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Abstract 

In this thesis, a self-focusing multi-spark (SFMS) shock wave generator is 

developed to provide flexibility in controlling the beam size and shape in an 

electrohydraulic shock wave lithotripter. Such a device will allow us to better distribute 

the shock wave energy to match the anatomic features in the urinary collecting system 

or respiration movement of the stone to improve stone fragmentation efficiency while 

reducing tissue injury. In this study, we present the design, fabrication and evaluation of 

the multi-pin titanium electrodes by 3D printing, integration of the SFMS shock wave 

generator, acoustic field characterization based on hydrophone measurements, and 

stone fragmentation tests using stone phantoms confined within a polyurethane rubber 

holder of elliptical shape. The effects of pin number on pressure output and electrode 

degradation are evaluated in order to produce a consistent pressure waveform with 

increased electrode lifespan.  

Experiments were conducted using two transducer configurations: case 1 

(axisymmetric) – with all transducers connected, and case 2 (non-axisymmetric) - with 

transducers on the two side sections disconnected. A fiber optic probe hydrophone was 

mounted on a 3D computer controlled translational stage to perform acoustic field 

characterization. Stone fragmentation test was conducted with stone phantoms placed 

inside a stone holder made of soft tissue mimicking material polyurethane rubber to 
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evaluate the stone comminution efficiency. To assess the effect of multi-pin design on 

electrode damage and output pressure variations, transducer lifespan experiments were 

performed. Specifically, individual transducers used in the SFMS, but with different pin 

numbers (1, 10, and 45) were fired up to 2000 shocks.  

The FOPH measurement results show that the SFMS can generate an 

axisymmetric focal zone with the -6 dB focal width of 16 mm, or a non-axisymmetric 

focal zone with the -6 dB focal width elongated to 28 mm in the side-section direction, 

while in the perpendicular direction the -6 dB focal width is 16 mm, accompanying a 

peak positive pressure of 39.0±1.8 MPa at an input electric pulse energy of 600 J. Such a 

focal zone has stone comminution efficiency of 37.68±5.11% and 69.58±8.29% for stone 

fragment smaller than 2.0 mm and 2.8 mm, respectively, after 150 pulses. After more 

than 2000 pulses, the pressure output drops only by 2%, and lifespan of the transducer 

(defined by a peak output pressure drop less than 10%) is expected to exceed 6000 

pulses. Altogether, we have demonstrated that the SFMS can generate an elongated non-

axisymmetric focal zone with higher stone comminution efficiency, and has significantly 

increased electrode lifespan. The SFMS shock wave generator may provide a flexible and 

versatile design to achieve accurate, stable, and safe lithotripsy for kidney stone 

treatment. 
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1. Introduction and motivation 

1.1 Extracorporeal shock wave lithotripsy 

Kidney stone, also known as urolithiasis, affects 5-15% of the population in the 

world [1]. A kidney stone smaller than 4 mm may pass the body via the urine stream 

without causing symptoms; otherwise, blockage of the urinary tract and severe pain can 

occur, and immediate treatment is necessary [2, 3]. Before the 1980s, the treatment of 

kidney stone disease was regarded as a painful process due to the unfavorable, invasive 

surgery [4]. Since its invention in the early 1980s, extracorporeal shock wave lithotripsy 

(ESWL) has been widely used to treat kidney stone disease: around 50% of renal stones 

are treated by ESWL in the United States [5]. In ESWL, over 2,000 external shock waves 

are focused and delivered to the target stone to pulverize it into fragments that are small 

enough to pass through the urine stream.  

During the past 30 years, various shock wave generation technologies, including 

electrohydraulic (EH), electromagnetic (EM) and piezoelectric (PE), have been applied to 

numerous clinical scenarios for stone removal and have demonstrated excellent 

biocompatibility [6]. Generally, each lithotripter shock wave (LSW) consists of a leading 

compressive wave with a positive peak pressure (p+) of 40 ~ 70 MPa and duration of 1 ∼ 

2 μs, and followed by a tensile wave with a negative peak pressure (p-) of -4 ~ -12 MPa 

and duration of 3 ∼ 5 μs *7+. A cigar-shaped pressure field is generated by traditional 

lithotripters with the long axis coincide with the shock wave propagation path and an 
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axisymmetric focal zone in the focal plane perpendicular to the lithotripter. The focal 

zone is a region defined by focal width (or beam width), which is determined by the full 

width at half maximum pressure (-6 dB) in the focal zone [7]. 

1.2 Electrohydraulic shock wave technology 

In EH shock wave technology, an underwater spark is discharged between the 

tips of two electrodes within 1 μs by the fast energy release from a power source, 

vaporizing the surrounding fluid and establishing a plasma-like state. The rapid 

vaporization acts as an underwater explosion and hence generates a shock wave which 

propagates as a spherical wave [8-11]. Using EH shock wave generation technology, the 

first-generation HM3, which was introduced by Dornier MedTech in 1984, has 

established the gold-standard for modern lithotripsy [12-14]. As shown in Figure 1, HM3 

has two well-isolated electrodes located at F1, mounted in a truncated ellipsoid brass 

reflector. Shock waves generated at F1 are reflected off the ellipsoidal wall and focused 

at F2 [8].  

Compared to EM and PE lithotripters, EH lithotripters produce shock waves at 

the source instead of forming during nonlinear propagation. Besides, instead of a single 

shock wave generated by EM and PE lithotripter, EH lithotripters (i.e. HM3) can 

generate three kinds of shock waves including a shock wave from the plasma expansion, 

a focused LSW, and a secondary shock wave produced by the collapse of a cavitation 

bubble formed at F1 to induce a secondary bubble cluster at F2 [15, 16] and contribute to 
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stone comminution [17]. Moreover, EH lithotripters have broader focal width (8 ~ 17 

mm) than PE lithotripters (2 ~ 6 mm) [18, 19]. Due to the above-mentioned reasons, EH 

technology has become one of the main streams for modern shock wave lithotripter [12]. 

 

Figure 1: Schematic of the electrohydraulic shock wave technology used in 

HM3. Components include two electrodes at F1 to generate spark, and an ellipsoidal 

reflector to reflect and focus the shock wave at F2. Image from reference [20]. 

1.3 Motivation of a non-axisymmetric focal zone 

Even though ESWL has been broadly applied in current kidney stone diseases 

treatment, the shock wave delivered to the kidney is still considered as a risk factor for 

tissue injury (e.g. perinephric hematomas), mainly due to the lithotripter settings (high 
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output energy, large dose and fast delivery rate) and kidney status [21-25]. To avoid 

tissue injury, a general option is to reduce the total number of shock waves delivered 

into the patient’s body, while the beam misalignment caused by respiratory stone-

movement and stone-dispersion during the treatment is considered as a major obstacle 

[24, 26]. On one hand, Sorensen et al (2012) observed a 40% failure of shock wave 

reaching the target stone from ultrasound images due to respirations: kidney stones 

move 10 – 40 mm and ureteral stones move 7 – 10 mm [27-30]. On the other hand, 

during SWL, disintegrated stone fragments are spread in kidney and ureter, which has 

an elongated (bean-shaped) anatomical structure shown as Figure 2 [31]. Since the 

reparation trajectory is generally aligned with the elongated kidney anatomical structure, 

either the patient’s respiration or the stone disintegration can lead to a decrease in stone-

targeting accuracy, which means extra shock waves are required for achieving sufficient 

stone comminution and thus increased risk of tissue injury. 

 

Figure 2: Locations of stones commonly treated with SWL. Image from 

reference [31]. 
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Varied solutions to this issue have been reported to improve focusing accuracy 

by utilizing imaging techniques, including the use of: 1) an anti-miss-shot control device; 

2) a time reversal focusing system; 3) an image based renal stone tracking system; 4) 

vibroacoustography technology; 5) a passive acoustic device; 6) a hit/miss monitoring 

system; 7) a ultrasound based real-time stone tracking system [32-38]. Instead of 

utilizing imaging techniques, Yang et al (2015) reported the usage of a foam mask to 

change the pressure distribution at the aperture of SW lens, thereby established a 

rotating, elongated non-axisymmetric focal slot to match the pattern of respiratory 

stone-movement in patient, and has achieved 30 % increase in targeting accuracy [39]. 

Despite their strengths, previous studies suffer from a fundamental restraint: they 

generally rely on a simple mask for manipulating waves from conventional shock wave 

generators, therefore lack the essential re-configurability and programmability to 

precisely shape the acoustic focal zone over moving or multiple targets, which is crucial 

for accurate alignment and non-invasive SW exposure. 

1.4 Motivation of increased electrode lifespan 

Unfortunately, EH lithotripter suffers from electrode degradation due to erosion 

and vaporization by the spark, which is related to the non-reproducibility of the focal 

point in space and drop in pressure magnitude [40]. To overcome this drawback 

associated with EH lithotripters, several previous studies have been carried out to 

improve the spark system including: 1) adjusting the spark gap after a certain number of 
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pulses [41,42]; 2) encapsulating the electrode in a highly conductive electrolyte-filled 

housing to control the discharge path between the two electrodes [43, 44]; 3) generating 

spherically converging shock waves using a sandwiched structure for electric-discharge 

with two electrode plates enveloping a multi-hole diaphragm, which means the electric 

breakdown happens only in the electrolyte liquid and is separated from the metal 

electrodes [45];  4) reducing the size of the big HM3 ellipsoidal sparker unit into a small 

ellipsoidal sparker unit, and arranging them in an array  design to produce a coherent 

shock wave [46]. However, all these previous designs use a fixed distribution of 

electrodes, which means the shape of the lithotripter aperture is unchangeable, thus 

lacking the flexibility in focal zone adjustment. 

1.5 Aim and content of the thesis 

Motivated by the desire to solve the above-mentioned drawbacks, the primary 

goal of this thesis is to develop a prototype SFMS shock wave generator with longer 

lifespan utilizing a re-configurable multi-spark array.  We anticipate that higher stone 

comminution efficiency can be produced by changing and controlling the beam size and 

shape, providing flexibility in focal width of the lithotripter field to better match with 

the target stone trajectory during clinical lithotripsy procedures. In Chapter 2, the 

progression in the SFMS design is illustrated. Firstly, individual multi-pin transducers 

for the SFMS were studied and designed, including analyzing the relationship between 

the performance of the SFMS and other influencing factors from experimental setup. 
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Besides, an electrode pin lifespan experiment is demonstrated to prove one of the key 

features of the SFMS: longer lifespan. Secondly, each individual transducer is integrated 

and developed into the SFMS, and the final design of the SFMS is shown in this chapter. 

Thirdly, results of the SFMS simulation model built in MATLAB (R2016a, Mathworks 

Inc., Natick, MA) is presented and discussed to access the feasibility of achieving an 

elongated focal zone. Chapter 3 describes the results of acoustic field characterization of 

the SFMS in two cases (axisymmetric and non-axisymmetric) to prove that either the 

shape or the size of the focal zone generated by the SFMS can be altered. Moreover, key 

parameters such as focal width and peak pressure of the SFMS acoustic fields are 

compared with the simulation results and some other clinically approved lithotripters. 

In Chapter 4, stone fragmentation test is performed to compare the stone comminution 

efficiency of the SFMS in two cases, which proves the higher stone comminution 

efficiency for the non-axisymmetric focal zone. Finally, the development of the SFMS is 

summarized in Chapter 5 with future work and recommendations. 
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2. Prototype design, construction and simulation 

The primary goal of this thesis is to develop the SFMS shock wave generator 

with higher system efficiency and longer lifespan of the electrodes. Therefore, it is 

desirable to optimize the pressure output and the electrode lifespan of each individual 

transducer under same electrical energy input. The optimization can be achieved by 

testing different transducer configurations (i.e. different electrode pin size and number). 

Besides, other factors that affect the performance of the SFMS are evaluated so that the 

variables in the experiments can be controlled. Finally, to assess the feasibility of beam 

adjustment, a mathematical simulation of the wave propagation from the SFMS was 

performed in MATLAB (R2016a, Mathworks Inc., Natick, MA) to foresee if the SFMS can 

produce a non-axisymmetric elongated focal zone. 

2.1 Individual transducer design and study  

The generator consists of multiple EH transducers distributed on a semi-

spherical base, and each EH transducer consists of multiple pins, as shown on the left of 

Figure 3, in order to achieve point discharge with high voltage input to generate a spark. 

The spark vaporizes the surrounding liquid, inducing an underwater explosion, which 

leads to the generation of a spherical wave that propagates outward and finally 

converges at the focal point, inducing pressure outputs (Figure 3). 
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Figure 3. Computer-aided design (CAD) models of (left) the 45-pin transducer, 

and (right) the semi-spherical base which allows the wave and pressure outputs 

convergence at the focal point. 

2.1.1 Electrode pin size selection 

According to Peek’s law [47, 48], energy in a point discharge is concentrated in 

the conductor (electrode pin) tip. A reduction of the electrode pin size will result in an 

increase of the charge density, and hence a stronger energy concentration at the tip. 

However, a high charge density may also lead to a faster oxidation of the electrode pin 

and damage of epoxy resin. We, therefore, evaluated the effects of electrode pin size 

among Ø 0.375, Ø 0.310, and Ø 0.270 mm for individual transducers. 

2.1.1.1 Experimental setup 

As shown in Figure 4 (right), 3D printed titanium 45-pin transducers with 

different pin size were mounted at the bottom of a cylindrical acrylic water tank (Ø 4×12 

inches) filled with 5% salt water, and was triggered by a pulse generator (BNC Model 

555). An immersion hydrophone (OLYMPUS, Tokyo, Japan) was placed at the top to 
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measure pressure. Voltage and capacity from power source was 15 kV and 40 nF 

respectively. The pressure was measured 5 times and post-processed by MATLAB 

(R2016a, Mathworks, Natick, MA) and Excel (Microsoft, Redmond, WA). The condition 

of each 45-pin transducer was observed by microscope, and 10× macro photos of 

electrode pin were taken after 600 pulses. 

 

Figure 4. (left) Photo of the experimental setup for both section 2.1.1.1 and 

2.1.2.1; (right) close-up photo of (top) single-pin transducer (4 pins were covered by 

epoxy when conducting experiments), (middle) 10-pin transducer, (bottom) 45-pin 

transducer. 
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2.1.1.2 Results and discussion 

The results in Figure 5 demonstrate the trend that pressure output decreases 

with the increase of pin size at a rate of -1.2436 unit/mm. However, for transducer with 

pin size of Ø 0.270 mm, electrode oxidation (turn from bright to dark) and epoxy cracks 

are much more severe compared with transducer with pin size of Ø 0.310 and Ø 0.375 

mm. 

 

Figure 5. Plot of averaged pressure output versus different pin sizes (diameters 

of 0.375, 0.310, and 0.270 mm) for 45-pin transducers with 10× macro photo 

(underneath data each points respectively) of electrode pin tip and surrounding epoxy 

after 600 pulses. 

2.1.2 Electrode pin number selection and transducer lifespan 
experiment 

Instead of a single transducer with two electrodes in the traditional EH 

lithotripters (Dornier HM3), 3D printed titanium multi-pin transducers are mounted on 

the SFMS to achieve the input electrical energy distribution onto each pin as E given by: 
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     (2.1) 

where N is the total number of pins on the SFMS, C is the capacitance, and V is the 

voltage on the transducer. The quantitative comparison of these parameters between the 

SFMS and HM3 are listed in Table 1. Since each electrode pins carries less energy during 

spark discharge, the electrode pin damage and pressure magnitude degradation can be 

significantly reduced, hence enhancing the electrode lifespan. To prove the energy 

distribution among multi-pin transducers, and study the effect of electrode pin number 

on pressure output, transducer lifespan experiment was performed. 

Table 1. Quantitative comparison of the values of E (input electrical energy 

distribution onto each pin), N (total number of electrode pins), C (capacitance), and V 

(voltage) between the SFMS in two cases and HM3. 

Lithotripter type  E (J) N C (μF) V(kV) 

SFMS 

case 1 (all electrodes connected) 0.148 4050 

3 20 case 2 

(electrodes on the two side sections disconnected) 
0.202 2970 

HM3 16 1 0.08 20 

 

2.1.2.1 Experimental setup 

Using the same experimental setup as described in section 2.1.1.1, the 3D printed 

titanium multi-pin transducers with different pin numbers (1, 10, and 45) (shown as at 

the right of Figure 4) were triggered by a pulse generator (BNC Model 555) up to a 

maximum 2000 shocks. An immersion hydrophone (OLYMPUS, Tokyo, Japan) was 

installed at 8 inches above the transducers, which were mounted at the bottom of a 
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cylindrical acrylic water tank (Ø 4×12 inches). Voltage and capacity from power source 

was 15 kV and 40 nF respectively. The pressure was measured 5 times and then 

averaged every 200 shocks. Data were post-processed by MATLAB (R2016a, Mathworks, 

Natick, MA) and Excel (Microsoft, Redmond, WA). Before and after the experiments, 

each transducer was inspected using a microscope, and 10× macro photos of electrode 

pin were taken. 

2.1.2.2 Results and discussion 

According to Equation 2.1, the electrical energy deposit on each pin (E) is 4.5 J for 

single-pin transducer, 0.45 J for 10-pin transducer, and 0.1 J for 45-pin transducer. The 

experiment of single-pin transducer was stopped after 200 pulses due to the serious 

erosion of electrode pin and damage of epoxy as shown in the middle-left on Figure 6: 

electrode pin tips were fully oxidized, and epoxy material was cracked radically and 

melted around electrode pin. As for the 10-pin transducer, electrode oxidation was also 

obvious, and radial epoxy cracks appeared at 1000 pulses. However, for 45-pin 

transducer, from the right column in Figure 6, oxidation of electrode pin was not severe 

despite a little amount of epoxy was melted around electrode pin. Figure 7 shows the 

pressure magnitude degradation of each transducer in the transducer lifespan 

evaluation experiments. For the 45-pin transducer, pressure magnitude dropped slightly 

(~2%) after 2000 pulses, while for the 10-pin transducers, more significant pressure 

magnitude degradation (~14%) was observed.  
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 1-pin transducer 10-pin transducer 45-pin transducer 

0 pulse 

   

1000 

pulses 

   

2000 

pulses 
 

  

Figure 6. 10× macro photo of electrode pin tip with surrounding epoxy 

condition at 0, 1000, and 2000 pulses for 1-, 10-, and 45-pin transducers (only 200 

pulses for 1-pin transducers). 

200 pulses 
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Figure 7. Plot of pressure magnitude change over 2000 pulses for 1-, 10-, and 

45-pin transducers in the transducer lifespan evaluation experiments. 

2.1.3 Conclusions 

Considering a good compromise between pressure output and transducer 

electrode pin damage into consideration, Ø 0.310 mm was chosen for the final transducer 

pin size. Jointly, 45 pins were selected for each transducer to enhance the input electrical 

energy distribution. Moreover, results from the transducer lifespan experiment 

demonstrate that when the input electrical energy is distributed among multiple pins, 

the transducers will suffer less damage to either the electrode pin or the surrounding 

epoxy material. With increased pin numbers, each electrode pin will carry less input 

electrical energy, leading to a longer lifespan. Based on our preliminary tests, the 

lifespan of the 45-pin transducer is expected to exceed 6000 pulses (pressure output 

drops < 10%). 
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2.2 SFMS shock wave generator design and construction 

In the prototype SFMS design, the shock wave generator consists of 90 EH 

transducers distributed on a spherical base. The transducers are divided into several 

sections which can be connected individually. Theoretically, the focal width (FW) of the 

shock wave source can be approximated by [49-51], 

    
    

 
      (2.2) 

where α is a constant, fL represents the focal length of the lithotripter, λ is the 

wavelength, and D is the source aperture size. Equation 2.2 indicates that FW is 

inversely related to D for a given fL and λ. Therefore if the effective aperture size of an 

axisymmetric source is reduced along a particular direction, the corresponding FW can 

be increased, producing a non-axisymmetric elongated focal zone. The transformation of 

the focal zone size and shape was accomplished by turning off the side sections of the 

SFMS shock wave generator to selectively reduce the source aperture along certain 

direction, for example, the respiration trajectory (i.e., head-to-toe) direction, which 

broadens the FW of the lithotripter field along this preferred direction.  

To construct the SFMS, individual transducers were installed in the base support 

and then embedded in epoxy resin, which was subsequently polished so that the tips of 

the pins are exposed and can be directly put in contact with electrolyte (salt water). 

When exciting the SFMS, all the pin tips synchronously generate sparks. 
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Figure 8. (left) Enlarged photo of transducers with 45 3D-printed titanium 

electrode pins; (top-right) isometric view of the SFMS with two side sections in red 

shaded areas disconnected, leading to a focal zone elongation in the side-section 

direction; (bottom-right) back view of the SFMS and the illustration of circuit 

connection. 

2.3 Other influencing factors study 

Due to the use of EH technology in the SFMS, there are two factors that 

significantly influence the pressure output: total electrical energy input to transducers 

and conductivity of electrolyte between electrode and ground electrode. Hence, 1) the 

relationship between the input electrical energy distribution onto each pin (calculated as 

E in Equation 2.1) and the output pressure distribution from each pin, and 2) the 
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relationship between the salinity of salt water (used as electrolyte) and the pressure 

output was studied to determine the proper experimental condition for the SFMS. 

As for the study 1), transducers with different pin number (5, 10, and 45) were 

tested under different combinations of voltage (ranging from 9-20 kV) and capacitance 

(1 nF and 40 nF) to obtain different values of E. As for the study 2), 45-pin transducers 

were tested under different salinity (0.1%, 0.5%, 1.0%, and 5.0%). All other influencing 

factors and experimental setup were maintained the same as in section 2.1 for these two 

studies.  

The results show that the output pressure distribution from each pin (P/N) 

increases with the increase of the input electrical energy distribution onto each pin (E) 

but the saturation of P/N is approaching at the end of the curve in Figure 9 when E ≥ 

0.144 J. Therefore, we chose 20 kV and 3 μF as the input voltage and capacitance in the 

power source for the SFMS. E is acceptable in this case at 0.148 J for the consideration of 

performance optimization. Similarly, from Figure 10 the pressure output also increases 

with the increase of the salinity, and the saturation appears when salinity is larger than 

0.5%. According to this result, we can choose salt water at any salinity larger than 0.5% 

for the SFMS. 
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Figure 9. Plot of output pressure from each pin versus input electrical energy 

distribution onto each pin. 

 

Figure 10. Plot of averaged pressure output versus different salinity (0.1%, 

0.5%, 1.0%, and 5.0%) for 45-pin transducers. 

2.4 Mathematic simulation 

To assess the feasibility of the SFMS design, a mathematical simulation of the 

wave propagation from the SFMS was performed in MATLAB (R2016a, Mathworks Inc., 

Natick, MA). The 45-pin transducers distributed on the spherical base were 
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approximated as 90 point sources (shown in Figure 11 (a)), with corresponding the 

SFMS aperture size of 185 mm. To simplify this model, the waves generated from 90 

transducers instead of from 4050 electrode pins were assumed to be periodic triangular 

pulse waves of amplitude P0 = 10 MPa, which reach the focal point simultaneously due 

to the self-focusing shape of the base. Each single wave contributes to the pressure 

distribution along the focal plane, which can be described as: 

        
       

       
              

 

 
   (2.3) 

where p(x,y) represents the pressure at point (x,y) in the focal plane, I0 describes the 

acoustic intensity at the outer boundary of a single transducer, r is its radius, and ri is the 

distance between the target point and the ith wave source. In mathematical simulation, 

we considered a target focal plane of 20×20 mm in rectangular shape, which was further 

divided into 1600 elements. The resultant pressure field was obtained under steady-state 

condition when a pulse peak arrives the focal point. 

As Figure 11 presents, the focal zone alternation was achieved by switching 

different sections of transducers to contribute to the total pressure distribution. The 

resultant pressure field was obtained at t = fL/c. In Figure 11, when all the transducers are 

connected to generate pulse waves, the resultant pressure distribution along the focal 

plane is axisymmetric agreeing with the feature of the traditional lithotripter. After 

switching off the side sections, the focal zone is elongated along the side-section 

direction. 
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(a) (b) (c) 

Figure 11. (a) Schematic view of the transducers distributed on the spherical 

carrier dish; transducers arrangement and resultant pressure distribution in the focal 

plane when (b) all the transducers are on, (c) side sections are disconnected. 

According to the modeling results, the design of the SFMS is able to achieve an 

axisymmetric focal zone with all transducers connected, which mimic conventional 

lithotripters. Moreover, an elongated focal zone along the side-section direction can be 

generated via disconnecting the transducers of the two side sections. 
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3. Acoustic field characterization 

Based on IEC 61846 standard, several key parameters such as focal width (FW), 

peak positive pressure (p+), and effective acoustic pulse energy (Eeff) should be studied to 

characterize the lithotripter acoustic field. In this chapter, acoustic fields for two cases 

are characterized by hydrophone measurements to experimentally prove that focal zone 

of the SFMS can be elongated from axisymmetric to non-axisymmetric by turning off the 

side sections 

3.1 Materials and methods 

In order to further experimentally prove the results of the mathematical 

simulation in section 2.4, the pressure waveform distributed along the x-, y- (side-section 

direction) and z-axis with the focal point set as original point to illustrate different beam 

shapes and sizes. The measurement step increments are 1-2 mm on x- and y-axis, and 

10-20 mm. The measurements were divided into case 1 (axisymmetric) and case 2 (non-

axisymmetric) with two transducer connection options: all transducers connected and 

side sections disconnected. When measuring pressure distribution, voltage and capacity 

were chosen to be 15 kV and 3 μF (Etotal = 0.5×3μF×(15 kV)2 = 338 J) respectively for the 

power source since higher total input electrical energy (e.g. Etotal = 0.5×3μF×(20 kV)2 = 600 

J) can cause damage to the hydrophone, leading to the inconsistency of measurement. 

However, in order to obtain the optimum pressure output for the SFMS in both cases 
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(when E ≥ 0.144 J), pressure waveforms of the total input electrical energy of 600 J (U = 

20 kV and C = 3 μF) were measured as well. 

As shown in Figure 12, a fiber optic probe hydrophone (FOPH 500, RP Acoustics, 

Leutenbach, Germany) was mounted on a 3D computer controlled translational stage 

(VXM-2 step motors with BiSlide-M02 lead screw, Velmex, Bloomfield, NY) to measure 

pressure waveform. The FOPH was submerged in salt water (1% of salinity) in a 

cylindrical acrylic water tank (Ø 8×12 inches), while the SFMS was installed and sealed at 

the bottom, which was triggered by a pulse wave generator (BNC Model 555). A latticed 

shape ground electrode with grid size of 8×8 mm was mounted 30mm above the surface 

of the SFMS. Then measurement was conducted 3 times at each measuring point to 

obtain an averaged pressure waveform. Data were post-processed by MATLAB (R2016a, 

Mathworks, Natick, MA) and Excel (Microsoft, Redmond, WA). 

After obtaining relevant data of the SFMS in case 1 (axisymmetric) at 15 kV, the 

effective acoustic pulse energy (Eeff) was calculated since it is related to the stone 

comminution efficiency [52-55].  Eeff is the integration of the pulse acoustic energy within 

the focal zone and can be calculated as: 

      
 

    
          

  
  

       (3.1) 

where ρw and cw are the density and sound speed in electrolyte of the SFMS, and t1 and t2 

are the first and last time when the absolute value of the pressure exceeds 10% of the p+. 
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Figure 12. Photo of the experimental setup for acoustic field characterization 

with close-up photo of the water tank (top-right corner). 

3.2 Acoustic field results and discussion 

The pressure distribution for both case 1 (axisymmetric) and case 2 (non-

axisymmetric) along x- and y-axis on focal plane (z = 0 mm, 8 inches from the SFMS 

surface) is shown in Figure 13. Due to the field symmetric in case 1, pressure distribution 

on x-axis and y-axis are determined to be identical. As mentioned in Chapter 1, the -6 dB 

focal width is calculated as the width of half peak positive pressure which is ~9 MPa. In 

case 1 (axisymmetric), the SFMS generates an axisymmetric focal zone with the -6 dB 

focal width of 16 mm. In case 2 (non-axisymmetric), the focal zone becomes non-

axisymmetric with the -6 dB focal width elongated to 28 mm in the side-section direction, 
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while in the perpendicular direction the -6 dB focal width remains the same. As shown 

in Figure 14, the pressure distributions along z-axis for both cases are mostly equivalent. 

Both two plots are asymmetric: slope for z ≤ 0 (closer to the SFMS) is steeper then slope 

for z ≥ 0 (further from the SFMS). Additionally, due to the lack of complete parameters 

in other circumstance, the effective acoustic pulse energy (Eeff) was only calculated for 

case 1 at 15 kV, which equals to 98 mJ in an area with radius of 8.9 mm, comparing to 20-

70 mJ for HM3 in an area with radius of 12 mm 

 

Figure 13. Peak positive pressure (p+) distribution along x-axis in case 1 (dotted 

green line), and in case 2 along x-axis (blue line) and along y-axis (red line). 
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Figure 14. Peak positive pressure (p+) distribution along z-axis in case 1 (dotted 

green line), and in case 2 (blue line). 

Moreover, when optimizing the pressure output for the SFMS, the FOPH 

measurement results show that in case 1 (axisymmetric), the SFMS can produce a peak 

positive pressure of 17.7±0.9 MPa at a total input electric pulse energy of 338 J (U = 15 kV 

and C = 3 μF), which increases to 40.4±0.7 MPa at a total input electric pulse energy of 

600 J (U = 20 kV and C = 3 μF). Similarly in case 2 (non-axisymmetric), the peak positive 

pressure changes from 18.9±0.9 MPa (total input electric pulse energy of 338 J, U = 15 kV 

and C = 3 μF) to 39.0±1.8 MPa (total input electric pulse energy of 600J, U = 20 kV and C = 

3 μF). These changes can be found in Figure 15, where one of the waveforms in each case 

and under each input energy are listed. 
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Figure 15. Pressure waveforms measured at focal point in case 1 (left column) 

and case 2 (right column) when U = 15 kV (upper row) and U = 20 kV (lower row). 

3.3 Conclusions 

Acoustic field characterization results show that the focal zone of the SFMS is 

elongated from an axisymmetric shape when all the individual transducers are 

connected and fired (case 1) to a non-axisymmetric shape when the side sections were 

disconnected (case 2). This verifies the simulation results in Section 2.4, demonstrating 

the capability of distributing effective acoustic energy in a non-axisymmetric field to 

better match the anatomical feature of kidney and the trajectory of respiratory motion. 

What’s more, even though there are fewer transducers connected and fired in case 1 

(axisymmetric) then case 2 (non-axisymmetric) (60 transducers versus 90 transducers), 

the peak positive pressure in both cases are equivalent when same amount of electrical 

energy is input. At total input electrical energy of 600J, the SFMS can produce a 
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compressive wave with a peak positive pressure of ~40 MPa in both cases, which reaches 

the requirement of LSW to break a stone as discussed in Chapter 2, and hence the stone 

fragmentation test can be performed. 

In addition, in order to compare the typical waveform at focal point of the SFMS 

with the “gold-standard” EH lithotripter HM3, Figure 16 is created. As can be seen from 

the figure, the SFMS has longer rise time and pulse duration, and duration of its 

compressive wave is shorter than tensile wave. Moreover, the characteristics of the 

SFMS are compared with other types of clinically approved lithotripters in Table 2. As 

can be seen from the table, under similar setup and configuration, the SFMS has 

comparable critical acoustic field parameters with most clinically approved lithotripters. 

Most importantly, the SFMS has the flexibility of producing focal zone in different sizes 

and shapes. 

 

Figure 16. Typical pressure waveform at focal point comparison of the (left) 

SFMS and (right) HM3 [7]. 
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Table 2. Characteristics comparison of the SFMS and different types of SWL. 

Lithotripter type 
C  

(μF) 

V 

(kV) 

Focal length 

(mm) 

Aperture 

angle (deg.) 

p+ 

(MPa) 

p- 

(MPa) 

tr  

(ns) 

t+ 

(μs) 

t- 

(μs) 

FWx 

(mm) 

FWy 

(mm) 

Eeff 

(mJ) 

SFMS  
case 1 

3 20 203 60 ~40 ~-4 ~250 ~5 ~4 ~16 
/ 98 

case 2 ~28 / 

EH 0.02~0.2 12~30 140~170 60~80 40 -8~-10 <30 1~2 4~6 8~17 

/ 

20~70 

EM 

Acoustic 

lens 

0.5~1.5 

8~20 

150~180 

50~70 50 -5~-12 30~120 1~2 2~4 6~12 10~120 

Parabolic 

reflector 
8~20 85~90 70 -5~15 50~500 ~1 2~3 4~9 20~150 

Self-

focusing 
8~12 30~34 20 -4~-7 70~120 2~3 4~5 15~20 / 

PE 0.3~0.8 1~10 100~160 70~90 80 -9~-10 30~250 ~1 0.5~1 2~6 / 

Data compiled from ([7, 18, 19, 56-58]) and our own measurements. 

Note: Eeff of the SFMS in case 1 was calculated at 15 kV in an area with radius of 8.9 mm, while Eeff of other devices were calculated in 

an area with radius of 12 mm. 

 



 

30 

4. Stone fragmentation test 

Now that the pressure waveform measurements and acoustic field 

characterization have shown that the SFMS can generate an elongated non-axisymmetric 

focal zone, we need to assess the effectiveness of the non-axisymmetric focal zone in 

stone fragmentation. The experiments were performed for both transducer connection 

options (all transducers connected and side sections disconnected, which is case 1 

(axisymmetric) and case 2 (non-axisymmetric) respectively) to compare the stone 

comminution efficiency. 

4.1 Materials and methods 

4.1.1 Experiment preparation 

First, cylindrical soft BegoStone with size of Ø 6×6 mm and weight of 0.3 g is 

selected as stone phantom for the fragmentation test.  The stones were made using a 5:2 

powder to water mixing ratio, and have similar acoustic properties to uric acid stones, 

with a longitudinal wave speed of 3148 m/s and a density of 1563 kg/m3. Stone 

phantoms were soaked in water for ~30 minutes before the fragmentation test. 

Second, a stone holder was designed and made of polyurethane rubber with a 1:1 

pre-polymer (part A) to polyol (part B) mixing ratio, which yielded similar acoustic 

properties to soft biological tissues with a longitudinal wave speed of 1410 m/s and a 

density of 1090 kg/m3. As shown in the bottom-left corner of Figure 17, the cylindrical 

stone holder (Ø 48×30 mm) has an elliptical hollow area (long axis: 24 mm, and short axis: 
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12 mm) in the center with a 5 mm thick bottom part. The elliptical hallow area allows 

stone phantoms in the stone holder to be moved and dispersed in an elongated area 

during SWL treatment, which approximates the anatomic geometry in the pelvis of the 

kidney. 

4.1.2 Experimental setup 

The soaked stone phantom was placed inside the stone holder and submerged in 

salt water with 1% salinity. The stone holder was mounted on a 3D printed bridge, 

which was placed across the water tank (same as that in Chapter 3) and positioned so 

that the stone phantom was aligned with the focal point of the SFMS. The stone holder 

was submerged in salt water (1% of salinity) in the water tank, with the SFMS and other 

parts as described in Chapter 3. Since the cavitation bubbles generated by the spark 

discharge at the tips of the transducers and by the incident shock wave along its 

propagation path take around 6 seconds to dissipate, which can significantly attenuate 

the ensuring shock waves, a low pulse repetition frequency of 0.1 Hz was used during 

the fragmentation tests.  In addition, a water circulation system was built underneath 

the stone holder (see Figure 17). The circulation inlet and outlet were facing each other, 

producing a jetting flow to disperse bubble cloud gathering underneath the stone holder. 

Six stones were treated for case 1 (axisymmetric) and case 2 (non-axisymmetric). The 

operating voltage and capacity from power source was 20 kV and 3 μF respectively in 

order to break stones faster. After treating stones phantom for 150 pulses, stone 
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fragments were collected and dried in the oven at 65 °C over night. Dry fragments larger 

than 2 mm were first separated using a 2 mm grid sieve (W.S. Tyler, Mentor, OH), and 

then weighted to calculate the stone comminution efficiency: percent of fragments 

smaller than 2 mm of the original stone mass. The dry fragments larger than 2.8 mm 

were also separated using a 2.8 mm grid sieve, and stone comminution efficiency for 

fragments smaller than 2.8 mm was calculated. Data were post-processed by Excel 

(Microsoft, Redmond, WA) and presented in bar chart with mean, standard deviation, 

and p-value. 

 

Figure 17. Photo of the experimental setup for stone fragmentation test with 

close-up photo of the water tank (top-left corner) and top-view of the stone holder 

(bottom-left corner). 

4.2 Stone fragmentation results  

A total of 12 stones were treated using both configurations of the SFMS shock 

wave generator.  In each case, one stone with abnormal fragmentation result from the 

cohort was removed as an outlier. As shown in Figure 18, for stone fragments smaller 

than 2 mm, the SFMS in case 2 (non-axisymmetric) has a higher stone comminution than 
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in case 1 (axisymmetric), 37.68±5.11% versus 29.91±5.21%. For stone fragments smaller 

than 2.8 mm, stone comminution of case 2 (non-axisymmetric) (69.58±8.29%) is even 

much greater than that of case 1 (axisymmetric) (47.06±11.16%).  The results of a two-tail 

t-test of data from the two groups show a p-value of 0.011 (< 2 mm) and 0.008 (< 2.8 mm), 

respectively, indicating that the difference in stone fragmentation produced by the two 

configurations of the SFMS is statistically significant.  Graphically, Figure 19 displays the 

stone fragments after SWL treatment, with stones treated by the SFMS in case 1 

(axisymmetric) showing larger size and fewer fragments compared to smaller size and 

more fragments produced in case 2 (non-axisymmetric). 

 

Figure 18. Stone comminution (n = 5) of fragments smaller than 2 mm (left) and 

2.8 mm (right) after 150 pulses of shock wave treatment by the SFMS in both case 1 

(blue) and case 2 (red). Indicated p-values are 0.011 and 0.008 for each group of results. 
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(a) (b) 

Figure 19. Stone fragments after 150 pulses of shock wave treatment by the 

SFMS in both case 1 (a) and case 2 (b). Unit of the scale bar is mm. 

4.3 Discussion 

As mentioned, the SFMS has a circular focal zone (FW = 16 mm) in case 1, and an 

elliptical focal zone (FWx = 16 mm, FWy = 28 mm) in case 2. The stone holder has an 

elliptical open area with long axis of 24 mm and short axis of 12 mm, in where stone 

fragments can be moved and dispersed. The stone holder was designed in such shape 

and size intentionally to illustrate that the big stone fragments will be significantly off-

axis and remain large size if they are moved or dispersed to two poles of the elliptical 

open area, where are not covered by the axisymmetric focal zone. In reality, the 

movement and dispersion of stone fragments is the results of respiration motion and the 

bean-shaped kidney anatomic structure. However, with the utilization of the elongated 

non-axisymmetric focal zone, moved and dispersed large stone fragments can still be 

covered by the focal zone. Therefore, when the stone phantom can be dispersed in an 

elongated area, the stone comminution efficiency is enhanced by treating the stone 

phantom via an elongated non- axisymmetric focal zone. 
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According to the result from Xing et al (2017), for HM3, the stone comminution 

efficiency of 10 mm spherical hard BegoStone in vitro was ~60% (or ~82%) after 500 (or 

2000) pulses, and in vivo was ~70% (or ~90%) after 500 (or 2000) pulses [59]. Although 

the experimental setup and the stone phantom properties are different between this 

study and ours, the SFMS is expected to have a promising stone comminution efficiency 

since it can achieve stone comminution efficiency of over 50% only after 150 pulses. 



 

36 

5. Conclusion 

The primary goal of this thesis is to design, construct and evaluate the self-

focusing multi-spark (SFMS) shock wave generator. The SFMS is aimed at 1) generating 

non-axisymmetric elongated focal zone, which has been shown to be a beneficial feature 

that may increase stone comminution efficiency and reduce tissue injury during SWL; 2) 

increasing the lifespan of electrodes with the 45-pin transducer design to produce a 

long-lasting and stable stone comminution efficiency during SWL.  

The advancement from an individual multi-pin transducer to the SFMS is 

introduced in Chapter 2. Experiments performed using multi-pin transducers show that 

transducers with pin size of Ø 0.310 mm and pin number of 45 is most suitable for the 

SFMS, with the expected lifespan exceeds 6000 pulses (pressure output drops within 

10%). The transducers were then assembled on a semi-spherical base and connected to a 

high-voltage pulse generator to develop into the SFMS. Moreover, based on the 

experiments from the multi-pin transducers, power source with voltage of 20 kV and 

capacitance of 3 μF, and salt water electrolyte of over 0.5% salinity were selected for the 

SFMS. Furthermore, a MATLAB simulation was carried out to verify the feasibility of 

generating a non-axisymmetric focal zone using the SFMS.  

In Chapter 3, the acoustic field characterization has experimentally demonstrated 

that the focal zone of the SFMS can be transformed from a circular shape with diameter 

of 16 mm to an elliptical shape with short axis of 16 mm and long axis of 28 mm. The 
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elliptical-shaped focal zone better matches the effective pulse energy with the anatomic 

structure of the upper urinary system and the trajectory of respiratory motion. In either 

transducer configuration option, the SFMS can produce a peak positive pressure of 

about 40 MPa at an input electrical pulse energy of 600 J. 

Chapter 4 presents the stone comminution tests and the results validate that 

when the fragments can be dispersed and moved in an elongated area, the stone 

comminution efficiency is increased using a non-axisymmetric focal zone compared to 

an axisymmetric one. The increment of stone comminution efficiency is 40% for 

fragments smaller than 2 mm (from 26.91±5.21% to 37.68±5.11%), and 47% for fragments 

smaller than 2.8 mm (from 47.06±11.16% to 69.58±8.29%). 

In conclusion, the SFMS shock wave generator addresses the key bottleneck of 

stone comminution efficiency in SWL using a self-focusing and multi-spark design, 

providing us a flexible and versatile design to achieve accurate, stable and safe 

lithotripsy for kidney stone treatment. 
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6. Recommendation for future work 

In this thesis, several limitations exist due to constraints in time and resources. 

First, due to the similarity of E (input electrical energy deposit on each pin) for 45-pin 

transducer in transducer lifespan experiment and for the SFMS shock wave generator, 

the lifespan experiment was only performed on individual 45-pin transducers to 

estimate the lifespan, However, we should keep recording the pressure at focal point 

every hundred of pulses for the next SFMS prototype and then draw a more convincing 

conclusion. Second, the acoustic field characterization was only conducted for two axes 

perpendicular to each other, showing that the SFMS can generate a non-axisymmetric 

focal zone because the -6 dB focal width is longer in one direction than in the other 

direction. The elliptical shape of such focal zone was determined by the mathematical 

simulation without experimental validation. Hence, in order to study the shape of the 

focal zone, the pressure distribution in the focal plane instead of along two axes needs to 

be measured. Third, to evaluate the SFMS’s stone comminution efficiency for stone in 

respiration motion, the stone phantom should be fixed in a stone holder which can be 

regularly moved by the 3D translational stage, instead of jumping randomly during to 

the shock wave treatment.  

In the future, the second prototype of the SFMS is planned to be designed, 

manufactured and evaluated again. Through the research on the first SFMS prototype, 

we have found several drawbacks: 1) the duration of compressive wave is much longer 
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than traditional SWL, comparing at ~5 μs and ~2μs, which leads to the higher effective 

pulse acoustic energy (Eeff) and raises the potential of tissue injury; 2) cavitation bubbles 

generated by the spark discharge at electrode pin tips can develop into bubble could, 

causing attenuation of shock waves and may result in a low pulse repetition frequency. 

Based on the experience of this research, the second prototype will have the following 

improvements: 1) modify the electric circuit in the power source to reduce the pulse 

duration; 2) improve the ground electrode design to optimize the conversion efficiency 

of input electrical energy to effective pulse acoustic energy; 3) construct a water 

circulation system to disperse the formation of a bubble cloud; 4) cover the SFMS with a 

layer of silicone rubber membrane to enclose bubbles in a smaller volume for faster 

removal. The second prototype of the SFMS is expected to be able to achieve better 

performance and acquire the potential to be further developed into a lithotripter.  
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Appendix A 

In Appendix A, model of the mold for making the rubber stone holder (Figure 20) 

is displayed, which was designed by myself and 3D printed. Moreover, engineering 

drawing for the semi-spherical base for the SFMS (Figure 21), the model of the SFMS and 

water tank assembly (Figure 22), and the 45-pin transducer model (Figure 23) are 

displayed. These parts were modeled by Eric Stach, technician in MEMS department at 

Duke University, and manufactured outside the lab.  

 

Figure 20. (left) Isometric view and (right) section view of the mold model for 

stone holder.
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Figure 21. Engineering drawing of the semi-spherical base for the SFMS.
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Figure 22. (left) Isometric view and (right) top view of the 45-pin transducer 

model. 

 

Figure 23. (top-left) Side view, (bottom-left) bottom view, and (right) isometric 

view of the SFMS and water tank assembly. 
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Appendix B 

The latticed shape ground electrode used in the SFMS suffers from three 

potential issues as follows. First, the ground electrode may block shock waves generated 

by the SFMS, making the wave front distorted. Second, the ground electrode with small 

grid size can trap bubbles generated by point discharge, which causes considerable 

energy attenuation. Third, the difference in grid size of the ground electrode and its 

distance to transducers and the ground electrode can result in variations of electric field 

intensity and pressure output. Therefore, three types of available ground electrode with 

different grid size (1×1 mm, 3×3 mm, and 8×8 mm) was tried on the SFMS with same 

experimental setup in Chapter 3, and then compared. The result indicates the ground 

electrode with grid size of 8×8 mm allow the SFMS to output the highest pressure at 

focal point since the issues as wave blockage and bubble trapping are minimized. Finally, 

such type of ground electrode was selected to be part of the SFMS. 

 

Figure 24. Plot of averaged pressure output versus different grid size (1×1 mm, 

3×3 mm, and 8×8 mm) of ground electrode. 
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Appendix C 

Appendix C is extended from Chapter 4, showing the peak positive and negative 

pressure distribution along x-, y-, and z-axis in both case 1 and 2. All approximation 

lines in Figure 25-29 are 4th order polynomial. The comparison of Figure 25-29 can be 

referred from Figure 13 and 14. 

 

Figure 25. Peak positive (circle data points) and negative (square data points) 

pressure distribution along x-axis in case 1 (axisymmetric). 



 

45 

 

Figure 26. Peak positive (circle data points) and negative (square data points) 

pressure distribution along z-axis in case 1 (axisymmetric). 

 

Figure 27. Peak positive (circle data points) and negative (square data points) 

pressure distribution along x-axis in case 2 (non-axisymmetric). 
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Figure 28. Peak positive (circle data points) and negative (square data points) 

pressure distribution along y-axis in case 2 (non-axisymmetric). 

 

Figure 29. Peak positive (circle data points) and negative (square data points) 

pressure distribution along z-axis in case 2 (non-axisymmetric). 
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