficiency within 2000 shocks, while the efficiency
under dry coupling presents a noticeable degradation.
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3.1.2 Coupling defects within the coupling interface

Figure 13: Images of the coupling interface after exposed to consecutive shock waves
delivered at a PRF = 1.5 Hz under (a), (b) dry-coupling and (c) wet-coupling setups.
Bubble formation and aggregation can be visually observed in (a) and other tests,
while (b) is considered as a special case where there is no visible bubble entrapment
from the initial of the treatment. In the figures, the formation of air pockets is circled
by red and the blue circles highlight the examples of steady minute bubbles.
As shown in Figure 13, the coupling defects within the coupling interface exist in
both dry-coupling and wet-coupling cases. The images were captured every 250 shocks
from the start of each treatment, with two dry-coupling and one wet-coupling cases. For
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dry coupling, the coupling defects mainly resulted from an initial air bubble entrapment
during the coupling establishment. These bubbles could expand, aggregate together
towards the center of the coupling interface, i.e., the focal axis, and eventually form air
pockets along the beam path impeding shock wave transmission. The estimated AR of the
air pockets ranged from 1.0% to 2.2%. In wet-coupling case, however, the underwater
bubbles along the beam path were lifted to the water level when exposed to shock waves.
In both cases, the peripheral minute bubbles showed no noticeable motion throughout the
treatment. The coupling quality is more consistent under wet coupling than under dry
coupling.

3.2 Discussion
The goal of this study is to improve the performance of a contemporary EM
lithotripter via developing a new wet-coupling device and replacing the original coupling
bellow. The design of wet coupling combines the strengths of the water-bath coupling
implemented on the original HM3 and the dry coupling employed on modern
lithotripters, which can significantly improve the treatment outcome while minimizing
the effort on implementation. In addition, the device consists of multiple replaceable
components hence can be easily refined and modified to fit with other clinical lithotripters.
Based on the preliminary in vitro results presented in Section 3.1, the prototype device of
wet coupling has managed to reach a higher stone comminution efficiency than the
original setup under the same power input with more than 1000 shocks, while a typical
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SWL treatment can exceed 2000 shocks. The images of the coupling interface also
demonstrate that the wet-coupling setup can obtain a more stable and higher acoustic
coupling quality.
Since its introduction in the early 1980s, SWL has undergone decades of
developments and refinements. However, most modifications and upgrades are designed
and implemented based on empirical experience instead of a clear interpretation of the
underlying mechanism of SWL [4, 40, 41], thus resulting in minor technical improvements
compared to the original Dornier HM3. In fact, numerous clinical experiments have
provided evidence on the reduced performance of modern lithotripters compared to the
HM3 in terms of stone comminution efficiency and retreatment rate [13-22].
Other than shock wave generating techniques, the discrepancy between the
original HM3 and most of the contemporary lithotripters can be partially related to the
change in the coupling strategy. The water-bath-coupling technique used in the HM3 was
abandoned and substituted by the dry-coupling strategy driven by the practical concerns
of user convenience and privacy protection. With the bellow enclosing the shock source,
the energy delivery depends largely on the acoustical quality of the coupling medium at
the patient-bellow interface. Previous studies have demonstrated the enormous impact of
coupling defects, especially air pockets within the coupling media on the efficacy of shock
wave transmission [26-30] and stone comminution [26, 27, 31, 32]. A minor percentage of
coupling interface occupied by air bubbles trapped during coupling establishment can
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lead to a significant drop in energy delivery and treatment outcome, and this problem is
more likely to occur when a reposition of the patient is necessary, such as during a decoupling and re-coupling process.
Significant efforts have been taken to optimize the dry-coupling quality, including
examining coupling medium selection [33], comparing approaches of gel application [34],
enabling real-time coupling interface monitor through surveillance cameras [35], and
implementation of OCC on the latest models of clinical lithotripters [26, 27]. However,
these refinements require extra skills and time of the operator, and therefore their efficacy
may vary significantly for different treatments.
The new wet-coupling design aims to address the coupling defect without high
requirements of the operator. Figure 13 presents the change in the coupling interface in
dry-coupling and wet-coupling cases. A higher consistency of coupling quality was
observed when applying the wet-coupling device (Figure 13(c)), while coupling defect
was clearly captured when applying the dry-coupling bellow (Figure 13(a)), which is
consistent with the findings of previous studies. Before gel application, the coupling jelly
was checked to possess only small bubbles. As it was applied on the bellow and inflated
to press against the torso model, the air was inevitably trapped within the gel and formed
obvious bubbles. When exposed to consecutive shock waves at a PRF = 1.5 Hz, the trapped
bubbles were gathered towards the beam path and resulted in a large coupling defect at
the center of the interface. For wet coupling, on the other hand, the coupling interface was
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established after the tunnel between the shock wave generator and the simulated body
was vacuum-sealed. As degassed water was injected into the enclosure and covered the
coupling interface, minute bubbles were attached to the polyurethane membrane. After
exposed to shock waves, these bubbles were free to move and often driven by buoyancy
to move towards the water level, while cavitation activities occurred along the beam path.
After an initial expansion and an ensuing collapse, the cavitation bubbles were broken
into numerous daughter bubbles. According to previous studies, if these bubbles possess
a dissolution time less than the time between two shocks (the inverse PRF, which is 0.67 s
in this study), the viable cavitation nuclei are decreased, thus leading to a bubble
reduction [42]. As shown in Figure 13(c), multiple minute bubbles suspended along the
coupling interface were not able to leave during the treatment, which can contribute to a
remarkable energy attenuation. The same issue may occur in the dry-coupling bellow as
well, yet no optical observation could be obtained under current experimental setup.
Figure 12 presents the discrepancy of comminution efficiency for cylindrical stone
phantoms (10 mm × 10 mm, D × H) under dry-coupling and wet-coupling setups. Both in
dry-coupling and wet-coupling cases, the initial breakage of the specimen was observed
within 100 shocks. After 1000 shocks, the average comminution efficiency under dry
coupling surpasses the efficiency under wet coupling (ΔSC = 2.9%), which may be
explained by the varied distribution patterns of the fragmented stone pieces in the tilted
stone holder. The overlapping of stone fragments can contribute to the attenuation of
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shock wave transmission, leading to a delayed stone breakage. Due to the technical issue,
only one trial was examined under dry coupling for 1000 shocks, thus decreasing the
reliability of the result. After 2000 shocks, the wet-coupling setup possesses a large lead
in average comminution efficiency against the dry-coupling setup proved by the t-test
(ΔSC = 14.2%, P = 0.018). The formation of air pockets within the coupling gel has impeded
the delivery of shock wave energy and caused a stone comminution degradation. OCC
was implemented additionally yet was not as effective as indicated by previous studies
[26, 27]. In contrast, the coupling quality of wet-coupling setup can remain stable and
consistent after 2000 shocks as cavitation activities were refrained in degassed water. The
irremovable bubbles on the polyurethane membrane may be explained that the dust
particles on the membrane were not cleaned thoroughly before the coupling [42].
Altogether, the prototype design in this study has successfully implemented the
idea of wet coupling and led to a fully-functional device that addresses the coupling defect
issue for contemporary dry-coupling technique. By incorporating the concept of waterfilled coupling interface within a miniature space, the wet-coupling device has managed
to provide a higher-quality, more robust and more consistent coupling interface against
the original dry-coupling device.
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4. Conclusions
Dry coupling has been a dominant strategy in modern lithotripters due to its
cleanliness and user friendliness compared to the original water-bath-coupling method
employed by the HM3. However, a significant drawback of the dry-coupling design is
that the coupling quality can be degraded during treatment by coupling defects, leading
to a lower treatment outcome. In this study, a wet-coupling device has been designed and
developed to overcome the defected coupling issue of dry coupling while minimizing the
skills and expertise required for the treatment operator.
After three design iterations, the resultant components of the prototype design
were fabricated separately and assembled in the laboratory. The experimental results
prove that the wet-coupling device can establish a stable coupling via vacuum seal and
result in a high-quality coupling interface with only minute bubbles. The EM lithotripter
using wet-coupling setup can break stone phantoms at a higher efficiency compared to
the defected dry coupling. Based on these preliminary results, this new design has
demonstrated the potential to improve the performance of clinical shock wave
lithotripters by ensuring a consistent and high-quality coupling interface between the
shock source and the patient during SWL.
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5. Recommendations for future work
The experimental results obtained in this study has preliminarily demonstrated
the strength of the new wet-coupling device in terms of the coupling quality and the
corresponding stone comminution efficiency compared to the dry-coupling device.
However, due to the technical issue of the lithotripter, the study was heavily interfered
and has not collected sufficient data as planned. The reliability of the results is decreased
by the limited sample size. Therefore, one of the subsequent studies is to examine more
trials of stone fragmentation. Higher shock numbers and multiple energy levels can be
included in the experimental design to comprehensively evaluate the performance of the
wet-coupling setup. Moreover, with an increasing number of high-resolution images
captured on the coupling interface, the area ratio covered by the air bubble can be
estimated over time to provide insight into the trend of the coupling quality degradation
throughout the treatment. Hydrophone measurements of the pressure waveforms and
pressure distribution in the lithotripter focal plane should also be carried out to facilitate
a comparison of the energy transmission efficiency under dry-coupling and wet-coupling
setups.
Another potential refinement for this study is to upgrade the prototype design.
Though experiencing three design iterations, the geometry of the prototype can be
adjusted to better match the surface contour of the patient’s body. Currently, the attaching
head has been designed to fit the curvature of the torso model which was approximated
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as an elliptical cylinder (a = 20 cm, b = 15 cm), which can be refined to decrease the
deformation required for the coupling establishment. Considering the future clinical
application, a 3D model summarized from a database depicting the geometry of human’s
torso would be considerably helpful in achieving an optimal design of the patient-side
component. A vacuum chamber with larger depth could eliminate the possibility that the
patient’s body blocked the air outlets as well, and the built-in water outlets should be
redesigned to enhance its usability for air elimination and water circulation. Meanwhile,
the material selection of the device can be reconsidered. To ensure a cost and time
effectiveness, the same sample made from different materials has yet to be examined
experimentally. The only two available materials are polyurethane rubber with a Shore
hardness of 25A and a urethane rubber with a hardness of 50A, respectively, which are
both not the best option for the bellow component based on empirical experience. The
25A rubber was not robust enough to support the water injected into the enclosure while
the 50A rubber lacked flexibility. In the future, more materials can be considered and
tested to enhance the performance of the device. Finally, the bonding between three
components requires some improvements. A mechanical connection between the
attaching head and the connecting unit would enhance the flexibility of this modular
design, and O-ring gaskets can be introduced to eliminate water leakage which was
temporarily addressed by clay and epoxy coating in this study.
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Thirdly, to shift this prototype design to a clinically-applicable device requires
additional efforts. The side effect of the vacuum seal on the patient’s skin is not negligible,
as sufficiently high negative pressure can cause bruises in the contact area and discomfort
to the patient. One recommendation is to incorporate medical adhesives into the sealing
process to allow a low-suction vacuum seal without causing injuries. The pump-based
vacuum connection should also be reconstructed to reduce the noise of the pump received
by the patient and the operator. Furthermore, Baik’s group has proposed a promising
design of the octopus-inspired adhesive patch in substitute for vacuum seal in the future
[43]. On top of the refinement of the prototype design and the numerical assessment of its
performance, in vivo tests involving animal models implanted with stone phantoms
should be performed to verify its positive effect on treatment outcome and safety concerns.
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Appendix A
The design of the prototype was grounded on the feature of the torso model
employed in this study. The top surface of the attaching head was essentially inverted
from its lumbar area, which has been approximated as an elliptical cylinder with a = 20
cm and b = 15 cm. And the drawings of all three components are presented in Figures 1416.
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Figure 14: Drawings of the prototype design of the attaching head.
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Figure 15: Drawings of the prototype design of the bellow.

40
Figure 16: Drawings of the prototype design of the connecting unit.

Appendix B
In this study, several materials were introduced to construct the prototype device
for further examinations. Table 3 presents the mechanical properties of the materials
involved in the fabrication. The polyurethane rubber with a Shore hardness of 25A
(Polytek 74-24) was utilized in the simulated patient’s skin and the patient-side
component of the wet-coupling device and the urethane rubber with a Shore hardness of
50A (PMC-121/50) was applied on the shock-source-side component. In addition, the solid
plastic material (ABSpuls-P430) was used in all 3D-printed models, including the
individual molds and the connecting unit.
Table 3: Mechanical properties of the materials involved in the device construction.

Color

Mixed
Viscosity
(cps)

Shore A
Hardness

Tensile
Strength
(MPa)

Elongation
at Break
(%)

1.01

Clear
Amber

2000

25A

1.52

750

PMC-121/50

1.04

Clear
Amber

1400

50A

2.41

500

ABSplus-P430

1.04

Yellow

N/A

N/A
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6

Product

Specific
Gravity

Polytek 74-24

41

References
1.

Park, S., Medical management of urinary stone disease. Expert opinion on
pharmacotherapy, 2007. 8(8): p. 1117-1125.

2.

Scales, C.D., A.C. Smith, J.M. Hanley, and C.S. Saigal, Prevalence of kidney stones in
the United States. European urology, 2012. 62(1): p. 160-165.

3.

Pearle, M.S., E.A. Calhoun, and G.C. Curhan, Urologic diseases in America project:
urolithiasis. The Journal of urology, 2005. 173(3): p. 848-857.

4.

Zhong, P., Shock wave lithotripsy, in Bubble dynamics and shock waves. 2013, Springer.
p. 291-338.

5.

Zhong, P., C. Chuong, and G. Preminger, Characterization of fracture toughness of renal
calculi using a microindentation technique. Journal of materials science letters, 1993.
12(18): p. 1460-1462.

6.

Ueberle, F., Pressure pulses in extracorporeal shock wave lithotripsy and extracorporeal
shock wave pain therapy, in Shock Focussing Effect in Medical Science and
Sonoluminescence. 2003, Springer. p. 179-210.

7.

Esch, E., W.N. Simmons, G. Sankin, H.F. Cocks, G.M. Preminger, and P. Zhong, A
simple method for fabricating artificial kidney stones of different physical properties.
Urological research, 2010. 38(4): p. 315-319.

8.

Simmons, W., F. Cocks, P. Zhong, and G. Preminger, A composite kidney stone
phantom with mechanical properties controllable over the range of human kidney stones.
Journal of the mechanical behavior of biomedical materials, 2010. 3(1): p. 130-133.

9.

Chaussy, C., E. Schmiedt, B. Jocham, W. Brendel, B. Forssmann, and V. Walther,
First clinical experience with extracorporeally induced destruction of kidney stones by shock
waves. The Journal of urology, 1982. 127(3): p. 417-420.

42

10.

Elmansy, H. and J. Lingeman, Recent advances in lithotripsy technology and treatment
strategies: A systematic review update. International Journal of Surgery, 2016. 36: p.
676-680.

11.

Chaussy, C., E. Schmiedt, D. Jocham, V. Walther, W. Brendel, B. Forssmann, and W.
Hepp, Extracorporeal Shock Wave Lithotripsy: New Aspects of the Treatment of Kidney
Stone Disease, edited by C. Chaussy Karger, Basel, 1982.

12.

Chaussy, C.G. and H.-G. Tiselius, How can and should we optimize extracorporeal
shockwave lithotripsy? Urolithiasis, 2018. 46(1): p. 3-17.

13.

Graber, S.F., H. Danuser, W.W. Hochreiter, and U.E. Studer, A prospective randomized
trial comparing 2 lithotriptors for stone disintegration and induced renal trauma. The
Journal of urology, 2003. 169(1): p. 54-57.

14.

Sighinolfi, M.C., S. Micali, S. De Stefani, G.A. Pini, M. Rivalta, F. Cianci, and G.
Bianchi, How effective is extracorporeal shock wave lithotripsy of ureteral stones with
Dornier Lithotripter S EMSE 220F-XXP? A prospective and preliminary assessment.
Surgical endoscopy, 2011. 25(3): p. 943-946.

15.

Aksoy, Y., T. Ziypak, and T. Yapanoglu, Comparison of the effectiveness and safety of
MPL 9000 and Lithostar Modularis shockwave lithotriptors: treatment results of 263
children. Urological research, 2009. 37(2): p. 111-116.

16.

Egilmez, T., M.I. Tekin, M. Gonen, F. Kilinc, R. Goren, and H. Ozkardes, Efficacy and
safety of a new-generation shockwave lithotripsy machine in the treatment of single renal or
ureteral stones: experience with 2670 patients. Journal of endourology, 2007. 21(1): p.
23-27.

17.

Loske, A.M., The role of energy density and acoustic cavitation in shock wave lithotripsy.
Ultrasonics, 2010. 50(2): p. 300-305.

18.

Rassweiler, J.J., T. Knoll, K.-U. Köhrmann, J.A. McAteer, J.E. Lingeman, R.O.
Cleveland, M.R. Bailey, and C. Chaussy, Shock wave technology and application: an
update. European urology, 2011. 59(5): p. 784-796.
43

19.

Elkoushy, M.A., J.A. Hassan, D.D. Morehouse, M. Anidjar, and S. Andonian, Factors
determining stone-free rate in shock wave lithotripsy using standard focus of Storz Modulith
SLX-F2 lithotripter. Urology, 2011. 78(4): p. 759-763.

20.

Zehnder, P., B. Roth, F. Birkhäuser, S. Schneider, R. Schmutz, G.N. Thalmann, and
U.E. Studer, A prospective randomised trial comparing the modified HM3 with the
MODULITH® SLX-F2 lithotripter. European urology, 2011. 59(4): p. 637-644.

21.

Hochreiter, W.W., H. Danuser, M. Perrig, and U.E. Studer, Extracorporeal shock wave
lithotripsy for distal ureteral calculi: what a powerful machine can achieve. The Journal of
urology, 2003. 169(3): p. 878-880.

22.

Chan, S., L. Stothers, A. Rowley, Z. Perler, W. Taylor, and L. Sullivan, A prospective
trial comparing the efficacy and complications of the modified Dornier HM3 and MFL 5000
lithotriptors for solitary renal calculi. The Journal of urology, 1995. 153(6): p. 1794-1797.

23.

Clayman, R.V., B.L. McCLENNAN, T.J. Garvin, J.D. Denstedt, and G.L. Andriole,
Lithostar: an electromagnetic acoustic shock wave unit for extracorporeal lithotripsy.
Journal of Endourology, 1989. 3(3): p. 307-313.

24.

Lingeman, J.E., J.A. McAteer, E. Gnessin, and A.P. Evan, Shock wave lithotripsy:
advances in technology and technique. Nature Reviews Urology, 2009. 6(12): p. 660.

25.

Chaussy, C.G. and G.J. Fuchs, Current state and future developments of noninvasive
treatment of human urinary stones with extracorporeal shock wave lithotripsy. The Journal
of urology, 1989. 141(3): p. 782-789.

26.

Lv, J.L., A new optical coupling control technique and application in SWL. Urolithiasis,
2016. 44(6): p. 539-544.

27.

Tailly, G.G. and M.M. Tailly-Cusse, Optical coupling control: an important step toward
better shockwave lithotripsy. Journal of endourology, 2014. 28(11): p. 1368-1373.

28.

Pishchalnikov, Y.A., J.S. Neucks, R.J. VonDerHaar, I.V. Pishchalnikova, J.C.
Williams, and J.A. McAteer, Air pockets trapped during routine coupling in dry head
44

lithotripsy can significantly decrease the delivery of shock wave energy. The Journal of
urology, 2006. 176(6): p. 2706-2710.
29.

Jain, A., T.K. Shah, and F.X. Keeley, Effect of air bubbles in the coupling medium on
efficacy of extracorporeal shock wave lithotripsy. European urology, 2007. 51(6): p. 16801687.

30.

Li, G., J.C. Williams Jr, Y.A. Pishchalnikov, Z. Liu, and J.A. McAteer, Size and location
of defects at the coupling interface affect lithotripter performance. BJU international, 2012.
110(11c).

31.

Bergsdorf, T., C. Chaussy, and S. Thueroff, 1815 COUPLING GEL VISCOSITY-A
RELEVANT FACTOR FOR EFFICIENT SHOCK WAVE COUPLING IN SWL. The
Journal of Urology, 2010. 183(4): p. e704.

32.

Bohris, C., Quality of coupling in ESWL significantly affects the disintegration capacity—
how to achieve good coupling with ultra-sound gel. Therapeutic energy applications in
urology II: standards and recent developments, 2010: p. 61-4.

33.

Cartledge, J., W. Cross, S. Lloyd, and A. Joyce, The efficacy of a range of contact media
as coupling agents in extracorporeal shockwave lithotripsy. BJU international, 2001. 88(4):
p. 321-324.

34.

Neucks, J.S., Y.A. Pishchalnikov, A.J. Zancanaro, J.N. VonDerHaar, J.C. Williams,
and J.A. McAteer, Improved acoustic coupling for shock wave lithotripsy. Urological
research, 2008. 36(1): p. 61-66.

35.

Bohris, C., A. Roosen, M. Dickmann, Y. Hocaoglu, S. Sandner, M. Bader, C.G. Stief,
and S. Walther, Monitoring the coupling of the lithotripter therapy head with skin during
routine shock wave lithotripsy with a surveillance camera. The Journal of urology, 2012.
187(1): p. 157-163.

36.

Bergsdorf, T., C. Chaussy, and S. Thüroff, Energy coupling in extracorporeal shock wave
lithotripsy—the impact of coupling quality on disintegration efficacy. J Endourol, 2008.
22(Suppl): p. A161.
45

37.

Bergsdorf, T., C. Chaussy, and S. Thueroff, The significance of accurate shock wave
coupling in extracorporeal shock wave lithotripsy. J Endourol, 2009. 23: p. 1042.

38.

Rahimi, A. and A. Mashak, Review on rubbers in medicine: natural, silicone and
polyurethane rubbers. Plastics, Rubber and Composites, 2013. 42(6): p. 223-230.

39.

Smith, N.B. and P. Zhong, A heuristic model of stone comminution in shock wave
lithotripsy. The Journal of the Acoustical Society of America, 2013. 134(2): p. 15481558.

40.

Lingeman, J.E., Extracorporeal shock wave lithotripsy: Development, instrumentation, and
current status. Urologic Clinics, 1997. 24(1): p. 185-211.

41.

Rassweiler, J., T. Henkel, K. Köhrmann, D. Potempa, K. Jünemann, and P. Alken,
Lithotripter technology: present and future. Journal of endourology, 1992. 6(1): p. 1-13.

42.

Frank, S., J. Lautz, G.N. Sankin, A.J. Szeri, and P. Zhong, Bubble proliferation or
dissolution of cavitation nuclei in the beam path of a shock-wave lithotripter. Physical
Review Applied, 2015. 3(3): p. 034002.

43.

Baik, S., Y. Park, T.-J. Lee, S.H. Bhang, and C. Pang, A wet-tolerant adhesive patch
inspired by protuberances in suction cups of octopi. Nature, 2017. 546(7658): p. 396.

46

