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Abstract 

In this dissertation work, the aim was to garner better mechanistic understanding 

of how shock wave lithotripsy (SWL) breaks stones in order to guide design 

improvements to modern electromagnetic (EM) shock wave lithotripters.  To accomplish 

this goal, experimental studies were carefully designed to isolate mechanisms of 

fragmentation, and models for wave propagation, fragmentation, and stone motion were 

developed.  In the initial study, a representative EM lithotripter was characterized and 

tested for in vitro stone comminution efficiency at a variety of field positions and doses 

using phantom kidney stones of variable physical properties, and in different fluid 

mediums to isolate the contribution of cavitation.  Through parametric analysis of the 

acoustic field measurements alongside comminution results, a logarithmic correlation 

was determined between average peak pressure incident on the stone surface and 

comminution efficiency.  It was also noted that for a given stone type, the correlations 

converged to an average peak pressure threshold for fragmentation, independent of fluid 

medium in use.  The correlation of average peak pressure to efficacy supports the 

rationale for the acoustic lens modifications, which were pursued to simultaneously 

enhance beam width and optimize the pulse profile of the lithotripter shock wave (LSW) 

via in situ pulse superposition for improved stone fragmentation by stress waves and 

cavitation, respectively.  In parallel, a numerical model for wave propagation was used to 

investigate the variations of critical parameters with changes in lens geometry.  A 

consensus was reached on a new lens design based on high-speed imaging and stone 
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comminution experiments against the original lens at a fixed acoustic energy setting.  The 

results have demonstrated that the new lens has improved efficacy away from the focus, 

where stones may move due to respiration, fragmentation, acoustic radiation forces, or 

voluntary patient movements.  Using the traditional theory of brittle fragmentation and 

newfound understanding of average peak pressure correlation to stone comminution, the 

entire set of stone comminution data for lens comparison was heuristically modeled using 

a Weibull-style distribution function.  This model linked both the average peak pressure 

and shock wave dose to efficacy, including their respective threshold parameters, and 

demonstrated correlation of coefficients to cavitation activity.  Subsequently, this model 

was used in prediction of stone comminution efficiency from mimicked respiratory 

motions in vitro, which compared favorably to actual simulated motion studies using both 

the new and original lenses.  Under a variety of mimicked respiratory motions, the new 

lens produced statistically higher stone comminution efficiency than the original lens.  

These results were confirmed in vivo in a swine model, where the new lens produced 

statistically higher stone comminution after 1,000 and 2,000 shocks.  Finally, a 

mechanistic investigation into the effects of cavitation with the original lens was 

conducted using an integrated, self-focusing annular ring transducer specially designed 

for tandem pulse lithotripsy.  It was found that cavitation and stone comminution 

efficiency are progressively enhanced by tandem pulsing as source energies of both the 

primary LSW and trailing pressure pulse increase, which suggests that cavitation and 

stress waves act synergistically to enhance the efficacy in kidney stone fragmentation.   
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1. Introduction 

1.1 A Historical Perspective on Extracorporeal Shock Wave Lithotripsy 

The science of shock wave lithotripsy (SWL) began in 1976 as an alternative to 

invasive removal of kidney stones (Chaussy, Eisenberger et al. 1976).  Since the clinical 

inception of the Dornier HM3 electrohydraulic lithotripter (Dornier Medical Systems, 

Inc., Marietta, GA) over 30 years ago, SWL has become the preferred treatment modality 

for nephrolithiasis (kidney stone disease) among urologists (Kerbl, Rehman et al. 2002).  

To this day, the 1
st
-generation Dornier HM3 is still considered the “gold standard” 

lithotripter, a monumental success for treatment of nephrolithiasis and a generational 

reminder of the failures in improving SWL efficacy (Lingeman 2003).  Other stone 

removal techniques, such as ureteroscopic intracorporeal lithotripsy and percutaneous 

nephrolithotripsy, have been revitalized in part because SWL stone-clearing rate remains 

relatively low (Nabi, Downey et al. 2007).   

Though SWL has failed to improve stone comminution efficiency, technologies 

have evolved over time to improve other aspects of treatment.  Developers of 2
nd

-

generation lithotripters boasted new means of generating acoustic shock waves, namely, 

piezoelectricity and electromagnetism, wider apertures for tighter focusing and lower 

cutaneal pressure, ultrasound stone localization techniques, and dry coupling balloons 

among other developments (Coleman and Saunders 1989; Bierkens, Hendrikx et al. 1992; 

Lingeman, McAteer et al. 2009; Rassweiler, Knoll et al. 2011).  The multi-functionality 

exhibited in 2
nd

-generation lithotripters expanded even further in 3
rd

-generation models 
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(Lingeman 1997).  Recent innovations were consolidated in single units (Kohrmann, 

Rassweiler et al. 1995), and portable, low-cost shock wave lithotripters took shape 

(Lingeman 1997).  While researchers investigated the stone mechanisms of fracture and 

tissue injury in SWL, lithotripter designs were largely driven by user convenience, 

ergonomics and marketability.  A disconnect between mechanistic research and 

lithotripter development has resulted in increased renal trauma and re-treatment rates for 

patients (Graber, Danuser et al. 2003; Lingeman 2003; Gerber, Studer et al. 2005). 

1.2 Lithotripter Technologies 

In the following, the three types of clinically relevant SWL technologies 

(electrohydraulic, piezoelectric, and electromagnetic) are discussed with unique features 

and exemplary models identified in order to provide the underlying motivation for the 

modifications detailed and discussed in this dissertation.   

1.2.1 Electrohydraulic Technology 

In electrohydraulic (EH) lithotripters such as the Dornier HM3, an electrode 

discharged in water produces a diverging spherical shock wave reflected and refocused 

by a hemi-ellipsoidal mirror.  This configuration results in the signature characteristics of 

an EH lithotripter:  a direct wave, the primary lithotripter shock wave (LSW), and a 

secondary “tandem” pulse.  Though weak and often considered inconsequential, the 

direct wave has been shown to induce cavitation in the focal region, a known mechanism 

of both stone fragmentation and tissue injury (Matula, Hilmo et al. 2005).  Plasma 
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breakdown of water in the electrode gap not only generates the direct wave and the 

primary LSW, but also produces a cavitation event at the electrode (Loske, Mendez et al. 

2003).  Upon bubble collapse, a second diverging spherical shock wave is produced, 

reflected and refocused (~2.5 ms) after the main shock wave.  This tandem pulse event 

cavitates residual microbubbles from the primary LSW and has been shown to benefit 

stone comminution efficiency in vitro (Zhou, Qin et al. 2012).  Additionally, EH 

lithotripter electrodes degrade over the course of a single treatment (2000 – 3000 shocks), 

creating instability in spark discharge magnitude and position that has implications to EH 

lithotripter focal size and location (Hamilton 1993; Wright and Blackstock 1997; Bailey, 

Blackstock et al. 1998; Sankin, Simmons et al. 2005).  EH lithotripter electrodes are a 

disposable part that needs to be replaced after each treatment. 

1.2.2 Piezoelectric Technology 

In piezoelectric (PE) lithotripsy, acoustic pressure is generated from the impulse 

response of piezoceramic elements under a high voltage discharge.  Focusing in PE 

lithotripters is achieved through placement of several hundred to several thousand 

elements along the surface of a spherical carrier.  The LSW is formed within the focal 

length by non-linearity in the propagation medium, whereby strong compression causes 

the local sound speed of the medium to rise above its normal value (Cleveland and 

McAteer 2005).  PE element vibration after the initial excitation creates acoustic pressure 

ringing reminiscent of a damped oscillator; this positive pressure immediately following  

the rarefaction phase of a LSW has been shown to inhibit cavitation activity (Bailey, 
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Blackstock et al. 1999).  The Wolf Piezolith 2200 and 2300 models are representative PE 

lithotripters that, despite highly reproducible waveforms and tight focusing capabilities, 

do not fragment renal or ureteral calculi as efficiently as the Dornier HM3 lithotripter 

(Rassweiler, Gumpinger et al. 1987; Rassweiler, Gumpinger et al. 1989; Rassweiler, 

Schmidt et al. 1990; Bierkens, Hendrikx et al. 1992; Lingeman 2007).   

1.2.3 Electromagnetic Technology 

As with PE lithotripters, electromagnetic (EM) lithotripters produce highly stable 

shock waves (<10% variation in pressure) over millions of shocks (Cleveland and 

McAteer 2005).  EM pressure pulse generation occurs by dumping current from a 

condenser through an inductor coil, which produces a magnetic repulsion force acting on 

an adjacent metal surface (Eisenmenger 1962; Granz, Lanski et al. 2003).  Two main 

techniques are in practice for pressure pulse focusing:  plane pressure waves are focused 

using an acoustic lens, as with the 2
nd

-generation Siemens Lithostar (Siemens Medical 

Systems, Inc., Iselin, NJ), or cylindrical diverging acoustic waves are reflected and 

focused by a parabolic mirror, as with the 3
rd

-generation Storz Modulith lithotripter 

(Storz Medical AG, Tägerwilen, Switzerland).  In either case, the EM pressure wave only 

develops into a shock wave through a nonlinear propagation effect where the acoustic 

phase speed increases over the local fluid speed, an identical process to PE lithotripter 

shock wave generation.  Also, EM waveforms exhibit a ringing tail of secondary 

pressures caused by natural current oscillation in the coil.   
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1.3 Motivation of the Current Study 

As with PE lithotripters, EM lithotripters have generally been less effective in 

fragmentation of stones compared to the Dornier HM3 (Bierkens, Hendrikx et al. 1992; 

Lingeman 2007).  However, consistency, longevity, and large dynamic range of operation 

have made the EM lithotripters a conventional choice for clinical SWL and a fertile 

foundation for research improvements.  A primary focus of this work is to improve 

lithotripter efficacy through electromechanical and geometrical manipulation of a 3
rd

-

generation descendant of the Siemens Lithostar EM lithotripter (Siemens Medical 

Systems, Inc., Iselin, NJ).  The changes, which are largely motivated by the effective and 

unique features of the Dornier HM3 lithotripter, will be fully integrated and exclusive to 

the lithotripter in this study.  However, the design principles and general approaches will 

have broad applicability in both physical implementation to other EM lithotripters and 

mechanistic understanding of SWL. 

Numerous studies have been carried out to investigate the mechanisms that lead to 

stone fragmentation during SWL (Coleman, Saunders et al. 1987; Sass, Braunlich et al. 

1991; Gracewski, Dahake et al. 1993; Zhong and Chuong 1993; Zhong, Chuong et al. 

1993; Lokhandwalla and Sturtevant 2000; Eisenmenger 2001; Xi and Zhong 2001; Zhu, 

Cocks et al. 2002; Cleveland and Sapozhnikov 2005; Sapozhnikov, Maxwell et al. 2007).  

Most of these previous studies, although valuable in elucidating the mechanism of action 

in stone fracture (discussed in detail in Chapter 3) especially during the early stage of 

SWL, did not identify the critical parameters in a lithotripter field that correlate closely 
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with stone comminution.  Among various lithotripter field parameters investigated, only 

effective acoustic energy of the incident lithotripter shock wave has been shown to 

correlate with stone fragmentation in different stone models (Koch and Grunewald 1989; 

Granz and Kohler 1992; Delius, Ueberle et al. 1994; Eisenmenger 2001).  Acoustic 

energy, however, is an all-inclusive and integrated parameter that cannot be readily 

related to the characteristics of the lithotripter field such as pressure, beam width, and 

pulse profile for design improvement of modern shock wave lithotripters.  For this 

reason, a further focus of this dissertation work is to correlate easily measurable 

lithotripter parameters (sources of both stress wave and cavitation fracture mechanisms) 

with stone comminution efficiency. 

1.4 Overview:  Key Innovations of This Study 

In summary, the objective of this dissertation is to introduce adaptable 

improvements to a state-of-the-art EM shock wave lithotripter, guided by mechanistic 

and improved understanding of SWL, for the purposes of increasing stone clearance rate 

in modern lithotripters.  This work incorporates new evaluative tools for in vitro 

lithotripter assessment, which is further used to establish the importance of particular 

lithotripter parameters to stone comminution efficiency.  Specific innovations include:  

1. Demonstration of a correlation between average peak pressure surrounding a 

stone with comminution efficiency in vitro and a threshold for fracture 

initiation of different stone types leading to a definition of lithotripter 

effective fragmentation zone (Chapter 3). 
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2. Development of a numerical model for wave propagation and focusing in EM 

lithotripters with lenses and experimental modification of the lens design 

using the principle of in situ pulse superposition to produce a wider focal area 

and improved LSW pulse profile (Chapter 4). 

3. Introduction of a heuristic model of brittle stone fragmentation in SWL to 

assess important physical parameters such as dose and average peak pressure, 

better understand the role of cavitation in stone fragmentation, and predict 

outcome from various EM lithotripter sources (Chapter 5). 

4. Development of a respiratory motion model for in vitro evaluation of 

lithotripters in this study with comparison to in vivo outcome (Chapter 6). 

5. Production and evaluation of a clinically adaptable annular ring source for 

tandem SW treatment, local enhancement of cavitation, and mechanistic 

analysis of the role of cavitation in SWL (Chapter 7).   



 

 

8 

2. Numerical Methods and Theory 

The composition of a lithotripsy treatment is threefold:  acoustic shock source 

(i.e., lithotripter), fluid and tissue medium (e.g., coupling bellow + patient), and target 

stone.  In order to better understand each component, theoretical models have been 

developed and/or utilized over the course of this work.  For analysis and future design 

optimization of EM lithotripter acoustic focusing lenses, a numerical model combining 

elasticity (lens) and Euler (fluid) domains has been developed and verified in 

collaboration with Dr. Sorin Mitran and Dan Fovargue at the University of North 

Carolina-Chapel Hill.  Once the pressure field is determined, the Gilmore model for 

single bubble oscillation is utilized to quantify cavitation potential in response to an 

incident LSW.  Furthermore, the Weibull theory for brittle materials is adapted to 

describe the comminution of phantom kidney stones used in this work, and the results are 

discussed in terms of their physical meaning, empirical utility, and potential for robust 

description of SWL fragmentation.   

2.1 Numerical Wave Propagation Model 

In this study, the wave propagation and focusing in a 3
rd

-generation Siemens EM 

lithotripter (i.e., Modularis) with various lens designs is modeled.  Two axisymmetric 

computational domains are implemented:  the first contains a lens, water, and casing 

material and solves the linear elasticity equations, while the subsequent, linked domain 

contains only water and solves the inviscid Euler equations for fluids with 
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compressibility.  A diagram of the two domains and relative sizes are shown in Figure 2-

1. 

 

Figure 2-1: Schematic of the elasticity and Euler computational domains for the 

numerical wave propagation model.  Domain sizes are indicated and linear acoustic rays 

shown for various paths from source to geometric focus. 

2.1.1 Elasticity Model for the Lens Region 

A cylindrical coordinate system ( , , )z r   with unit vectors ( , , )z re e e has been 

selected due to lithotripter geometry.  The material velocity vector is given by 

,z z r rU u e u e u e    and because of symmetry, the generalized stress tensor simplifies 

to  

 .

zz zr z

zr rr r

z r
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The first set of elasticity equations is derived from the constitutive equations relating 

stress and strain, and the strain-displacement relationship in both lens (polystyrene) and 

water materials.  Tangential variations (in  ) are assumed negligible, so derivatives in 

terms of  are removed from the cylindrical elasticity equation set.  Symmetry further 

reduces the set of 9 elasticity equations down to 4, i.e., 

  2 ,zz z r ru u u
G

t z r r


  

  
   

  
 (2.2) 

  2 ,rr z r ru u u
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t z r r
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The Lamé first parameter, 
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are known material properties defined by Young’s modulus  E  and Poisson’s ratio   , 

or alternatively by longitudinal  lc  and transverse  tc  sound speeds.    = 3.06 MPa 
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and G  = 1.40 MPa for the lens grid elements, while water in this domain is treated as an 

elastic material with  = 2.19 MPa and G  = 1.3 x10
-5

 Pa (Korenchenko and Beskachko 

2008).  The final two relationships to complete the system of equations are derived from 

Newton’s second law: 

 ,z zz zr zru

t z r r

  

  

  
  

 (2.8) 

 .rrr zr rru

t z r r

  


  
  

  
 (2.9) 

It should be noted that the set of linear elasticity equations do not account for 

compressibility in water, with the assumptions being that the acoustic pressure 

amplitudes are sufficiently low and percentage of water in this domain sufficiently small 

relative to the Euler domain that contributions to LSW steepening are minimal overall. 

2.1.2 Euler Model for the Fluid Region 

The Euler model used in this study is similar to one implemented by Iloreta et al. 

for an EH lithotripter (Iloreta, Zhou et al. 2007).  The governing equations are derived 

from conservation of mass,  
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and energy,  
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where the total energy per unit volume of the fluid, 
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or a summation of internal energy per unit volume and kinetic energy per unit volume, 

and the acoustic pressure in the fluid, 
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 (2.15) 

is related to fluid density through the Tait equation of state.  0P  (= 1.01 x 10
5
 Pa) and 0  

(= 0.998 kg/m
3
) are the ambient pressure and density in the fluid, respectively, while k  (= 

7) is the adiabatic index. 

The wave propagation algorithms have been previously formulated by LeVeque 

and implemented in a BEARCLAW code developed by Dr. Sorin Mitran (LeVeque 1997; 

LeVeque and Mitran 2002).  Solutions are transitioned between elasticity and Euler 

domains after each time step, enforcing a Direchlet-type boundary condition.  More 

details on transforming values between domains can be found in (Fovargue, Mitran et al. 
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2011).  The initial condition for computation is acoustic pressure from the EM coil as a 

function of radius and time, characterized using a fiber optic probe hydrophone (FOPH 

500, RP Acoustics, Leutenbach, Germany) and curve-fitted as described in section 4.3.1.  

The right, top, and bottom computational boundary conditions (see Figure 2-1) are zero-

order extrapolation of pressure, wall, and symmetry, respectively.  Typical output from 

the wave propagation model is in the form  P t  for specified field positions  ,z r , and 

post-processing of data occurs in a manner similar to that of FOPH measurements 

(described subsequently in section 3.2).  

2.2 Gilmore Model for Single Bubble Oscillation 

Detailed description of the Gilmore equations used in this study is provided in 

Appendix A.  All equations and numerical methodologies have been previously adapted 

by Dr. Songlin Zhu and Dr. Yufeng Zhou with parameters and initial conditions provided 

by Zhu and Zhong (Zhu and Zhong 1999).  The governing Gilmore equation A.1 is first 

non-dimensionalized and solved in MATLAB (Mathworks, Natick, MA) using a fifth-

order Runge-Kutta-Fehlberg technique.  For the acoustic driving pressure duration, the 

first and final crossing points of 10% of the local peak pressure for a given waveform is 

used; this threshold is shown for illustrative purposes on the waveform in Figure 2-2.  

Primarily, the Gilmore model outputs of maximum bubble radius  maxR  and first bubble 

collapse time  ct  are utilized to evaluate cavitation potential from a given driving 

pressure.  Because the zero-order and no gas diffusion solutions produce similar maxR and 
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ct  values, henceforth all calculations of these parameters exclude considerations for gas 

diffusion. 

 

Figure 2-2:  (a) A representative LSW from the EM lithotripter in this study used to drive 

the growth and eventual collapse of a single bubble in the free field using the Gilmore 

model.  Start and stop times of the driving pressure are indicated.  (b) The resultant 

predicted single bubble radius vs. time curves from the Gilmore model for both no gas 

diffusion (dark) and zero gas diffusion (light) cases.  Maximum bubble radius and first 

collapse times are almost identical in both cases. 

2.3 Weibull Model for Stone Fragmentation 

The Weibull model for describing the fragmentation of brittle materials has 

heuristic origins in engineering science dating back to the Rosin-Rammler-Sperling 

model for grinding of coal (Rosin and Rammler 1933).  Through probabilistic reasoning 
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and visual observation of fragment distributions, Rammler and Sperling arrived at an 

empirical relationship to describe stone comminution  SC  as it related to fragments 

sequentially sieved through a mesh, namely, 

    1 1 exp .
c

TSC m l m l b     (2.16) 

In this definition, the mass  m  of residual particles with diameter greater than the mesh 

size of the sieve  l  normalized to the mass of the original sample  Tm  is equivalent to 

an exponential function of the mesh size, where b  is formally a normalization parameter 

related to the average size of fragments in the distribution, and c  describes the 

uniformity of fragmentation.  In 1939, Waloddi Weibull devised a similar heuristic 

“weakest link” model to describe the probability of a single brittle failure event  fP  

from tensile loading (Weibull 1939).  In its generalized form,  

   1 exp ,

c

f

a
P

b




  
    

   

 (2.17) 

the 3 parameter Weibull function represents the cumulative distribution of a random 

variable   , where in a statistical sense, a , b , and c  are location, scale  and shape 

parameters, respectively (Weibull 1951).  Physically, a  represents a threshold value, or 

the minimum value to initiate failure; b  is functionally related to a characteristic value, 

typically either stress or time, to result in ~63.2% probability of failure; c  is commonly 

referred to as the Weibull modulus, a property of the brittle material related to defect 
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distribution (Rinne 2009).  The lower the Weibull modulus, the higher the standard 

deviation  sd  normalized to the mean value  f  (i.e. scatter of tensile failure 

stresses), and vice versa.  To exemplify this difference in scatter for different materials, 

Figure 2-3 shows failure stresses of cylindrical BegoStone Plus (BEGO USA, Lincoln, 

RI) phantoms under quasi-static diametrical compression (Esch, Simmons et al. 2010).  

Using a standard least square parameter estimation technique (i.e. median rank 

regression) (Genshel and Meeker 2010), equation 2.17 produces Weibull moduli of 8.44 

and 10.0 for soft and hard BegoStone compositions, respectively.  Corresponding 

sd f  values (= 0.124 and 0.105, respectively) are bounded by functions 1 c  and 

 6c
 
(Forquin and Hild 2010). 

 

Figure 2-3:  Weibull fit (equation 2.17) to diametrical compression data reported by Esch 

et al. for the soft (light) and hard (dark) BegoStones using a  = 0 MPa (Esch, Simmons et 

al. 2010).  Tensile failure stresses  f  and characteristic stresses  b  are indicated. 
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Application of the Weibull model has been wide-ranging, though commonly it has 

been used to describe single fragmentation events under dynamic loading conditions 

(Forquin and Hild 2010).  The distribution has many similarities to lognormal 

distribution,  

  
2( ) 1

,
2

t

f
y

erfc y
P y e dt




    (2.18) 

where 

 ln( ) .y a x b    (2.19) 

The lognormal distribution has a mathematical basis; however, it has no apparent 

physical basis from which to justify its frequent empirical usage (Brown and Wohletz 

1995).  Conversely, the parameters of the Weibull model, especially the threshold for 

initiation of fragmentation, possess intriguing potential to describe SWL in useful and 

intuitive ways.  Previously, the Weibull model has been alluded to in publication on stone 

comminution during SWL (Lokhandwalla and Sturtevant 2000), but no attempt has been 

made to fit and analyze comminution in this context.  The dynamic fragmentation process 

in SWL poses a particular challenge to developing an adaptable analytic model based on 

Weibull parameters and methodology.  Still, there is much value in what the Weibull 

cumulative distribution function can reveal about SWL. 
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3. A Correlation of Average Peak Pressure with Stone 

Comminution 

3.1 Background of Stone Fragmentation – The Role of Stress Waves 

It is well known that fragmentation during SWL is the end result of SW-induced 

tensile and shear stress fields within stones (Lokhandwalla and Sturtevant 2000); how 

fragmentation relates to characteristics of a LSW remains unclear.  The fracture 

characteristics of urinary calculi, which are brittle elastic solids that support both 

longitudinal (or P-) and transverse (or S-) waves, depend not only on extrinsic loading 

conditions, but on their composition, flaw distribution, geometry, and environment as 

well.  Less porous stone types with high longitudinal wave speeds such as brushite and 

calcium oxalate monohydrate are demonstrably harder than other common urinary stones, 

such as those composed of uric acid and struvite (Johrde and Cocks 1985; Agarwal and 

Singh 1991; Cohen and Whitfield 1993; Zhong and Preminger 1994).  About 4 in 5 

kidney stones contain calcium compounds (Heller 1999), which have compressive 

strengths much greater than their tensile strengths, but LSW compression can induce 

tensile stresses in a variety of ways to produce brittle failure.  Mechanisms of stone 

fracture from stress waves include (1) compression-induced tensile fracture, (2) spalling, 

(3) squeezing, (4) superfocusing, as well as (5) shear-induced failure (Cleveland and 

McAteer 2005).  

Compression-induced tensile fracture refers to axial (parallel to lithotripter 

acoustic propagation axis) cleavage from local tensile fields produced around pre-existing 
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flaws and micro-cracks during compressive loading (Lokhandwalla and Sturtevant 2000).  

The common fracture type known as spallation produces cleavage orthogonal to the 

lithotripter axis and is caused by reflection and phase inversion of the LSW-induced P-

wave from acoustic impedance mismatch of the distal stone/fluid boundary.  Depending 

on the stone size relative to wavelength, the reflected P-wave may constructively 

superpose its trailing tensile region and amplify the negative pressure (Xi and Zhong 

2001).  Furthermore, distal stone curvature can intensify the phase-inverted P-wave by 

focusing it along internal caustic lines (Gracewski, Dahake et al. 1993).  Recently, the 

higher longitudinal wave speed in urinary calculi relative to urine has been posited as a 

means to produce evanescent wave pressurization or circumferential squeezing of the 

stone (Eisenmenger 2001).  Shear stresses caused by oblique incidence of the LSW (Xi 

and Zhong 2001) or stone surface geometry may produce stresses greater than those 

which induce spall (Cleveland and Sapozhnikov 2005).   

The aforementioned studies provide great insight into early stage brittle stone 

fracture in SWL, but generally fail to correlate LSW parameters with stone comminution. 

Previously, acoustic pulse energy has been correlated to stone comminution (Koch and 

Grunewald 1989; Granz and Kohler 1992; Delius, Ueberle et al. 1994; Eisenmenger 

2001); however, acoustic energy is all-inclusive to the characteristics of the lithotripter 

field, such as pressure, pulse profile, and beam width, and as such is not useful to modern 

lithotripter design improvement.  In this chapter, we have performed a series of stone 

comminution tests in vitro under a wide range of lithotripter field parameters using 
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artificial stones with physical properties covering the range of urinary stones found 

clinically (Simmons, Cocks et al. 2009; Esch, Simmons et al. 2010).  Our results 

demonstrate that stone comminution in SWL correlates closely with the average peak 

pressure surrounding the stone in a logarithmic function (see equation 2.19) above a 

minimal pressure threshold to initiate stone fragmentation.  Implications of this new 

observation to the mechanisms of stone comminution and improvement of lithotripter 

design will be discussed. 

3.2 Materials and Methods 

3.2.1 Experimental Setup 

The axisymmetric EM shock wave generator used in this study was mounted at 

the bottom of a Lucite tank (L x W x H = 40 x 40 x 30 cm) filled with 0.2 µm-filtered and 

degassed water (<3 mg/L O2 concentration, 23°C) as shown in Figure 3-1a.  A 3-D 

positioning system (VXM-2 step motors with BiSlide-M02 lead screws, Velmex, 

Bloomfield, NY) placed above the water tank was used for precise placement of a flat-

base tube holder (inner radius hR  = 7 mm) during stone comminution experiments, or a 

FOPH for shock wave field characterization.  A cylindrical coordinate system  ,z r  was 

chosen with its origin aligned to the geometric focus of the shock wave source (see 

Figure 3-1b).  
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Figure 3-1:  (a) Diagram of the experimental setup and (b) close view of the lithotripter 

focus with comminution positions marked in the focal plane and along the acoustic 

propagation axis. 

The pressure waveforms and distributions in the geometric focal plane ( z = 0 

mm) and two pre-focal planes ( z  = -20 mm and -40 mm) of the shock wave source were 

characterized using radial step sizes of 1 mm (0 < r  < 6 mm), 2 mm (6 < r  < 14 mm), 

and 5 mm ( r  > 14 mm).  Representative pressure waveforms at discrete positions along 

the z -axis and in the focal plane are plotted in Figure 3-2a.  Figure3-2b shows the local 

peak positive pressures  P  vs. radial distance  r  from the central axis in the three 

aforementioned planes, together with the average peak pressures  ( )avgP  calculated 
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within the area encompassed by the stone holder at the respective positions (see section 

3.2.2). 

 

Figure 3-2:  (a) Averaged (n = 4) pressure waveforms as measured at 6 holder positions 

used during stone comminution experiments, where legend entries indicate  ,z r  relative 

to the geometric focus.  (b) Peak pressure and average peak pressure over an area 

encompassed by the stone holder at various positions offset from the central  z  axis. 
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3.2.2 Determination of Lithotripter Field Parameters 

Based on the measured pressure waveforms, lithotripter field parameters were 

determined following the standard IEC 61846 lithotripter field characterization protocol 

(Commission 1998).  To calculate ( )avgP  at off-axial positions, a trinomial fit of  P r

was used to determine middle Riemann summation values, which were normalized by the 

total summation area, as shown in equation3.1:  
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 (3.1) 

r  was transformed to Cartesian coordinates  ,x y , and a step size x  = y  = 1 mm was 

used in the Riemann sum.  Each Riemann square falling on or outside of the stone holder 

perimeter was removed from summation, resulting in 120 total elements.  The accuracy 

of the Riemann sum approximation was checked against spatial integration values 

obtained independently along the z -axis, where an exact solution of ( )avgP  can be 

derived because of axisymmetry in pressure distribution at these locations.  As shown in 

Table 3-1, the Riemann sum values fall within the integration results for circular cross-

sectional areas corresponding to hR  = 6 mm and hR  = 7 mm.  Since stone fragments did 

not necessarily disperse to the absolute edge of the holder during comminution tests, the 
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Riemann sum values were deemed to be appropriate representations of average peak 

pressures incident on the stones (or fragments) in the holder. 

Table 3-1:  Verification of Riemann sum approximation for determining ( )avgP based on 

comparison with spatial integration values obtained along the z -axis. 

Position 

[mm] 
P  [MPa] ( )avgP [MPa] 

r  z   
Numerical 

(equation 3.1) 
Integral ( hR =6 mm) Integral ( hR =7 mm) 

0 

0 45.0 21.2 22.1 19.5 

-20 31.2 17.9 18.2 16.7 

-40 19.5 15.3 15.5 14.5 

 

 The calculation of the derived effective acoustic pulse energy, 
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involves a similar approach to calculations of ( )avgP , using a trinomial fit of the pulse 

intensity integral, 

  
2

1

2

0

1
( ) ,

t

t

PII r P r d
Z

   (3.3) 

to determine the approximate value of effE inside the stone holder via middle Riemann 

summation.  0Z  (= 0 wc ) is the acoustic impedance of water, and integration times 

1 2( , )t t  are determined by the first and final crossing point of 10% of the local P .  As 

with ( )avgP , the Riemann sum determining effE
 
approximates a circular cross-sectional 
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area of integration between hR  = 6 and 7 mm.   PII r
 
is corrected over its temporal 

integration bounds by subtraction of the averaged FOPH noise contributions.   

3.2.3 Stone Phantom and Fluid Medium Surrounding the Stone 

Artificial BegoStone phantom kidney stones with powder-to-water mixing ratios 

of 5:1 (for mimicking “hard” stones such as calcium oxalate monohydrate and brushite) 

and 5:2 (for mimicking “soft” stones such as uric acid or magnesium ammonium 

phosphate hydrogen) were prepared in 10 mm-diameter spherical molds.  The mechanical 

and acoustic properties of these artificial stones have been characterized previously (Liu 

and Zhong 2002; Simmons, Cocks et al. 2009; Esch, Simmons et al. 2010).  Briefly, the 

Young’s modulus  E  and shear modulus  G  of the hard BegoStone ( E  = 27.4 GPa 

and G  = 10.7 GPa) are approximately 2 times the corresponding values of soft 

BegoStone, while the quasi-static tensile failure strengths  f  of the hard and soft 

BegoStones are 7.1 MPa and 3.1 MPa, respectively. All artificial stones were soaked in 

water for at least 2 hours prior to shock wave treatment. 

To evaluate the effect of cavitation in stone comminution during SWL, the stone 

holder was filled either with water or 1,3-butanediol, which has similar acoustic 

properties to water (and thus similar characteristics in lithotripter shock wave 

propagation), but much higher viscosity (98 cP vs. 1 cP for water).  Therefore, cavitation 

activities in 1,3-butanediol were significantly suppressed compared to water during stone 

comminution tests.  For evaluation of stone comminution results in water only, the 
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Gilmore model was implemented to compute single bubble maximum radii at each field 

position.  Average maximum bubble radius within the stone holder was determined using 

Riemann sum techniques described in 3.2.2. 

3.2.4 Stone Comminution Tests 

Fragmentation tests were carried out at discrete positions both along the z -axis (

r  = 0 mm; z = 0, -20, -40 mm) and in the focal plane ( z  = 0 mm; r = 0, 4, 8, 12 mm) to 

cover a broad range of pressure and cavitation activities in the lithotripter field.  At each 

field position, either 500 or 1,000 shocks were administered to the stone by the shock 

wave source at 13.8 kV with a PRF of 1 Hz.  To ensure consistency, at least 4 stone 

samples were tested at each field position.  For off-axis positions, stones were treated at 

the same radial distance in all four quadrants to reduce potential bias from holder 

misalignments.  

After SWL, stone fragments were collected and thoroughly rinsed in water, dried 

overnight, and sequentially sieved to isolate fragments into the size range of >4.0 mm, 

4.0 ~ 2.8 mm, 2.8 ~ 2.0 mm, and <2.0 mm.  Unless otherwise specified, stone 

comminution efficiency was determined according to equation 2.16 using a mesh size l  

= 2.0 mm.  Original stone weights have been adjusted to account for losses during the 

pre-treatment water soaking procedure.  The results are shown as mean ± standard 

deviation, and statistical analysis was performed using the student’s t-test. 
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3.3 Results 

3.3.1 Stone Comminution at Different Field Positions, Shock Doses, and 

Medium Conditions 

 

Figure 3-3:  Hard (dark) and soft (light) stone comminution results (<2.0 mm) at various 

field positions using both water (no pattern) and 1,3-butanediol (pattern) as holder fluids 

and doses of (a) 500 and (b) 1,000 shocks.  The SW source was fired at 13.8 kV and PRF 

= 1.0 Hz.  P  
and ( )avgP  

values are given above each field position group. Note: But. is 

used in figure legend to indicate 1,3-butanediol. 
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The results of stone comminution produced at various field positions after 500 

shocks and 1,000 shocks are shown in Figure 3-3a and Figure 3-3b, respectively.  Each 

stone sample (soft or hard) was treated either in water or 1,3-butanediol to assess the 

contribution of cavitation to stone comminution (Zhu, Cocks et al. 2002; Sapozhnikov, 

Maxwell et al. 2007).  Overall, several important features can be observed.  First, the 

efficiency of stone comminution varied significantly with field position independent of 

stone type and fluid medium condition.  The highest stone comminution was generally 

produced at the lithotripter focus and fragmentation efficiency decreased more rapidly off 

the lithotripter-axis (i.e., z = 0 mm, 0 ≤ r  ≤ 12 mm) than along the lithotripter-axis (i.e., 

-40 ≤ z  ≤ 0 mm, r  = 0 mm) moving pre-focally towards the shock wave source.  This 

trend in stone comminution correlates more closely with peak pressure at the stone holder 

centroid ( P ) and average peak pressure across the holder ( ( )avgP ) than with the absolute 

peak pressure within the stone holder, as evidenced by results in the focal plane.  Second, 

for the majority of field positions and medium conditions, stone comminution increased 

with the number of shocks delivered, indicating a progression of the accumulated stone 

damage during SWL.  Third, the comminution efficiency of soft stones was statistically 

higher than hard stones (p ≤ 0.02) at any given combination of field position, shock dose 

and medium condition, with the exception of those stones treated in water at the 

lithotripter focus for a 500 shock dose (p = 0.08).  This finding is consistent with the 

observation that physical properties of renal calculi can impact the treatment outcome in 

SWL (Zhong, Chuong et al. 1993; Williams, Saw et al. 2003).  Fourth, for both soft and 
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hard stones the comminution efficiency decreased drastically when the fluid medium 

surrounding the stone was changed from water to 1,3-butanediol, despite their similarities 

in acoustic impedance.  At the lithotripter focus, the arithmetic differences of stone 

comminution efficiencies in water compared to 1,3-butanediol were 23.9% and 16.5% 

after 500 shocks, and 34.7% and 31.2% after 1,000 shocks for soft and hard stones, 

respectively.  This finding confirms the general consensus that cavitation is critical for 

producing effective and successful stone comminution in SWL (Zhu, Cocks et al. 2002; 

Cleveland and McAteer 2005; Rassweiler, Knoll et al. 2011). 
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3.3.2 Correlations of Stone Comminution and Lithotripter Parameters 

 

Figure 3-4:  Hard (dark) and soft (light) stone comminution results in both water (fill) and 

1,3-butanediol (no fill) plotted against corresponding ( )avgP values for doses of (a) 500 

and (b) 1000 shocks.  The SW source was fired at 13.8 kV and PRF = 1.0 Hz.  

Logarithmic fits of the water (solid) and 1,3-butanediol (dashed) data are presented with 

R
2
 values shown in legend. Note: But. is used in figure legend to indicate 1,3-butanediol. 
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When stone comminution  SC  is plotted against the average peak pressure 

inside the holder  ( )avgP , a strong correlation can be observed for each type of stones 

treated either in water or 1,3-butanediol (Figure 3-4).  This general correlation can be 

expressed by a logarithmic function of the form ( )ln( )avgSC a P b    where a  and 

exp( )b a  are the slope and pressure intercept of the fitted curve, respectively.  The 

specific values of exp( )b a  (i.e., the average peak pressure value at which SC  = 0%) 

for individual curves, corresponding to different stone type and medium condition, are 

summarized in Table 3-2 together with the quasi-static tensile failure strength  f  of 

each stone.  For each stone type (soft or hard), it can be observed that the slope increases 

from 1,3-butanediol to water and from 500 shocks (Figure 3-4a) to 1,000 shocks (Figure 

3-4b).  This finding is consistent with the aforementioned observations that stone 

comminution is significantly greater in water than in 1,3-butanediol, and increases 

progressively with shock number.  More interestingly, the curves for each stone type are 

found to converge to the same peak pressure intercept, independent of the fluid medium 

and total number of shocks used in the treatment.  This intercept defines the minimal 

pressure threshold to initiate fragmentation for each type of stones.  The fragmentation 

thresholds of ( )avgP were found to be 7.6 MPa for hard stones and 5.3 MPa for soft 

stones, both of which exceed f of the respective stone types (see Table 3-2).  All hard 
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BegoStone samples tested at ( )avgP < 7.6 MPa resulted in no fragmentation, and were 

removed from fitting results. 

In Figure 3-4, stone comminution trends are evident at specific field positions and 

potentially relate to cavitation at these locations.  For example, position (-20,0) ( ( )avgP  = 

17.9 MPa) produces stone comminution efficiencies that are high of logarithmic fits in 8 

out of 8 data sets.  Similarly, field position (-40,0) ( ( )avgP = 15.3 MPa) produces stone 

comminution efficiencies that fall below logarithmic fits in 7 out of 8 data sets.  Using 

the Gilmore model to predict cavitation potential within these holder planes,  

corresponding average maximum bubble radii are 0.777 mm and 0.698 mm, respectively, 

or +9.2% and -1.8% relative to the mean maximum bubble radius calculated from all 6 

field positions (= 0.711 mm).  From these outcomes, it is believed that cavitation 

discrepancies (within 10% of the mean at any field position) can lead to small deviations 

from fitting expectations.  Furthermore, the existence of the trend in 1,3-butanediol 

suggests that cavitation has not been completely suppressed as a fracture mechanism in 

the viscous medium. 
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Table 3-2:  Predicted pressure and total acoustic energy thresholds for initiating stone 

comminution. 

BegoStone 

type 
Dose 

Holder 

fluid 

Sample 

no. 

Log fit R
2
 

 ( )avgP  

Min. 

( )avgP  

[MPa] 

Linear fit 

R
2
  totE  

Min. 

totE  

[J] 

Hard 
500 

H2O 23-27 0.93 7.8 0.85 7.2 

But. 20-24 0.80 7.4 0.90 7.5 

( f  = 7.1 

MPa) 
1,000 

H2O 32-36 0.91 7.6 0.85 13.8 

But. 20-24 0.88 7.4 0.88 14.4 

AVE: 0.88 7.6 0.87 10.7 

Soft 
500 

H2O 28 0.92 5.5 0.93 3.8 

But. 24 0.91 5.3 0.99 3.5 

( f  = 3.1 

MPa) 
1,000 

H2O 31 0.98 5.1 0.91 2.9 

But. 34 0.98 5.4 0.93 5.3 

AVE: 0.95 5.3 0.94 3.9 

 

Figure 3-5 shows the stone comminution results of the previous sections plotted 

against total acoustic energy  totE , which equals to the product of single pulse effective 

energy  effE  and the total number of shocks delivered during the treatment.  Linear 

correlations of the form ,totSC a E b    where a  and b  are slope and comminution 

intercept, respectively, yield R-squared values similar to those given in Figure 3-3 for 

logarithmic fits of SC vs. ( )avgP  data.  The fitting results shown in Table 3-2 do not 

appear to produce a consensus on a dose- and holder fluid-independent threshold for 

initiating fragmentation, as is the case with ( )avgP .  From 500 shocks (Figure3-5a) to 

1,000 shocks (Figure 3-5b), the slopes of each fit uniformly decrease, possibly indicating 
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effects of attenuation from small fragments at the base of each holder.  Previous research 

has observed linear correlation between cumulative total acoustic energy and stone 

comminution efficiency in the absence of attenuation from residual fragments (Granz and 

Kohler 1992; Delius, Ueberle et al. 1994; Eisenmenger 2001). 

 

Figure 3-5:  Hard (dark) and soft (light) stone comminution results in both water (fill) and 

1,3-butanediol (no fill) plotted against corresponding cumulative acoustic energy values 

for doses of (a) 500 and (b) 1000 shocks.  The SW source was fired at 13.8 kV and PRF 

= 1.0 Hz.  Linear fits of the water (solid) and 1,3-butanediol (dashed) data are presented 

with R
2
 values shown in legend. Note: But. is used in figure legend to indicate 1,3-

butanediol. 
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3.4 Discussion 

Currently, the established mechanisms of brittle stone failure in SWL are dynamic 

fatigue (Lokhandwalla and Sturtevant 2000), spallation (Chuong, Zhong et al. 1989; 

Lubock 1989; Vakil, Gracewski et al. 1991; Xi and Zhong 2001), geometric 

superfocusing (Gracewski, Dahake et al. 1993; Xi and Zhong 2001), squeezing 

(Eisenmenger 2001), shear-induced failure (Xi and Zhong 2001; Cleveland and 

Sapozhnikov 2005; Sapozhnikov, Maxwell et al. 2007), and cavitation (Coleman, 

Saunders et al. 1987; Crum 1988; Sass, Braunlich et al. 1991; Philipp and Lauterborn 

1998; Zhu, Cocks et al. 2002).  The challenge of SWL research in recent years has been 

to correlate LSW parameters to fracture mechanisms in order to better guide lithotripter 

design and usage.  In this study, we have identified a close correlation between stone 

comminution and ( )avgP both in water and 1,3-butanediol (i.e. in the presence and relative 

absence of cavitation, respectively), suggesting an important role of the local peak 

pressure of the incident LSW in stone comminution during SWL.  This assertion is 

further supported by the convergence of logarithmic curve fits to distinctive thresholds 

for the initiation of fragmentation for a given stone type, independent of LSW dose or 

holder fluid used.  A minimal pressure exceeding the tensile failure strength  f  of the 

stone material is required to initiate the fracture, which is consistent with Griffith’s theory 

for crack propagation in brittle materials, i.e., 
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 (3.4) 

where the critical stress  c  to propagate a crack is related to Young’s modulus  E , 

surface energy density  s , and initial crack half-length  ca  (Griffith 1921).  The 

decreasing slopes as dose increases in Figure 3.5 also supports Griffith’s criterion, which 

indicates 
2

s c  , or an increase in surface energy from fragmentation increases the 

threshold for crack propagation and decreases the likelihood of further fracture. 

The distribution of P  
is generally considered an important feature in SWL.  Most 

2
nd

- and 3
rd

-generation lithotripters have higher absolute P , narrower full-width half-

maximum focal width, and are less efficient in disintegrating urinary stones than the 

original HM3 lithotripter (Lingeman 2003).  For a given effective acoustic energy, it has 

been shown that a lithotripter field with low peak pressure and broad focal width 

produces better stone comminution than its counterpart of high peak pressure with narrow 

focal width under clinically relevant in vitro test conditions (Qin, Zhong et al. 2010).  

This important observation is supported by the primary finding of the present study, i.e., 

it is the averaged pressure incident on a stone (not the absolute peak pressure) that 

determines stone comminution in SWL.  Moreover, based on the pressure threshold for 

fragmentation of a given stone type, one can develop better criteria for defining the 

effective fragmentation zone of individual lithotripters to facilitate device comparison 

and improve the design of clinical strategy for SWL treatment in general.   
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 As discussed in section 2.3, the logarithmic fit used for this experimental study is 

functionally related to the log-normal distribution, which by itself is a close relative of 

the Weibull distribution.  There is no demonstrable link to physical parameters of the 

stone, fluid medium, LSW dose, or other contributing factors to stone comminution 

within the fit.  It serves only to demonstrate trends, such as convergence to pressure 

thresholds for initiating stone comminution and correlation of stone comminution to 

( )avgP , that can guide lithotripter design and application.  In chapter 5, the results of this 

section will be re-evaluated using the Weibull model for brittle fracture alongside stone 

comminution from a new EM shock wave lithotripter (developed as described in chapter 

4). 
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4. Acoustic Lens Modification 

4.1 Background – LSW Manipulation and In Situ Pulse Superposition 

An early example of waveform manipulation in SWL addressed the blocking of 

paraxial (near-central axis) rays emanating from an EH lithotripter source (Northeved and 

Toftkjaer 1989).  These proximate acoustic rays produce the classic cigar-shaped 

compression focus and contribute to axial cavitation activity with high tissue damage 

potential (Urusovskii 2000).  Many modern lithotripters reduce focal width and extent 

through central baffles or annulus-shaped shock sources, which carry the added benefit of 

easy integration with inline fluoroscope or ultrasound imaging through the central hole.  

In situ wave superposition is a recent innovation exemplified by Dornier HM3 reflector 

inserts, which have been used specifically for reducing focal size (Qin, Zhong et al. 2010) 

as well as producing intraluminal bubble suppression via introduction of secondary 

compression (Zhong and Zhou 2001).  Michael Bailey et al. inverted the tensile and 

compressive phases of a LSW using a pressure-release Dornier HM3 reflector, which 

demonstrated the capability of cavitation suppression through waveform manipulation 

(Bailey, Blackstock et al. 1998; Evan, Willis et al. 1998; Bailey, Blackstock et al. 1999).  

Additionally, PE LSW generators have also been used to alter the ratio of peak pressures 

and produce cavitation-induced bioeffects (Lewin, Chapelon et al. 1990; Tavakkoli, Birer 

et al. 1997).   

This chapter focuses on the technique of in situ pulse superposition for LSW 

manipulation as applied to EM lithotripters.  In Zhong and Zhou’s initial experimentation 
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on the Dornier HM3, the purpose of the reflector insert modification was to suppress 

cavitation (Zhong and Zhou 2001).  A side effect of the reflector insert was enhancement 

of P  and reduction of lithotripter beam width  BW , which was later investigated (Qin, 

Zhong et al. 2010).  In a pilot study designed to bridge the gap in comminution efficiency 

between the Dornier HM3 and modern EM shock wave lithotripters, Qin proposed to 

manipulate the acoustic focusing lens of an EM lithotripter to produce a long tensile tale 

and large lithotripter BW reminiscent of the unmodified HM3 (Qin 2008).  These 

simultaneous modifications were achieved using an annular ring cut to the lithotripter 

focusing lens, which delayed a portion of the LSW and reduced the aperture of the 

leading LSW, thereby increasing its beam width.  The results reported by Qin were 

promising, though perceived reduction of the secondary compression was likely caused in 

part by light reflection artifacts associated with bubble activity beneath the 

characterization hydrophone (Smith, Sankin et al. 2012).   

This study is a continuation and refinement of the initial investigations by Qin 

into in situ pulse superposition on a 3
rd

-generation EM shock source.  The numerical 

wave propagation model described in section 2.1 is applied to the original focusing lens 

geometry as well as new lens geometries for the purposes of model verification as well as 

identification of a new lens design for subsequent stone comminution experiments (see 

chapters 5 and 6).  Distinguishing features and parameters of the selected new lens design 

are compared to those of the original lens both experimentally and numerically. 
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4.2 Materials and Methods 

4.2.1 Acoustic Lenses 

 

Figure 4-1:  (a) Photographs of the primary lenses investigated in this chapter (inner 

spherical surface pointed upwards).  (b) A schematic demonstrating the implementation 

of in situ pulse superposition principles and (c) the representative waveforms from 

isolated sections of the lens added together to cause destructive interference of the LSW 

secondary compression and the tensile region of the delayed wave. 

The primary lenses investigated in this work are pictured in Figure 4-1a, while 

Figure 4-1b shows a cross-sectional schematic of the EM shock source fitted with a 

modified (new) focusing lens. In Figure 4-1c, isolated focal waveforms produced by the 
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uncut and cut lens areas are shown (for demonstrative purposes) along with the resultant 

waveform from linear combination.  When a section is cut from the inner surface of the 

lens ( pc = 2400 m/s), it is replaced by water ( wc = 1485 m/s) and creates an offset 

(delayed) wave in the lithotripter focal region.  From linear wave theory, the inter-pulse 

delay time between wave sections at the lithotripter focus is  

 
1 1

,
w p

t h
c c

 
   

 
 

 (4.1) 

meaning a 4 mm cut depth  h  results in t  ≈ 1 µs delay.  The width of the cut 

 tot uncutR R , defined in Figure 4-1b, controls both the aperture of the primary LSW and 

the relative acoustic energy diverted from the primary LSW to the delayed wave.  For the 

primary new lens cut modeled and characterized in this chapter, h  = 14 mm, uncutR  = 

54.1 mm, totR  = 68.6 mm, and spherical inner lens radius ( sphericalR  = 220 mm) were used. 

4.2.2 Characterization Setup and Post-Processing 

 The experimental setup described in section 3.2.1 was used for FOPH 

characterization of the original and new lenses.  To determine input pressure to the 

numerical wave propagation model (see section 2.1), the focusing lens was removed from 

the shock source assembly, and the transducer alone was mounted vertically to a Lucite 

tank wall (L x W x H = 45 x 35 x 35 cm) as shown in Figure 4-2.  A FOPH was fastened 

to a 3-D translational stage and held parallel to the horizon for measurement of the 
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transducer plane wave pressure output at a distance of z  ≈ 5 mm from its surface.  Three 

source voltages (12.8, 15.8, and 18.8 kV) were used in characterization of the active coil 

area on the transducer.  The intervals 15 ≤ r  ≤ 25 mm and 60 ≤ r  ≤ 70 mm were 

characterized using r  = 2.5 mm steps in order to resolve the rapid decay in pressure at 

the inner and outer edges of the coil, whereas the relatively stable main coil section (25 ≤ 

r  ≤ 60 mm) was characterized using r  = 5 mm steps.  Calibrated pressure results were 

curve fitted as functions of radial distance from the central axis  r , time  t , and source 

voltage  V  in order to interpolate and extrapolate input pressures in the dynamic range 

of the power supply (9.5 – 19.3 kV) (see equations 4.2 – 4.4). 

 

Figure 4-2:  Photograph of the experimental setup used to conduct FOPH measurements 

of the EM coil output for input into the numerical model. 

 FOPH measurements were post-processed using MATLAB and lithotripter field 

parameters calculated following IEC standard 61846 (Commission 1998).  Briefly, 

compressive and tensile pulse durations ( t , t , respectively) were determined using the 



 

 

43 

first and final crossing points of 10% of the local peak pressure.  Rise time  rt was 

calculated as the time for the LSW to ascend from 10% to 90% of its peak pressure.  The 

full-width measurement at 50% peak pressure determined the beam width  BW .  

Acoustic energy was calculated using equations 3.2 and 3.3 over a circular area of radius 

6 mm. 

4.3 Experimental Results 

4.3.1 Input for Numerical Simulations 

Representative FOPH characterization results of source pressure are shown in Figure 4-

3a along with corresponding curve fittings. The plane wave peak pressure, 

   4 1.895

0 5.16 10 ,p U U    (4.2) 

is approximately proportional to the square of the source voltage  U .  The radial 

pressure envelope (plotted in Figure 4-3b as  0 ,A p r
 
against FOPH measurements at 3 

source energy settings) is as follows: 

  
   

2 4

0 0

0 0 2 4

1 2

, 1 ,
r r r r

A p r p
r r

  
   

  

 (4.3) 

with 0r  = 43.5 mm, 1r = 93.5 mm, and 2r  = 28.0 mm.  Finally, the relationship 

  
   2 6 6147 sin 0.454 10 exp 0.25 10 , 0
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 (4.4) 
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gives input pressure versus time for the interval (0 ≤ t  ≤ 20 µs) prior to edge wave 

interference from the inner and outer boundaries of the transducer.  Edge waves 

(contributing to negative pressure along the lithotripter axis) are resolved entirely within 

the numerical computation domain.   

 

Figure 4-3:  (a) Average (n = 20) FOPH waveforms (dark) and curve fittings from 

equations 4.3 – 4.5 at 15.8 kV and 4 different radial positions.  (b) Peak pressures at 3 
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source voltage settings as measured by the FOPH with quadrinomial fits.  * indicates 

waveform in (a). 

1.3.2 Numerical Simulations and Characterization Comparisons 

4.3.2.1 Original Lens Analysis 

 

Figure 4-4:  Representative original lens waveforms from the FOPH (dark) and numerical 

model (light) in the lithotripter geometric focal plane at radial distances (a) 0 mm and (b) 

4 mm from the central  z  axis using a source voltage = 15.8 kV.  (c) A comparison of 

peak positive (diamond) and negative (square) pressures in the focal plane as measured 

by the FOPH (dark/fill) and predicted by the numerical model (light/no fill).  Trinomial 

fits are provided for the FOPH (solid) and numerical model (dashed). 
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 In Figure 4-4, the numerical model is validated against FOPH measurements at 

various positions in the lithotripter focal plane at a clinically relevant source voltage (= 

15.8 kV).  The representative waveforms in Figure 4-4a and b show good agreement 

between lithotripter parameters such as P , P , and t .  Error in pressure is estimated to 

be at least 5% for both FOPH and numerical results.  Overall wave shape is closely 

matched, though FOPH measurements at high LSW energies are susceptible to cavitation 

interference, which may lead to tensile wave  t  
shortening (Liebler, Dreyer et al. 2006; 

Arora, Ohl et al. 2007).  Across the entire focal region, both P  and P are consistently 

higher (3-17%) for the data measured by the FOPH (see Figure 4-4c). 

 The derived focal widths at 15.8 kV are also closely matched (7.5 mm and 8.3 

mm for the FOPH and numerical model, respectively), in accordance with comparable P  

values in the focal region.  Figure 4-5 shows the general trends in BW for the dynamic 

range of the lithotripter.  Minimum BW  coincides with decreasing slope of the P  curve 

(i.e. “near saturation” of P  at the lithotripter focus) for both FOPH and numerical model 

(Shooter, Muir et al. 1974).  At low source voltages, FOPH P  measurements are as 

much as 30% lower than numerical predictions.  Differences at low source voltages (i.e. 

below 12.8 kV) may be the result of extrapolation error from the input pressures.  At high 

source voltages, FOPH P  measurements are as much as 13% higher than numerical 

predictions.  The difference in shock wave steepening may be partly an effect of 
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numerical viscosity (i.e. high numerical diffusion) in the Eulerian simulation, necessary 

for the algorithmic representation of shock waves (Chen 2000).  Relative peak negative 

pressures affirm off-central axis results (see Figure 4-4c), with FOPH P  values 6-18% 

higher than numerical predictions. 

 

Figure 4-5:  A comparison of P (diamond), P  (square), and BW  (triangle) as measured 

by the FOPH (fill) and predicted by the numerical model (no fill) across the dynamic 

range of the lithotripter power supply.  Polynomial trend lines are provided for the FOPH 

(solid) and numerical model (dashed).  Minimum beam widths correlate to P  saturation. 
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4.3.2.2 New Lens Selection Process 

For determination of the primary new lens cut parameters, three lens geometric 

parameters ( ,  ,  )uncut sphericalh R R
 

have been varied, and four lithotripter parameters 

2 ( 6 cm)( ,  , ,  )effE E BW P    
evaluated, where 2E  and ( 6 cm)P   are the energy in the 

secondary compressive peak of the LSW and peak pressure 6 cm below the geometric 

focus (i.e. skin surface of a typical SWL patient), respectively.  In total, 5 different 

combinations of lens geometries were selected and characterized.  At an equivalent 

effective acoustic energy to the original lens using a clinically relevant source voltage (= 

13.8 kV), targets of the new lens designs were maximum suppression of 2E , BW

enhancement to 10.9 mm (equivalent to the Dornier HM3 at 20 kV), and ( 6 cm)P   ≤ 20 

MPa so as to not dramatically increase the pain experienced by patients.  Critically, the 

maximum effE  for the new lens was expected to be comparable to the value of the 

original lens at 15.8 kV (= 85 mJ/pulse), a typical SWL upper limit used by clinicians.   

A maximum effE  at the dynamic limit of the lithotripter power supply (= 19.3 kV) was 

linearly extrapolated from characterization data (provided in Table 4-1). 

Of the 5 new lenses characterized, 2 (A and D) were projected to have insufficient  

effE (= 77 mJ and 69 mJ, respectively) at 19.3 kV and were eliminated from 

consideration.  New lenses B, C and E had extrapolated effE  of 85 mJ, 97 mJ, and 87 mJ, 

respectively.  Of these lenses, B increased BW  most substantially (by 48%) at equivalent 
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acoustic energy to the original lens while simultaneously eliminating energy 

contributions from the secondary compressive peak and maintaining statistically similar 

P  (= 20 MPa) at a 6 cm pre-focal position.  Overall, this lens best matched the pre-

determined criteria for lens modification, and was selected for robust analysis in section 

4.3.2. 
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Table 4-1:  Lithotripter parameters of the original and new lenses.  totR  = 68.6 mm for all lenses. 

Lens uncutR

[mm] 

h  

[mm] 
sphericalR  

[mm] 

Source 

Voltage [kV] 

P  

[MPa] 

| |P  

[MPa] 

( 6 cm)P   

[MPa] 

BW  

[mm] 
2E  

[mJ]
 

effE  

[mJ] 

Orig. 68.6 0.0 220 

12.8 35.6 9.1 - 7.9 0.9 37 

13.8 46.3 10.2 13.9 7.3 1.5 54 

14.8 54.7 11.0 - 7.8 3.4 70 

15.8 58.0 11.9 - 8.1 4.3 85 

New 

(A) 
51.9 14.0 220 

15.8 32.0 7.5 - 10.1 0.0 31 

16.8 39.4 8.6 19.6 10.7 0.8 42 

17.8 42.0 9.5 - 11.0 0.4 53 

New 

(B) 
54.1 14.0 220 

15.8 39.1 8.7 - 10.3  42 

16.8 42.2 9.0 20.4 10.8 0.0 51 

17.8 44.6 10.1 - 11.5  64 

New 

(C) 
56.2 14.0 220 

15.8 40.7 8.4 - 9.8 0.1 45 

16.4 44.3 9.2 - 9.9 0.0 53 

16.8 44.2 9.4 20.3 10.3 0.0 58 

17.8 47.0 10.6 - 10.8 0.4 71 

New 

(D) 
54.1 14.0 250 

16.8 40.8 8.2 - 10.2 
0.0 

45 

17.6 44.0 8.5 20.3 10.6 52 

New 

(E) 
56.2 16.5 250 

15.8 39.4 7.5 - 9.4 

0.0 

40 

16.8 43.3 7.7 - 9.9 51 

17.1 44.8 7.6 20.1 10.1 55 

17.8 45.9 9.3 - 10.5 63 
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The conclusions of the experimental lens design study were mirrored by the 

numerical model predictions (see Figure 4-6).  Generally, effE of the new lens design 

reduced as lens cut depth  h , cut width  tot uncutR R , and spherical radius  sphericalR  

increased.  These effects were not mutually exclusive, as simultaneously, secondary 

compressive peak energy  2E  reduced, BW  enhanced, and skin surface pressure 

 ( 6 cm)P   reduced.  In other words, three target effects of the lens design are 

counteracted by overall losses in acoustic energy.   At a predicted effE loss of 49% from 

the original lens at 16.8 kV, new lens B reduced 2E  by 94% while producing a BW  

within 2% of the Dornier HM3 at 20 kV and ( 6 cm)P   below the original lens at 16.8 kV.  

Since it was determined through experimental extrapolation that new lens B at its highest 

source setting (= 19.3 kV) produced comparable effE  to the original lens at its highest 

clinical setting for kidney stone treatment (= 15.8 kV), no further refinements in 

parameters were pursued. 
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Figure 4-6:  Numerical model predictions of effE  using cut lenses (normalized to effE  of 

the original lens) at 16.8 kV plotted alongside 3 critical lithotripter parameters and 

against 3 variations in lens geometry:  (a) h  is varied with uncutR
 
(= 54.1 mm) and 

sphericalR
 
(= 220 mm) fixed, (b) uncutR   is varied with h  (= 14 mm) and sphericalR

 
(= 220 

mm) fixed, and (c) sphericalR is varied with h  (= 14 mm) and uncutR
 
(= 54.1 mm) fixed.  

Arrows indicate numerical predictions for new lens B.  totR
 
= 68.6 mm. 
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4.3.2.3New Lens Analysis 

 

Figure 4-7:  Representative new lens waveforms from the FOPH (dark) and numerical 

model (light) in the lithotripter geometric focal plane at radial distances (a) 0 mm and (b) 

4 mm from the central  z  axis using a source voltage = 15.8 kV.  (c) A comparison of 

peak positive (diamond) and negative (square) pressures in the focal plane as measured 

by the FOPH (dark/fill) and predicted by the numerical model (light/no fill).  Trinomial 

fits are provided for the FOPH (solid) and numerical model (dashed). 

A comparison of the FOPH waveform measurements and numerical model 

predictions for the new lens at a source voltage of 15.8 kV is shown in Figures 4-7a and 
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b, while the peak pressure distributions are compared in Figure 4-7c.  Both peak 

pressures and pulse durations match well between FOPH and numerical results.  

Differences in P  vary between -3% and 4% except at the most extreme off-axial location 

( r  = 14 mm) where the FOPH measurement is 16% higher.  P  
measured using the 

FOPH is consistently higher (by 10 – 19%) compared to the results from the numerical 

simulation in the geometric focal plane. 

Comparing Figure 4-7 to Figure 4-4, the effects of destructive acoustic 

interference from in situ pulse superposition are evident for both FOPH and numerical 

waveforms.  P  
has decreased by 36% and 29%, respectively, from the corresponding 

results of the original lens at 15.8 kV; P  has decreased by 33% and 38%, respectively, 

and secondary peak positive pressures have decreased by 64% and 26%, respectively.  In 

effect, the strong secondary pressures characteristic of EM shock wave lithotripters have 

been replaced by a flattened tensile tail reminiscent of the Dornier HM3 lithotripter. 
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Table 4-2:  Focus and field lithotripter parameters for the original and new lenses from 

FOPH measurement and numerical calculations.  (Note:  Energy subscripts +1, -1, and +2 

denote first compressive, first tensile, and second compressive waves, respectively). 

  Lens 
Source 

Voltage [kV] 

P
[MPa] 

P
[MPa] 

rt  [ns] 
t  

[µs] 

t  

[µs] 

Numerical 

Model 

Original 
13.8 45.2 -8.9 50.2 1.57 3.40 

15.8 52.2 -10.6 37.3 1.63 3.69 

New 
15.8 36.7 -6.6 44.7 1.80 3.07 

16.8 38.7 -7.3 40.9 1.89 3.24 

FOPH 

Original 
13.8 46.3 -10.2 145.0 1.62 3.49 

15.8 56.4 -11.0 16.2 1.59 3.31 

New 
15.8 36.7 -7.5 51.8 1.82 3.11 

16.8 42.2 -9.0 18.6 1.80 3.13 

  Lens 
Source 

Voltage [kV] 
BW  

[mm] 
1E  

[mJ] 

1E  

[mJ] 

2E

[mJ] 

effE  

[mJ] 

Numerical 

Model 

Original 
13.8 7.6 30.1 13.5 1.6 45.3 

15.8 8.3 48.0 20.3 2.8 71.5 

New 
15.8 10.0 27.5 7.7 0.1 35.6 

16.8 10.7 34.0 9.4 0.1 43.9 

FOPH 

Original 
13.8 7.4 33.2 17.2 1.5 53.2 

15.8 7.5 51.7 18.3 4.3 74.7 

New 
15.8 10.4 29.9 9.8 0.0 39.9 

16.8 10.8 38.7 12.1 0.0 51.3 

 

Focus and field lithotripter parameters for both the original and new lenses are 

provided in Table 4-2.  Two additional clinically relevant source settings (i.e., 13.8 kV 
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for the original lens and 16.8 kV for the new lens) are shown.  These source settings 

match effective acoustic energies  effE  of the original and new lenses for stone 

comminution experiments in chapters 5 and 6.  Energy values are well matched between 

FOPH and numerical model, with error estimated to be ~10%.  Both FOPH measurement 

and numerical simulation confirm that in situ pulse superposition has reduced effE of the 

new lens by approximately 50% compared to the original lens at a source voltage of 15.8 

kV.  Energy contributions from the secondary compressive wave in the new lens account 

for <0.3% of effE  (compared to 6% or less for the original lens) at source settings in 

Table 4-2.  FOPH and numerical results also confirm that the new lens increases BW by 

>20% at 15.8 kV and >40% at matched effE of the new and original lenses.   

4.4 Discussion 

 In this study, we have verified a numerical wave propagation model for EM 

lithotripters with two unique acoustic focusing lenses while simultaneously 

demonstrating a simple and effective method of altering lithotripter parameters using in 

situ pulse superposition. The model simulations match FOPH measurements well, often 

within the manufacturer-specified error of the FOPH, which is used to determine input 

pressures for the numerical model.  Importantly, derived lithotripter parameters trend 

similarly between FOPH and numerical model, indicating prediction capabilities of the 

numerical model for future lens designs (discussed in chapter 7). 
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 Several features of the new lens design are hypothesized to benefit stone 

comminution.  Reduced secondary positive pressure may enhance the cavitation fracture 

mechanism, and a larger BW  (and ( )avgP ) may be more effective for treatment of stones 

that move away from the lithotripter focus by fragmentation or respiration processes.  

However, increased cavitation activity may also increase the risk of tissue injury (Zhong, 

Zhou et al. 2001; Evan, Willis et al. 2002).  A balance is sought between stone 

comminution efficiency and tissue injury, represented by the distinguishing parameters of 

new and original lenses, to bridge the dichotomous treatment outcomes of the HM3 and 

descendant lithotripters (Graber, Danuser et al. 2003; Lingeman 2003; Gerber, Studer et 

al. 2005). 

 In prospective evaluation of the impact of various lithotripter parameters to stone 

comminution efficiency, the demonstrated importance of effective acoustic energy  effE  

to both stone comminution and tissue injury must be considered (Koch and Grunewald 

1989; Granz and Kohler 1992; Delius, Ueberle et al. 1994; Eisenmenger 2001).  In 

matching effE  between lithotripters, the impact of other features can be assessed.  At a 

comparable effE  to the original lens, the new lens redistributes energy from tension and 

secondary compression into its leading LSW.  This design negates an inefficient process 

of the original lens where bubble growth initiated by tension is inhibited by secondary 

compression.  Instead, energy is added to the primary stress wave, which has a central 

role in stone comminution.  Analysis of cavitation activity and performance evaluation of 
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the new lens compared to the original lens in stone comminution tests follows in chapters 

5 and 6. 
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5. An Investigation into the Roles of Average Peak Pressure, 

Dosage and Cavitation Activity in Stone Comminution 

Efficiency during SWL 

5.1 Cavitation Background 

In chapter 3, the stress wave mechanisms for stone fragmentation in SWL are 

discussed in detail, while cavitation is identified for its role in deviations from the 

correlations of ( )avgP  and stone comminution efficiency.  The primary mechanisms of 

cavitation damage in SWL are related to either SW-formation after violent bubble 

collapse or liquid jet formation (Crum 1982; Coleman, Saunders et al. 1987; Sass, 

Braunlich et al. 1991).  When inertial cavitation occurs due to tension in a fluid, bubbles 

expand from outward momentum of the surrounding fluid until ambient pressure halts 

and reverses the momentum.  In a free-field (absent of boundary effects), a bubble 

collapses symmetrically inward and releases a spherical shock wave, which decays 

rapidly with distance from the bubble centroid (Plesset 1966). 

Asymmetric bubble collapse associated with near-boundary and bubble-bubble 

interactions may also produce shock waves, though in these instances, a second 

mechanism appears in advance of fluid compressibility effects.  Classic studies of single 

bubble and cavitation dynamics near a solid boundary show how perturbed velocity fields 

can produce pressure differentials sufficient to create fluid jetting in the direction of the 

boundary (Benjamin and Ellis 1966; Plesset and Chapman 1971).  A bubble involutes on 

the side furthest from the boundary, forming a jet which eventually pierces its opposite 
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bubble wall.  Fluid velocities measured in the range of 50-180 m/s may induce micro-

fracturing to nearby surfaces (Naude 1960; Blake and Gibson 1987; Zhong and Chuong 

1993; Zhong, Chuong et al. 1993; Philipp and Lauterborn 1998).  Bubble remnants, often 

torus in shape from the jet protrusion, are unstable and therefore collapse, radiate a shock 

wave and rebound in a manner similar to a free-field bubble.  The collapse of a bubble, or 

as in the case with SWL, a cluster of bubbles in contact with a solid boundary 

(Pishchalnikov, Sapozhnikov et al. 2002; Pishchalnikov, Sapozhnikov et al. 2003) may 

be the dominant of the two sub-mechanisms of stone fracture via cavitation (Philipp and 

Lauterborn 1998).  Furthermore, the reflection of pressure waves off a stone surface can 

enhance the violence of cavitation collapse near a boundary (Szeri, Calvisi et al. 2008), 

while micro-cracks created by cavitation impact can create local points of weakness on 

the stone surface, whereby stress wave mechanisms form crack lines (as described in 

Chapter 3).  In this way, stress waves and cavitation act synergistically during SWL 

treatment to fragment renal stones to passable sizes in patients (Zhu, Cocks et al. 2002). 

In this chapter, the multi-faceted roles of cavitation and stress waves in stone 

comminution are investigated using the original and new lenses described in Chapters 3 

and 4.  The various differences in stone comminution efficiency between the new and 

original lenses are rationalized based on the Gilmore model-predicted cavitation 

potential, visualization of bubble activity using high-speed imaging, and differences in 

average peak pressure  ( )avgP  and LSW dose as they factor into a heuristic model for 

stone comminution based on Weibull theory.  Parameters within this model are explained 
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both on their statistical basis as well as their physical basis.  The model as constructed 

will have demonstrated predictive capabilities for BegoStone comminution. 

5.2 Materials and Methods 

5.2.1 Characterization and In Vitro Stone Comminution Setup 

The experimental setup and protocol described in section 3.2 was implemented 

for stone comminution and characterization data collection in this chapter. The 

aforementioned new lens shock source was used (in lieu of the original lens) at 16.8 kV 

to fragment stones (hard and soft) within holder fluid mediums (water and 1,3-

butanediol).  For comparative and correlative purposes, stone comminution data of the 

original lens at 13.8 kV is also presented in this chapter.  Representative pressure 

waveforms of the new lens at discrete positions along the z -axis and in the focal plane 

are plotted in Figure5-1a.  Figure5-1b shows the local peak positive pressures  P  vs. 

radial distance  r  from the central axis in the three pre-focal planes, together with the 

average peak pressures  ( )avgP  calculated within the area encompassed by the stone 

holder at the respective positions (see section 3.2.2).   
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Figure 5-1:  (a) Averaged (n = 4) pressure waveforms for the new lens at 16.8 kV as 

measured at 6 holder positions used during stone comminution experiments, where 

legend entries indicate  ,z r  relative to the geometric focus.  (b) Peak pressure and 

average peak pressure over an area encompassed by the stone holder at various positions 

offset from the central  z  axis. 

5.2.2 High-Speed Imaging 
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In combination with the Gilmore model for single bubble dynamics (see section 

2.2 and Appendix A), cavitation potential of the new and original lenses was assessed 

using high-speed imaging. The cavitating fluid volume encompassing the lithotripter 

focus was imaged using a high-speed video camera (Phantom v.7.3, Vision Research, 

Wayne, NJ) with exposure time of 8 µs and a frame rate of 20,000 frames/s for a movie 1 

ms in duration.  Two digital delay generators (DG 535, Stanford Research Systems) were 

implemented to trigger the lithotripter and phantom camera, respectively.  30 consecutive 

movies of free-field cavitation activity were recorded at PRF = 0.05 Hz, representing 

cavitation dynamics uninfluenced by the seeding of microbubbles from preceding 

lithotripter shock waves.  Filtered (0.2 µm) and degassed (<3 mg/L O2 concentration) 

water reservoirs were used for each high-speed imaging experiment with temperatures in 

the fluid volume and lithotripter shock head maintained within 3°C of room temperature 

(21°C) during testing. 

After completion of imaging, individual frames representing maximum bubble 

expansion (i.e., 400 µs post-trigger for the new lens and 350 µs post-trigger for the 

original lens) were extracted from each movie.  Post-processing of the images was 

conducted in MATLAB.  Briefly, background lighting was removed and individual 

bubbles filled to assess peak cavitation activity (black pixels) as a percentage of total 

fluid volume (white pixels).  For the smoothing of cavitation imaging results and plotting 

of contours, pixels mirrored by the central axis (determined via mechanical pointer) were 

first averaged, then spatially convolved n = 50 times with adjacent pixels. 
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5.3 Results 

5.3.1 Lens Comparison of Stone Comminution at Different Field Positions, 

Shock Doses, and Medium Conditions 

 

Figure 5-2:  Hard (dark) and soft (light) stone comminution results using the new lens 

(16.8 kV) at various field positions using both water (no pattern) and 1,3-butanediol 

(pattern) as holder fluids and doses of (a) 500 and (b) 1,000 shocks.  P  
and ( )avgP  values 

are given above each field position group.  Note: But. is used in figure legend to indicate 

1,3-butanediol.   
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The results of stone comminution produced by the new lens at various field 

positions after 500 shocks and 1,000 shocks are shown in Figure 5-2a and Figure 5-2b, 

respectively.  Generally, stone comminution efficiency varied significantly and in a 

predictable manner with field position independent of stone type and fluid within the 

stone holder. Predominantly, the highest stone comminution was produced 20 mm 

proximal to the lithotripter focus (a direction toward the lithotripter source) where ( )avgP  

was near its peak value (i.e., lower than but not statistically different from ( )avgP  at the 

geometric focus).  Similar to the results from the original lens, fragmentation efficiency 

decreased more rapidly off the central axis (i.e., z   = 0 mm, 0 ≤ r  ≤ 12 mm) than along 

the central axis (i.e., -40 ≤ z  ≤ 0 mm, r  = 0 mm), correlating with decline in ( )avgP

(34% of maximum value at r = 12 mm compared to 80% of maximum value at z = -40 

mm).  Furthermore, stone comminution increased statistically with shock number in 16 of 

24 experiments (p ≤ 0.03), soft stones in 18 of 24 experiments (p ≤ 0.04), and water as 

the holder fluid medium in 19 of 24 experiments (p ≤ 0.03), demonstrating once again the 

dependency of treatment outcome in SWL on dose (Delius, Enders et al. 1988), stone 

material properties (Zhong, Chuong et al. 1993; Williams, Saw et al. 2003), and 

cavitation (Zhu, Cocks et al. 2002; Cleveland and McAteer 2005; Rassweiler, Knoll et al. 

2011), respectively.  

Direct comparison of the new and original lens characterization and stone 

comminution results is presented in Table 5-1.  New lens comminution is consistent with 
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its enhancement of both the beam width (along r ) and extent (along z ) relative to the 

original lens.  At r  ≥ 8 mm and z  ≤ -20 mm where ( )avgP  
is enhanced by >25% from 

the original lens, 12 of 15 comminution experiments at 1,000 shock dose resulted in 

statistically higher efficiency for the new lens (p ≤ 0.04).  Despite having 13% lower 

( )avgP  than the new lens, half of the original lens stone comminution experiments at the 

geometric focus (all using soft stone) resulted in statistically higher efficiency (p ≤ 0.04) 

compared to the new lens.  This outcome may be explained either by differences in 

cavitation activity, or secondary compression contributing to stone fragmentation.  

Secondary ( )avgP  calculated at r  = 0, r  = 4, and z = -20 mm is 5.3, 5.2 MPa, and 5.1 

MPa, respectively, all of which are at or near the threshold for fracturing of soft stones (= 

5.3 MPa) as deduced in Chapter 3.  All hard stone comminution experiments at the 

geometric focus were statistically similar between lenses. 

In Figure 5-3, the stone comminution results from Table 5-1 are plotted against 

( )avgP  for both lenses, and the combined data is fitted using equation 2.19.  Extrapolation 

of the curve fits to SC  = 0% gives ( )avgP  threshold values of 5.0 – 5.3 MPa and 7.6 – 

7.9 MPa for soft and hard BegoStones, respectively, or average thresholds of 5.2 MPa 

and 7.7 MPa, which agree with the results of Chapter 3.  As previously noted, the results 

in water and 1,3-butanediol tend to converge at SC  = 0%  for a given stone type, and 

increasing dose has little effect on the threshold value. 
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Table 5-1:  A comparison of peak pressure and stone comminution results at different field positions using the original 

and new lenses. 

Lens 

Position [mm] LSW Pressure [MPa] Stone Comminution [%] 

(in z ) (in r ) 
P  at 

Position  

( )avgP at 

Position 

500 shocks 1,000 shocks 

1,3-butanediol Water 1,3-butanediol Water 

Hard Soft Hard Soft Hard Soft Hard Soft 

Orig. 

0 

0 45.0 21.2 19.3 32.0
a
 42.3 48.5

a
 30.0 50.0

a
 64.7 81.2

a
 

4 20.7 16.2 10.3 25.8 32.6 41.6 20.9 40.4 44.8 69.5 

8 9.4 9.2 5.0 13.5 8.3 18.4 7.4 18.6 14.7 35.3 

12 6.4 6.2 - 4.1 - 6.0 - 6.8 0.7 11.4 

-20 
0 

31.2 17.9 18.2 36.2 36.1 56.4
a
 28.8 48.0 55.2 78.3 

-40 19.5 15.3 10.1 31.9 21.9 36.0 15.6 34.6 31.9 57.6 

New 

0 

0 41.2 24.5 20.0 26.6 37.0 41.9 26.4 42.5 65.6 72.5 

4 24.0 19.7 16.9
a
 22.7 29.3 40.7 20.9 38.1 53.0

b
 68.8 

8 13.7 12.6 8.9 16.9 16.5 24.8
a
 11.8 28.1

a
 27.9

b
 40.5

a
 

12 8.9 8.4 1.6 9.0 2.8 15.3 1.5 12.0
a
 1.5

b
 22.0

b
 

-20 
0 

44.4 23.0 25.9 34.6 43.8 45.8 30.6 52.5 70.9
b
 86.2

a
 

-40 30.3 19.5 20.9 37.8
a
 40.0

b
 57.0

b
 27.8

b
 49.7

b
 61.7

b
 85.0

b
 

a
 p ≤ 0.05 

b
 p ≤ 0.01 

 



 

 

68 

 

Figure 5-3:  Hard (dark) and soft (light) stone comminution results in both water (fill) and 

1,3-butanediol (no fill) plotted against corresponding ( )avgP  values for doses of (a) 500 

and (b) 1,000 shocks.  Logarithmic fits of the combined data from both the original and 

new lenses in water (solid) and 1,3-butanediol (dashed) are presented with R
2
 values 

shown in legend. Note: But. is used in figure legend to indicate 1,3-butanediol. 
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5.3.2 Lens Comparison of Cavitation Activity in Water 

In Figure 5-3, stone comminution patterns are evident irrespective of dose and 

fluid medium.  As an example, all new lens stone comminution at z  = -40 mm ( ( )avgP  = 

19.5 MPa) falls above the logarithmic curve fit of its data set, whereas all new lens stone 

comminution at r  = 4 mm ( ( )avgP  = 19.7 MPa) falls below its corresponding curve fit.  

In fact, 7 of 8 comminution experiments resulted in statistically higher efficiency (p ≤ 

0.03) for z  = -40 mm compared to r  = 4 mm despite the similarity in ( )avgP .  It is 

believed this is a result of different cavitation activities at these positions.  Using the 

Gilmore model (see section 2.2 and Appendix A) to predict cavitation potential at various 

free field positions in water (see Figure 5-4), it was found that the average maxR  over an 

area encompassed by the stone holder was 0.797 mm and 0.720 mm for z  = -40 mm and 

r  = 4 mm, respectively.  The predicted cavitation potential of the new lens at z  = -40 

mm is a peak value for all measured positions and lenses. 

In general, the Gilmore model-predicted cavitation potential of the original lens is 

higher than corresponding values for the new lens at r  ≤ 5 mm in the focal plane, and 

lower beyond this radius.  This observation is in accordance with stone comminution 

results at the focus, which in some cases resulted in higher efficiency for the original lens 

despite lower ( )avgP relative to the new lens.  Cavitation potential is marginally higher 

overall for the original lens at z  = -20 mm, while at z  = -40 mm, maxR is statistically 

higher (p < 0.05) for the new lens at several locations off the central axis ( r  ≤ 2 mm).  
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max( )avgR
 

values calculated over an area encompassed by the stone holder (used in 

comminution experiments) positioned at z  = -20 mm and z  = -40 mm are 2% lower and 

14% higher, respectively, with the new lens.  Only 25% of comminution experiments 

resulted in statistically higher efficiency for the new lens at z  = -20 mm (compared to 

88% at z  = -40 mm), which indicates cavitation differences may have been influential in 

neutralizing the relative differences in ( )avgP  between lenses at these positions. 



 

 

71 

 

Figure 5-4:  Gilmore model-predicted maximum bubble radii in (a) the focal plane ( z  = 

0 mm), (b) z  = -20 mm plane, and (c) z  = -40 mm plane for the original lens (dark) and 

new lens (light).  Trinomial curve fits of each data set are plotted. 

 High-speed imaging of n = 30 frames of cavitation activity using the new and 

original lenses is plotted in Figure 5-5 along with cavitation activity contours.  It is 

important to note that water conditions may not have been mutually consistent between 

lenses as different water reservoirs were used in each experiment; therefore, a direct 

comparison of cavitation activity between lenses may be inconsequential.  Regardless, 
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these plots confirm previous observations using the Gilmore model.  Cavitation falls off 

dramatically for both lenses moving away from the central axis (along x ) and at a faster 

rate in the focal plane ( z  = 0 mm) for the original lens compared to the new lens.  Note 

that the value x relates to radial position  r  through an Abel transform, and is an 

indication of the minimum possible radial position of a bubble occupying the imaging 

frame.  The maximum possible radial position is 

 
2

2

max ,
4

y
r x   (5.1) 

where y  is the depth of field of the camera (~25 mm).  Along the central  z  axis, 

Figure 5-5a shows that cavitation pre-focally is stronger in stretches, particularly around 

z  = -15, -30 and -50 mm, but difficult to distinguish from the geometric focus otherwise.  

In Figure 5-5b, indication of strong cavitation at z  = -20 mm is in agreement with the 

Gilmore model results, which showed this position has the highest max( )avgR  (= 0.777 mm) 

for the original lens among positions characterized with the FOPH.  
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Figure 5-5:  High-speed imaging of peak bubble activity from n = 30 frames using (a) the 

new lens at 16.8 kV and (b) the original lens at 13.8 kV and PRF = 0.05 Hz.  Contours 

are developed through convolutions of adjacent pixels.  The horizontal position  x  is a 

value related to the minimum r of a bubble in the field of view. 
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5.3.3 Dose Dependency and Weibull Correlation 

 

Figure 5-6:  Dose-dependent comminution in the lithotripter focus using hard (dark) and 

soft (light) BegoStones in both water (fill) and 1,3-butanediol (no fill).  Curve fits for 

water (solid) and 1,3-butanediol (dashed) are 3-parameter Weibull functions (all R
2
 ≥ 

0.99).  Note: But. is used in figure legend to indicate 1,3-butanediol. 

 To better understand the varied roles of cavitation, dosage, stone type, and ( )avgP

to stone fragmentation in SWL, the Weibull model for brittle stone fragmentation has 

been adapted from its typical application in single fracture events to the multi-fracture 

processes of SWL.  In Figure 5-6, stone comminution at the lithotripter focus is compared 

between lenses for four different LSW doses and fitted using 3-parameter Weibull 

functions of dose (only).  The Weibull functions of dose have a plateauing characteristic, 

similar to the demonstrated logarithmic correlation of stone comminution efficiency and 

( )avgP .  As discussed previously, comminution results in the focus are slightly higher 
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with the original lens for soft Begostone, potentially because the difference in ( )avgP  is 

offset by contributions of secondary pressure and higher cavitation activity with the 

original lens.  With hard stones, the contributions of secondary pressure are below the 

fracture threshold of the stones, and the Weibull functions in Figure 5-6 are well 

matched. 

In order to include both dose and ( )avgP in a heuristic 3-D representation of stone 

comminution efficiency within a Weibull-style model, it is assumed that the functions of 

dose  and ( )avgP  are separable and scale one another in the overall  ( ) ,avgSC P dose  

function, with SC  defined (as before) using equation 2.16 with l  = 2.0 mm.  Adapting 

equation 2.17 to a 6-parameter function,  

   ( )

( ) , 1 exp 1 exp ,

c g

avg

avg

P a dose d
SC P dose

b f





            
            
             

 (5.2) 

where a , b , c , d , f , and g  are coefficients.  Specifically, a  and d  represent 

location parameters, or the minimum ( )avgP  and dose  to produce fragmentation, 

respectively; c  and g  are shape parameters, conventionally measures of stone flaw 

distribution (i.e. Weibull modulus); finally, b  and f  are scale parameters.   

The 6-parameter heuristic model for stone comminution can be reduced to 4 

coefficients using the previously determined ( )avgP  threshold values in place of a  and 

experimental estimations of dose for first fracture in place of d .  Approximate values for 
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first fracture were determined for soft and hard BegoStones in water (≈ 20 and 15 shocks, 

respectively) and in 1,3-butanediol (≈ 35 and 50 shocks, respectively) using an original 

lithotripter source at 15.8 kV with ( )avgP = 29.8 MPa, a clinically “high” setting 

exceeding the acoustic pressures in the previously described comminution experiments. 

 Regression analyses of four data sets (hard and soft stones in water and 1,3-

butanediol) were conducted in MATLAB using a nonlinear least squares method with a 

trust-region algorithm.  In Table 5-2, fit coefficients for equation 5.2 are presented with 

standard deviations.  It is apparent from the fit results that all shape and scale parameters 

are influenced by the holder fluid medium.  Shape parameters ( c  and g ) increase in 

water by 19 – 78% compared to 1,3-butanediol.  The implication in traditional Weibull 

theory is that the uniformity of flaw distribution has increased in the presence of stronger 

cavitation, meaning stones break in a more consistent manner.  This may also be 

demonstrated in lower coefficients of determination (R
2
) in 1,3-butanediol, a reflection of 

data variability from the fit. 
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Table 5-2:  Fit coefficients and R
2
 values for the 4-parameter heuristic model of stone 

comminution.  Coefficients a  and d  are fixed values provided by experimental results.  

Note: But. is used to indicate 1,3-butanediol. 

Coefficients 
H2O But. 

Hard Soft Hard  Soft 

a  [MPa] 7.7 5.2 7.7 5.2 

b  [MPa] 8.06 ± 1.00 7.42 ± 0.93 22.3 ± 12.1 15.1 ± 4.0 

c  1.54 ± 0.27 1.40 ± 0.22 0.863 ± 0.139 0.878 ± 0.124 

d  15 20 50 35 

f  811 ± 107 637 ± 62 1,070 ± 680 739 ± 185 

g  1.21 ± 0.15 1.32 ± 0.17 0.905 ± 0.237 1.11 ± 0.23 

R
2
 0.96 0.95 0.92 0.91 

 

In 1,3-butanediol, the fragmentation processes are driven more by stone type than 

cavitation, which manifests in the differences in scaling parameters ( b  and f ).  Both 

parameters are ~45% higher for hard BegoStone compared to soft BegoStone in 1,3-

butanediol, whereas b  and f  are 9% and 27% higher, respectively, in water.  As scale 

parameters converge between stone types in different fluid mediums, it may imply a 

larger role of cavitation in fragmentation.  Figure 5-3 shows the progressive enhancement 

of stone comminution efficiency with higher ( )avgP  in water compared to 1,3-butanediol, 

and it has been demonstrated that the role of cavitation in stone comminution evolves 

with dose as well (Zhu, Cocks et al. 2002).  Furthermore, the shape parameters for the 

( )avgP  sub-function  c  are slightly higher in water than the shape parameters for dose
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 g , which along with the trends in scaling coefficients suggest that efficient stone 

comminution is reliant upon the synergistic interaction of stress waves and cavitation. 

Contour plots of the 4-parameter heuristic model of stone comminution are shown 

in Figure 5-7 in a range of average peak pressures and doses exceeding the stone 

comminution tests used in this study.  Dashed lines demarcate this experimental 

boundary in each subplot.  At the experimental maximum ( )avgP  (= 24.5 MPa) and dose  

(= 2,000 shocks), stone comminution efficiency values as determined by the fit are 

indicated on the plots.  The actual stone comminution results at these points are (from 

hard BegoStone in water moving clockwise) 90.4 ± 3.7%, 44.2 ± 5.8%, 67.6 ± 6.6%, and 

99.7 ± 0.5%.   Interestingly, the fitting results (especially in water) indicate that for both 

( )avgP  and dose , there are comminution lines resembling asymptotes along which one 

should not expect to dramatically increase comminution efficiency (see upper left and 

lower right quadrants in water). The extrapolated comminution efficiencies between 

2,000 shocks and 3,000 shocks in water are within 10 percentage points at a fixed ( )avgP , 

and similarly, the differences in comminution efficiencies in the range of 30 MPa <

( )avgP <40 MPa are insubstantial at a fixed LSW dose. 



 

 

 

 

7
9
 

 

Figure 5-7:  Contour plots of the 4-parameter heuristic model of stone comminution in water (left column) and 1,3-

butanediol (right column) using hard (top row) and soft (bottom row) BegoStones.  The lower left quadrant in each 

subplot, demarcated by dashed lines, indicates the maximum ( )avgP and dose used during stone comminution 

experiments (excluding first fracture experiments).  Percentage values on each subplot are predicted comminution at 

dashed line intersections.  Note: But. is used in subplot titles to indicate 1,3-butanediol. 
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Using the original lens at a high source voltage (i.e., 15.8 kV), fit predictions 

outside the experimental boundary may be assessed.  At an arbitrarily chosen dose (i.e., 

750 shocks) in the lithotripter focus, hard stone comminution efficiencies were 90.7 ± 

6.0% and 38.7 ± 3.5%, while soft stone comminution efficiencies were 94.3 ± 2.4% and 

53.3 ± 11.4% in water and 1,3-butanediol, respectively.  The results in 1,3-butanediol are 

as much as 6.6 percentage points above fit predictions, whereas water results are higher 

than their predictions by as much as 32 percentage points.  It is believed that this large 

discrepancy in water is primarily due to cavitation.  In Figure 5-8, high-speed imaging of 

cavitation activity near the focus of the original lens is compared directly between source 

settings of 13.8 kV and 15.8 kV.    In equivalent water conditions and a lithotripter PRF = 

0.05 Hz, peak cavitation activity at 15.8 kV has more than doubled corresponding 

measurements at 13.8 kV.  It is likely that the heuristic model of stone comminution 

breaks down in water when a lithotripter field has much stronger cavitation activity than 

the mean cavitation activity of the foundational data set. 
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Figure 5-8:  High-speed imaging of peak bubble activity near the focus from n = 30 

frames using the original lens at (a) 13.8 kV (b) 15.8 kV and PRF = 0.05 Hz. 

5.4 Discussion 

In this study, the performance of a newly designed EM lithotripter focusing lens 

was compared to that of an original focusing lens in stone comminution experiments at 

various field positions, LSW doses, holder fluid mediums, and stone types in vitro.  

Principally, it was found that the new lens fragmented stones with higher efficiency at 

positions far from the lithotripter focus ( r  ≥ 8 mm and z  ≤ -20 mm), which correlated 

to higher ( )avgP and wider spread of cavitation activity at these locations.  Stronger 

cavitation activity with the new lens at positions far from the lithotripter focus has 
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improved the capability of fragmentation as stones move (via respiration, patient 

movements, or spreading), but also raises concerns about tissue injury, especially pre-

focally.  With growing interest in treatment strategies, such as upward energy ramping to 

induce vasoconstriction (Handa, Bailey et al. 2009) or further PRF reduction (Delius, 

Jordan et al. 1988; Sapozhnikov, Khokhlova et al. 2002; Evan, McAteer et al. 2007), 

these side effects may be mitigated.  At the shared geometric focus of the lithotripters ( r  

= 0 mm, z  = 0 mm), the original lens produced comparable or slightly higher stone 

comminution despite having lower ( )avgP  than the new lens, a likely result of differences 

in cavitation and secondary compression in the respective shock waves.  The second 

compressive wave in an original lens waveform may contribute to additional fracture 

events, or may be additive with the primary LSW, depending on stone size.   

Using the data acquired in stone comminution experiments, a 3-D reconstruction 

was produced, which adapted the well-established statistical distribution model of 

Waloddi Weibull (Weibull 1951; Brown and Wohletz 1995; Forquin and Hild 2010).  

The Weibull model has been adapted to brittle fragmentation of coal (Chirone and 

Massimilla 1989), silicon carbide ceramic (Denoual and Hild 2000), concrete (Forquin 

and Erzar 2010), and other materials where sample-to-sample variation in fracture can be 

large.  The 6 parameter model for SWL was reduced to 4 parameters through 

identification of quantifiable location (threshold) parameters for the initiation of fracture.  

The scale parameters for pressure  b
 
and dose  f

 
have no apparent physical basis, 
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unsurprising given the heuristic approach and the breakdown of the Weibull model for 

dynamic fragmentation (Forquin and Hild 2010).  However, the scale parameters trend 

similarly with stone type and fluid medium, such that the most advantageous conditions 

for SWL (soft stone in water) result in the smallest scale factors, and vice versa.  The 

effect of enhanced cavitation activity in water compared to 1,3-butanediol is strongly 

reflected in the shape parameters ( c  and g ), and their relative differences may 

demonstrate the synergistic interactions of cavitation with stress waves.  Furthermore, a 

substantial increase in cavitation activity in combination with very high ( )avgP can lead to 

large deviations from model predictions, as is the case using the original lens at 15.8 kV. 

The results in 1,3-butanediol do not have obvious clinical implications, however, 

the relative absence of cavitation may be in some ways representative of urinary stones 

wedged in a confined space (e.g. ureter) where the impact of cavitation is lessened.  In 

water, the heuristic model predicts near-asymptotic stone comminution lines along which 

extra LSW pressure or dosage may be wasteful.  Notably, beyond 2,000 shocks in both 

soft and hard stones, differences in stone comminution at a fixed ( )avgP  are marginal.  As 

clinicians often use >2,000 shocks for SWL, this finding may reduce treatment time 

without greatly reducing efficacy, such is the case with high pulse repetition frequency 

(PRF) (Greenstein and Matzkin 1999; Weir, Tariq et al. 2000; Madbouly, El-Tiraifi et al. 

2005; Pace, Ghiculete et al. 2005; Chacko, Moore et al. 2006). 
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Although there are parameters and variables of LSW and stone outside of the 

scope of this project, such as initial and final stone mass, pulse (stress) duration, and 

PRF, it is not an intention to diminish their importance to SWL.  PRF in particular, as it 

relates directly to cavitation (Pishchalnikov, McAteer et al. 2006; Pishchalnikov, 

McAteer et al. 2008), may play an important role in the shape and scale parameters of the 

heuristic model of stone comminution.  And as Rosin and Rammler demonstrated, initial 

stone mass and the mesh size for determining stone clearance may be built into their own 

Weibull-style function (see equation 2.16) (Rosin and Rammler 1933).  Furthermore, 

holder type can factor in to stone comminution efficiency in a number of ways.  Large 

and uncapped holders such as the one used in this study allow the stone a range of motion 

and sufficient space for cavitating fluid, while a membrane at the base enhances LSW 

attenuation from small fragment accumulation (cf. mesh holders). 
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6. An In Vitro Respiratory Motion Model for Evaluation of 

Shock Wave Lithotripters in Advance of Implementation In 

Vivo 

6.1 Background – Effect of Stone Motion on SWL 

It is well established that the original Dornier HM3 lithotripter produces better 

stone clearance than the 2
nd

- and 3
rd

-generation lithotripters with minimal need for 

retreatment (Graber, Danuser et al. 2003; Lingeman 2003; Gerber, Studer et al. 2005).  

Demonstrated in the preceding chapter as well as a recent investigation on the Dornier 

HM3, a large focal width may be beneficial to efficacy (Qin, Zhong et al. 2010).  It is 

surmised that in the absence of precise stone tracking systems for SWL, a large focal 

width can mitigate the effects of stone motion.  A variety of stone movements can occur 

during SWL, including motion produced by acoustic radiation forces from lithotripter 

shock waves, fluid-induced motion, voluntary patient adjustments, and respiration. 

For proof-of-principle on the effect of respiration on stone comminution, 

Cleveland, et al. used an in vitro translational motion system to demonstrate that 

excursion >10 mm had a significantly negative effect on stone comminution for a high 

peak pressure, small focus lithotripter (Cleveland, Anglade et al. 2004).  Other studies 

have been carried out previously for the purpose of validating stone-tracking systems 

(Orkisz, Farchtchian et al. 1998; Chang, Liang et al. 2001; Chang, Manousakas et al. 

2002; Leighton, Fedele et al. 2008), though current clinical SWL procedures have yet to 

incorporate stone-tracking technology.  In addition to SWL, radiographic imaging of 
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kidney motion during human breath cycles for diagnostic biomedical research have 

shown a variety of movement patterns from respiration (with kidney excursions as high 

as 4 – 8 cm during forced breathing) (Suramo, Paivansalo et al. 1984; Davies, Hill et al. 

1994; Moerland, van den Bergh et al. 1994; Ahmad, Huq et al. 1997; Keall, Mageras et 

al. 2006).  Research in SWL has affirmed that respiratory variables such as rate and 

excursion distance are critically related to patient comfort, anesthesia type, and whether 

or not ventilation is used (Bromage, Bonsu et al. 1989; Bromage, Husain et al. 1990; 

Coloma, Chiu et al. 2000).  Currently there is no consensus on the type of anesthesia used 

for SWL, though it is believed decreased respiratory excursion from general anesthesia 

can be beneficial to efficacy (Lee, Weiland et al. 2007). 

The in vitro respiratory motion model developed for this study attempts to cover 

the wide range of kidney motions previously quantified with special consideration for 

respiratory motions viewed as typical during SWL.  The experiments were designed to 

examine: 1) the differences in stone comminution produced by the same electromagnetic 

(EM) lithotripter source using two different acoustic lenses (original and new), which 

produce unique focal volumes and cavitation dynamics, and 2) the effects of individual 

respiratory patterns on fragmentation efficacy independent of lithotripter configuration.  

Results of in vivo stone comminution experiments are presented in support of 

observations from in vitro experimentation. 
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6.2 Materials and Methods 

6.2.1In Vitro Respiratory Motion Model and Setup 

The in vitro respiratory motion model developed for this study adapts the work of 

Davies et al., who proposed a 4 phase approximation to organ motion during respiration 

from images captured via M-mode ultrasonic scan (Davies, Hill et al. 1994).  Figure 6-1 

illustrates the basic translational scheme:  inspiration (I), inspiration pause (IP), 

expiration (E), and expiration pause (EP).  Phase durations as a percentage of the total 

breath cycle were adapted from mean organ motion times (Davies, Hill et al. 1994).  

Excursion distances were selected from the aggregate data on kidney displacement as 

representative of normal respiration ( D = 15 mm) and forced respiration ( D = 30 mm) 

(Bromage, Bonsu et al. 1989; Davies, Hill et al. 1994; Moerland, van den Bergh et al. 

1994; Ahmad, Huq et al. 1997).  Three different breathing rates were chosen, 

representing relatively slow (12 bpm), fast (18 bpm) and abnormally fast (24 bpm) 

human respiratory rates (Bromage, Bonsu et al. 1989; Coloma, Chiu et al. 2000).  

Additional factors built into the respiratory model include randomizations for drifting 

from mean position and duration of each breath.  Breath duration was stochastically 

increased or decreased by ≤ 5% each cycle to avoid discrete translation patterns.  “Drift” 

was similarly randomized to simulate variability in kidney excursion or small patient 

movements.  Low and high drift were specified as absolute variation in D  of ≤ 0.2 

mm/breath cycle and ≤ 1.0 mm/breath cycle, respectively. 
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Figure 6-1:  A plot of the basic respiratory motion scheme adapted from (Davies, Hill et 

al. 1994).  TOTT
 

is the summation of 4 motion phases  , , ,I IP E EPT T T T  shown with 

representative excursion distance ( D  = 15 mm) and breath rate (= 12 bpm).  Black dots 

are plotted every 1 s (PRF = 1.0 Hz) to indicate a LSW arrival to the focal plane. 

Prior to stone comminution testing, hard spherical BegoStone phantoms of 10 mm 

in diameter were placed in a flat-base tube holder (see Figure 6-2) attached to a 

translational stage (VXM-2 step motor with BiSlide-M02 lead screw) and aligned to the 

geometric focus of either the original or new shock source.  The shock sources were 

placed at the base of a Lexan tank (L x W x H = 40 x 40 x 30 mm) filled with 0.2 µm-

filtered and degassed water (<3 mg/L O2 concentration, 23°C).  Each stone treatment 
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consisted of 2,000 shock waves delivered at PRF = 1.0 Hz.  Respiratory motions were 

simulated using a MATLAB program, which controlled stage motion along a single 

horizontal axis.  Holder motion during shock wave treatment proceeded away from the 

focus (inspiration) and back toward the focal region (expiration) to simulate inferior-

superior respiration, in which the diaphragm presses downward (inferior direction) on the 

retroperiteneum to create space for the inhalation of the lungs and retracts (superior 

direction) as a person exhales.  Unless otherwise noted, an unpaired student t-test was 

used to compare comminution results across various simulated respiratory motions and 

between the new and original lenses.   

 

Figure 6-2:  An illustration of the flat-base tube holder and spherical Begostone in 

simulated superior-inferior (S-I) motion during in vitro SWL. 
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6.2.2 In Vivo Swine Model and Comminution Protocol 

Female farm pigs (6 to 7 weeks old) were used as animal models for in vivo stone 

comminution assessment due to their comparable renal anatomy to humans.  On the day 

of experiment, each swine underwent induction of general endotracheal anesthesia.  Once 

under general anesthesia, a standard midline incision was made on the pig to expose its 

right kidney and the proximal portion of its right ureter.  A soft cylindrical BegoStone 

phantom (D x L = 5 x 10 mm) of dry weight 0.334 ± 0.004 g was introduced into the 

ureter through a ~1 cm incision and advanced into the kidney in a retrograde fashion.  A 

stent was placed in the ureter and renal pelvis to block possible migration of the stone. 

The ureterotomy was closed with a running suture.  The same procedure was then 

performed on the left kidney. Following closure of the left ureterotomy, the midline 

incision was closed with surgical staples. 

Prior to SWL, a single stone at a time was localized to lithotripter focus using C-

arm fluoroscopy.  An ultrasound coupling gel was applied to the shock head coupling 

balloon, which was then brought in contact with the pig.  After reconfirming alignment 

and while the pig was still under general anesthesia, SWL was performed at PRF = 1.0 

Hz using either the original lens at 13.8 kV or new lens at 16.8 kV, corresponding to 

matched acoustic energies.  The sequence of the treatment (i.e., right or left kidney) and 

dose (i.e., 500, 1,000 or 2,000 shock waves) was randomized to avoid potential bias. 

Following shock wave treatment on both kidneys, pigs were euthanized and 

kidneys excised.  After removal of kidney capsules, the kidneys were carefully bisected 
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to collect stone fragments.  Stones were cleaned of residual tissue, dried for at least 24 

hours, and weighed for retention and comminution efficiencies (determined using 

equation 2.16 with l  = 2.0 mm). 

6.3 Stone Comminution Results 

6.3.1 In Vitro Respiratory Motion Stone Comminution 

6.3.1.1 Lens Type Comparison 

 

Figure 6-3:  (a) 2,000 shock stone comminution of hard BegoStone phantoms at the focus 

(no motion) and aggregated respiratory motion results with the new and original lenses at 

16.8 and 13.8 kV, respectively.  (b) A breakdown of the stone comminution results from 

new and original lenses for 6 unique respiratory motion patterns. 
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The results of Figure 6-3a support two general observations from this study:  (1) 

simulated breath motions produce a reduction in stone comminution efficiency during 

SWL treatment relative to motionless treatment, and (2) the cumulative stone 

comminution results from various respiratory motion patterns indicate the new lens is a 

significant improvement over the original lens (p < 0.0001).  Observation (1) has been 

previously reported (Cleveland, Anglade et al. 2004; Bohris, Bayer et al. 2010) and is 

supported by the recent clinical observation that around 30 ~ 40% of shock waves miss 

target stones during SWL (Leighton, Fedele et al. 2008; Sorensen, Bailey et al. 2012).   In 

Figure 6-3b, each respiratory motion type contributing to the cumulative results of Figure 

6-3a is isolated, showing all but one motion type ( D  = 15 mm, 12 bpm, and high drift) 

results in statistically higher stone comminution efficiency for the new lens compared to 

the original lens.  To examine whether or not a statistical difference could be determined 

in this motion pattern type, stones (n = 4 for each lens) were tested using identical 

archived motions, which resulted in efficiencies of 68.9 ± 9.4% and 59.3 ± 7.8% for the 

new and original lenses, respectively, and p < 0.05 for a paired t-test. 

In each mimicked respiratory motion experiment, an average static radius of 

treatment, i.e.,  

 
 max

0

,
r

avg

r tot

dose r
r r

dose

   (6.1) 

has been determined though a summation of the histogram radii weighted by percentage 

of total dose  totdose , where maxr  is the maximum radius of motion from the lithotripter 
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focus.  In all but one motion type, 
avgr  values between the new and original lenses were 

statistically similar (p > 0.09).  In the case of D  = 30 mm and low drift, 
avgr  = 12.2 ± 0.3 

mm for the original lens compared to 12.8 ± 0.6 mm for the new lens (p = 0.04), 

indicating that average position in this motion type for the original lens was statistically 

nearer to the lithotripter focus than for the new lens. 

6.3.1.2 Motion Pattern Comparison and Effective Dose 

 For both lenses, an increase in excursion distance ( D ) from 15 mm to 30 mm 

resulted in statistically lower comminution efficiency (p < 0.01), with the exception of 

high drift motion using the new lens (p = 0.21).  Similarly, low drift motion patterns 

produced higher comminution efficiencies than their high drift counterparts (p ≤ 0.06) 

with the exception of D  = 15 mm using the new lens (p = 0.26).  These results generally 

agree with the consensus that reduced motion, whether by shallower breathing or reduced 

patient movements, is beneficial to SWL (Sorensen, Chandhoke et al. 2002; Ng, 

Thompson et al. 2007).  Furthermore, a breath rate effect on comminution efficiency is 

evident independent of lens; with all other variables held constant, increasing breath rate 

from 12 bpm to 24 bpm resulted in statistically lower comminution efficiencies (p < 

0.05).  This effect may be artificial and related to Brownian motion (see the averaged 

histograms in Figure 6-4), where an increase in total number of mimicked breath cycles 

during a treatment increases the likelihood of stone drift away from the focus.   
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Figure 6-4:  Average (n = 6) histograms of 12 bpm (solid) and 24 bpm (dashed) motions 

with new (light) and original (dark) lens thresholds for fragmentation indicated. 

Utilizing results from chapters 3 and 5 pertaining to fragmentation threshold, the 

respective radii corresponding to minimum ( )avgP  to initiate fragmentation (= 7.7 MPa) 

are indicated in Figure 6-4.  When the stone holder centroid position exceeds the 

threshold radius of the lithotripter in use, incident shock waves can be considered to have 

negligible impact.  Removing the ineffectual lithotripter shock waves from the total LSW 

dose (i.e. 2,000 shocks) gives a representation of effective dose  effdose .  From effdose , 

it was determined that 39 ± 11% of shock waves missed the target stone during the n = 44 
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motion simulations for the original lens compared to 29 ± 18% for the new lens (p < 

0.01).  These values are consistent with clinical observations of percentages of wasted 

shock waves during SWL (Leighton, Fedele et al. 2008; Sorensen, Bailey et al. 2012).    

In order to estimate comminution efficiency using the 4-parameter heuristic 

model for hard BegoStones in water presented in Figure 5-7, equation 6.1 was adapted to 

produce an effective static radius (holder position) for a given motion pattern, 

 
 

0

,
thresholdr

eff

r eff

dose r
r r

dose

   (6.2) 

where thresholdr  = 9.6 mm and 13.3 mm for the original and new lenses, respectively.  

( )avgP  
is determined by effr  via characterization results (see Figures 3-2b and 5-1b).  The 

resulting “predictions” of comminution efficiency are shown in Figure 6-5, and match 

well with fragmentation results in Figure 6-3b.  Original lens stone comminution 

efficiencies of Figure 6-5 are between 10 pp (percentage points) less and 5 pp more than 

motion results, while new lens stone comminution efficiencies are 3 – 15 pp less 

compared to motion results.  Nevertheless, new lens stone comminution is statistically 

higher (p < 0.05) than the original lens in 5 out of the 6 motion pattern groups, identical 

to the outcomes from respiratory motion stone comminution.  Despite the histogram 

differences shown in Figure 6-4, the results of Figure 6-5 show only slight decreases (2.7 

and 0.8 pp for the original and new lenses, respectively) as breath rate increases from 12 

– 24 bpm, signifying the possibility that other effects influence the drop in comminution 
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efficiency.  Potentially, this effect may be cavitation related, as the increased motion 

alters the duty cycle of lithotripter shock waves incident on the holder.  As with all 

predicted outcomes, the unique fracture histories of stones moving in and out of the focal 

region and their effects cannot be entirely elucidated in a static model. 

 

Figure 6-5:  Predicted stone comminution efficiencies based on the 4-parameter heuristic 

model for hard BegoStones in water (see Figure 5.7) using ( )avgP  at effr  and effdose  as 

input. 
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6.3.1.3 Directional Effects 

 

Figure 6-6:  Stone comminution results from the preceding section grouped based on 

maximum overall drift from the focus in the superior and inferior directions for the new 

(light) and original (dark) lenses.  Data groups falling outside of the stone holder 

diameter (indicated on plot) are considered to have large drift, while groups within the 

stone holder diameter are considered small drift. 

Stone comminution results from the previous section were grouped based on lens 

and predetermined respiratory motion types.  In Figure 6-6, grouping of individual lens 

results is based on respiratory motion outcome, i.e., maximum overall drift of a stone 

from its initial position (expiration pause) in two directions (superior and inferior).  Each 

stone experiences a maximum drift in both the superior and inferior directions, and thus 
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is accounted for twice (once on each side of the central axis) in Figure 6-6.  For 

distinction between large and small drift, a drift threshold is specified as the stone radius 

(5 mm), resulting in two groups in each direction.  In the 3 rightmost groupings for each 

lens type, no statistical difference is found in stone comminution efficiency, indicating 

that even large drifting (>5 mm) of the stone in the superior direction does not necessarily 

adversely affect stone comminution.  However, similarly large drifting in the inferior 

direction produces statistically worse stone comminution efficiency (p < 0.02) compared 

to other drifting groups, independent of lens in use.  Potentially, this observation may be 

useful to clinical SWL realignment protocol. 

6.3.2 In Vivo Stone Comminution 

 

Figure 6-7:  In vivo stone comminution results in the swine model using the original 

(dark) and new (light) lenses at doses of 500, 1,000 and 2,000 lithotripter shock waves. 
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The results for in vivo stone comminution comparing new and original lenses at 

equivalent acoustic energies can be seen in Figure 6-7.  At a dose of 500 shocks, there is 

no statistical difference in stone comminution between lenses.  At doses of 1,000 and 

2,000 shocks, stone comminution efficiencies of the new lens (= 83 ± 14% and 86 ± 10%, 

respectively) were statistically higher (p < 0.05) than those of the original lens (60 ± 17% 

and 72 ± 12%, respectively), in agreement with experimentation in vitro using simulated 

respiratory motion.  The comminution efficiencies for the new lens at 1,000 and 2,000 

shocks are nearly equivalent, confirming the observation that as fragment size reduces, 

the number of shock waves needed to attain a given size threshold increases considerably 

(Lokhandwalla and Sturtevant 2000).  Alternatively, fragmented stones are susceptible to 

spreading within the kidney collecting system beyond the effective lithotripter areas (see 

Figure 6-8). 
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Figure 6-8:  Sample bi-sectioned swine kidney after 1,000 shock waves using the original 

lens.  Original and new lens effective areas (soft stone) and example stone spreading are 

indicated relative to the primary stone cluster.  Clusters of stones left of the bi-section 

line mirror the main cluster and are from the bi-section process. 

6.4 Discussion 

 In the preceding work, an in vitro respiratory motion model was developed to 

evaluate stone fragmentation of an electromagnetic shock wave lithotripter with two 

different acoustic focusing lenses prior to in vivo evaluation.  Additionally, the 

respiratory motion model was evaluated in order to distinguish breath patterns affecting 
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SWL either positively or negatively.  Generally, it was observed that a wider focus (new) 

lens produced higher stone comminution than the original lens, and beneficial respiratory 

motions involved low excursion, drift, and frequency regardless of lens in use.  

Analogous clinical conditions may be achievable through general anesthesia and/or 

mechanical ventilation (Bromage, Bonsu et al. 1989; Coloma, Chiu et al. 2000).  Breath 

rate results from this work may be immaterial, as histograms demonstrated increased 

drifting for higher breath rates, similar to the Brownian particle diffusion effect.  

Additionally, faster breath (i.e. stone holder) motion may alter cavitation dynamics within 

the holder through changes to the duty cycle of lithotripter shock waves incident on the 

holder, similar to a slowing of PRF, which is known to improve stone comminution 

efficiency (Madbouly, El-Tiraifi et al. 2005; Pace, Ghiculete et al. 2005). 

 The results from in vivo stone comminution support the assertion that the 

fundamental differences of the new lens from the original lens (higher FWHM beam size 

and cavitation) are beneficial to stone comminution efficiency.  The swine model 

represents conditions on the conservative side of realistic respiratory motion during SWL, 

as treatments were performed with pigs under general anesthesia, with occasional use of 

mechanical ventilation to stabilize breathing.  Estimated stone excursions were <5 mm 

with breath rates between 10 – 12 bpm, suggesting relative improvements to stone 

comminution efficiency using the new lens may further increase using human patients. 

 A key finding of this study is the directional importance of stone drift from its rest 

position.  Fundamentally, the decrease in comminution efficiency for large drift in the 
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inferior direction reduces to an issue of dose number within the effective fragmentation 

area of the lithotripter.  Stone drift in the superior direction ≤ thresholdD r  will still allow 

for intersection of the stone and lithotripter effective area over the course of one breath 

cycle, however, stone drift in the inferior direction ≥ thresholdr  means the respiratory 

motion path and lithotripter effective area will not intersect at all.  As an example, the 

extreme drifting (maximum inferior drift = 16.6 mm) of one stone treated with the new 

lens resulted in only 588 out of 2,000 total shocks within its effective area (defined by 

thresholdr  = 13.3 mm) and the lowest overall stone comminution of any sample (= 36.5%). 
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7. Mechanistic Evaluation of Cavitation using an Integrated 

Tandem Pulse System for EM Lithotripters 

7.1 Background – Tandem Pulse 

Tandem pulsing, or the firing of two pressure pulses during the periodic time 

window defined by the repetition frequency of the primary pulse, is among the numerous 

methods in SWL for manipulating cavitation (including waveform modifications and 

treatment strategies).  One may consider in situ pulse superposition to be a type of 

tandem pulsing, where the pulse separation time (PST) is on the order microseconds, or 

10
2
 – 10

3
 times less than the typical value used for forced-collapse of the primary 

cavitation bubbles or creating secondary stress wave/cavitation events.  The forced-

collapse scenario is inspired by near-boundary bubble collapse, where flow disturbances 

and pressure gradients cause bubbles to collapse and form liquid jets.  This phenomenon 

can also be extrinsically induced by acoustic pressurization.  Following the theoretical 

work from Tulin (Tulin 1969), Tomita and Shima explored SW-bubble interaction and 

the ability to enhance the violence of liquid jets (Tomita and Shima 1986).  Subsequent 

research related jet velocity to bubble radius at the time of LSW impingement (Philipp, 

Delius et al. 1993; Ohl and Ikink 2003).  Later, Sankin et al. used laser-generated single 

bubbles to determine an optimum impingement time for maximum damage potential, 

namely, when the compressive pulse duration of the LSW matches the forced bubble 

collapse time (Sankin, Simmons et al. 2005).   
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Though forced bubble collapse is of interest, the primary focus of this study will 

be a mechanistic analysis of the tandem pulse technique in which a trailing pressure pulse 

is predominately used to ignite a cavitation event.  Previously, the unique cavitation event 

that follows electrode discharge of the Dornier HM3 was discussed.  The bubble collapse 

generates a spherical SW, which is focused by a hemi-ellipsoidal reflector and initiates a 

second phase of cavitation activity near to the target.  The secondary cavitation event and 

forced bubble cluster collapse have been simultaneously investigated on the Dornier 

HM3 using a piezoelectric annular array (Xi and Zhong 2000; Zhong 2007).  Tandem 

pulse has been evaluated using 2
nd

- and 3
rd

-generation lithotripter technologies and tested 

in a range of configurations, including pulse delays to enhance bubble cluster collapse 

violence or initiate a second cavitation cluster (Loske, Prieto et al. 2002; Loske, 

Fernandez et al. 2005).  Tandem pulse systems have also been used to localize cavitation 

(Bailey 1997; Sokolov, Bailey et al. 2001; Sokolov, Bailey et al. 2003).  A primary 

challenge for tandem pulse technology moving forward will not be in proof of concept or 

demonstration of its effectiveness in fragmenting stones (Zhou, Qin et al. 2012), but in 

mechanistic analysis and system integration for clinical benefit. 

The work of this chapter is two-fold:  (1) development of a fully-integrated 

secondary shock wave source to use for cavitation enhancement in an EM lithotripter, 

similar to the inherent system of the Dornier HM3, and (2) simultaneous investigation of 

the underlying mechanisms that enhance stone comminution through tandem pulse.  



 

 

105 

Previous work on ( )avgP  threshold will be applied in order to isolate the stress wave and 

cavitation mechanisms. 

7.2 Materials and Methods 

7.2.1 Self-Focusing Annular Ring Transducer Design and Construction 

For purposes of clinical feasibility, the dual source setup required fabrication of a 

transducer to be placed in or around the primary lithotripter source.  An EM annular ring 

design was selected because of the margin allowed by a relatively small primary source 

aperture (= 132 mm).  A calculated 70° aperture angle for the annular ring was small 

enough for its pressure pulse to pass unimpeded through typical flank windows in 

patients.  The annular ring transducer membrane was fabricated using thin, annealed 

copper rolled across a ~28 mm substrate face to produce its flat self-focusing surface 

(~37 cm
2
).  After cooling, the copper membrane was removed from the substrate, and 4 

copper wires were looped 9 turns on the substrate in order to form the inductor.  Brass 

pins for high-voltage (HV) cable connection were fixed to 2 terminals exiting the back 

substrate surface.  Fast-drying epoxy and Kapton polyimide film (DuPont, Circleville, 

OH, USA) were set over the copper coil for stability and electrical insulation.  Finally, 

the copper membrane was mechanically clamped at its edges over the insulator using 5 

mm-wide aluminum rings.  The entire assembly with original lens is shown in Figure 7-

1a with a close view of the inductor wire beneath the membrane inset in Figure 7-1b. 
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Figure 7-1:  (a) Photograph of the tandem pulse assembly with original lens lithotripter 

within a ring transducer constructed on a substrate.  (b) Close-up photograph of copper 

wire turns epoxied beneath Kapton film used to repel copper membrane and create 

pressure pulse. 

7.2.2 Characterization, High-Speed Imaging, and In Vitro Static Stone 

Comminution Setup 

The experimental setup and protocol described in section 3.2 was implemented 

for characterization in this chapter, while the high-speed imaging protocol of section 

5.2.2 was used for visualization of cavitation activity. For characterization of the annular 

ring transducer, a FOPH hydrophone was aligned to the focus of the primary SW source 

(an original lens lithotripter).  The operating range of the annular ring transducer in this 

study was 11 – 14 kV, controlled by Siemens Pulso (Siemens Medical Systems, Inc., 

Iselin, NJ) power supply with a 1.5 µF condenser.  In comminution experiments, use of 
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lithotripter sources above ~15 kV produced cross-talk between lithotripters, resulting in 

loss of control of pressure output and pulse separation time (PST).  Source voltages of 

13.8 kV and 14.8 kV were used for the primary SW source during stone comminution 

experiments.  Soft and hard ø10 mm spherical BegoStone phantoms were placed in a flat-

base tube holder at the focus of the original lens with water as the fluid medium.  A PRF 

= 1.0 Hz and PST ≈ 2.5 ms were used in fragmentation tests. 

7.3 Results 

7.3.1 Pressure Characterization 

 

Figure 7-2:  Representative waveforms of the annular ring transducer at 11 kV (dark) and 

14 kV (light) at the focus of the primary (original) source.  Time scale is relative to the 

triggering of the primary source. 

 In Figure 7-2, two representative waveforms of the annular ring source at 11 and 

14 kV are shown.  Their arrival times (= 2603 μs) to the focus of the primary lithotripter 



 

 

108 

are given relative to its triggering time.  The net PST is the difference in arrival times to 

the focus (= 2481 μs).  P  and P  are 6.4 ± 1.1MPa and 3.5 ± 0.9 MPa, respectively, at 

11 kV and increase to 14.0 ± 1.1 MPa and 5.5 ± 1.0 MPa, respectively, at 14 kV.  The 

field mapping results at 4 different energy settings (11, 12, 13, and 14 kV) are presented 

in Figure 7-3 for 2 different focal planes, with the positive y  axis corresponding to the 

direction nearest to the coil terminals.  Generally, the absolute peak positive pressure 

occurs 1 mm off the central axis in the positive y direction.  The annular ring source is 

therefore not strictly confocal with the primary lithotripter source (~1.4 mm offset from 

its geometric focus), but focuses within the BW  of the primary source (radii ≥ 3.6 mm).  

Full-width half-maximum beam widths of the annular ring source narrow from 11.2 mm 

at 11 kV to 8.9 mm at 14 kV.  ( )avgP  
values are indicated on subplots of Figure 7-3.  

Based on results from Chapters 3 and 5, the annular ring transducer is capable of 

breaking soft and hard BegoStone phantoms using source voltages ≥ 12 kV and ≥ 14 kV, 

respectively.  
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Figure 7-3:  Peak positive and negative pressures of the annular ring source along x  

(dark) and y   (light) axes as measured by the FOPH at the focus of the original shock 

source using source voltages (a) 11 kV, (b) 12 kV, (c) 13 kV, and (d) 14 kV. 

7.3.2 Cavitation 
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Figure 7-4:  High-speed imaging of peak cavitation activity at PRF = 1.0 Hz immediately 

following the (a) primary source alone at 13.8 kV, (b) annular ring source alone at 11.0 

kV, (c) annular ring source alone at 14.0 kV, (d) annular ring source at 11.0 kV preceded 

by primary source at 13.8 kV with PST = 2.5 ms, and (e) annular ring source at 14.0 kV 

preceded by primary source at 13.8 kV with PST = 2.5 ms.  A scale frame is provided 

(upper left) with lithotripter focus marked (+).  Estimations of bubble cluster widths are 

given in (a), (d) and (e). 
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Representative high-speed images of peak cavitation activity from various 

combinations of sources fired at PRF = 1.0 Hz are shown in Figure 7-4.  A flat-base tube 

holder with outer diameter of 15 mm is placed with stone at the primary lithotripter focus 

(marked by ‘+’).  Peak cavitation from the primary LSW alone at 13.8 kV is ~10 mm in 

diameter along the central axis (see Figure 7-4a).  Qualitatively, the simultaneous use of 

tandem pulse has little effect on the cavitation activity from the primary LSW (not 

shown).  Using the annular ring source alone, bubble density along the central axis 

increases substantially between 11 kV (Figure 7-4b) and 14 kV (Figure (7-4c).  

Corresponding peak cavitation activity following tandem pulsing (see Figures 7-4d and e) 

exhibits a similar increase in bubble density as well as a small increase in cluster 

diameter (from 4.3 ~ 4.8 mm).  Comparing cavitation activity with and without tandem 

pulsing, the visual evidence suggests much stronger cavitation in the case of tandem 

pulsing.  Estimated bubble cluster collapse times from high-speed imaging are shown in 

Table 7-1.  For both sources, bubble collapse times increase incrementally with source 

voltage.  Collapse times of bubbles generated by the annular ring transducer also appear 

correlated to source voltage of the primary LSW, increasing by 10 ~ 33% from 0 to 13.8 

kV and 2 ~ 6% from 13.8 to 14.8 kV. 
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Table 7-1:  Estimated bubble cluster collapse times from the primary LSW and annular 

ring transducer.  0 kV indicates the source is off (i.e. no tandem pulsing). 

Primary LSW settings 

[kV] 

Annular ring settings [kV] 

0 11 14 

0 0 µs + 0 µs 0 µs + 240 µs 0 µs + 490 µs 

13.8 590 µs + 0 µs 590 µs + 320 µs 590 µs + 540 µs 

14.8 680 µs + 0 µs 670 µs + 340 µs 690 µs + 550 µs 

 

7.3.3 Stone Comminution 

In comminution control tests, fragmentation thresholds of the annular ring source 

were assessed.  Using hard stone phantoms, no fragmentation was found at any setting in 

the range of 11 – 14 kV for 1,000 shocks.  At 2,000 shocks and 14 kV, ~5% 

fragmentation occurred, which verified the ( )avgP  threshold parameter for hard stones.  

Using soft stones, no fragmentation was found at 11 kV for 2,000 shocks.  At 12 kV and 

2,000 shocks, ~2% fragmentation occurred, also verifying the ( )avgP  threshold parameter 

for soft stones.  For subsequent 1,000 shock comminution experiments implementing 

tandem pulse, annular ring source settings of 11 kV and 14 kV for soft and hard stones, 

respectively, were selected in order to isolate cavitation mechanisms from stress wave 

mechanisms of fragmentation. 
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Figure 7-5:  Soft BegoStone comminution results for various experimental settings (n = 5 

for all groups).  The stone comminution result at the bottom of the chart (checker pattern) 

is the addition of the two comminution efficiencies at the top of the chart (i.e., the 

primary source alone at 13.8 kV and the annular ring source alone at 14 kV). 

A comparison of 1,000 shock comminution results using soft stones is presented 

in Figure 7-5.  Tandem pulse stone comminution using 11 kV for the annular ring source 

produced 3 pp (percentage point) increase in fragmentation (p = 0.33) compared to the 

primary source alone.  Using a higher annular ring source voltage (= 14 kV), tandem 

pulsing resulted in a 10 pp increase in comminution efficiency.  However, the annular 

ring alone at 14 kV produced 3.8 ± 0.8% comminution.  Adding this contribution to the 

primary source alone resulted in 64.0 ± 2.0% comminution, which was statistically less (p 

= 0.01) than comminution from tandem pulse (= 70.3 ± 4.1%).  These results suggest that 

the tandem pulse cavitation mechanism at 11 kV is insufficient to produce fragmentation 
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on its own, but the mechanism is greatly enhanced through synergistic interaction with its 

stress wave. 

 

Figure 7-6:  1,000 shock stone comminution efficiencies using the primary LSW alone (dark) and 

tandem pulse (light) at two different source voltage settings of the primary lithotripter (13.8 and 

14.8 kV). 

In Figure 7-6, the effect of the primary lithotripter source voltage is investigated 

using hard stones and 1,000 SW doses.  At 13.8 kV, a small but non-statistical difference 

(p = 0.08) was found in comminution efficiencies between primary source alone and 

tandem pulse.  However, at a primary source voltage of 14.8 kV, tandem pulsing 

produced 83.1 ± 5.4% stone comminution compared to 75.5 ± 7.1% using single pulsing 

with p = 0.05.  This improvement is believed to be an indirect result of ~15% higher 

cavitation activity from the primary LSW between 13.8 and 14.8 kV, which influences 

the size of residual bubble nuclei cavitated by the annular ring transducer (see Table 7-1).   
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7.4 Discussion 

 In summary, a self-focusing EM annular ring transducer has been fabricated and 

fitted around a clinical EM shock wave lithotripter in order to mechanistically study 

tandem pulse lithotripsy.  With improvements to EM shielding of the annular ring source 

and enlargement of coupling balloon, the tandem pulse assembly is clinically adaptable.  

The results of high-speed imaging showed a progressive enhancement of cavitation 

density and collapse time of the annular ring transducer-induced bubble cluster for 

increasing voltages of both sources.  Stone comminution experiments demonstrated the 

capability of the ring source in improving fragmentation efficiency through coaction of 

stress waves and bubbles.  Furthermore, enhancement of cavitation from the primary 

LSW was shown to benefit comminution efficiency using tandem pulse.  A similar effect 

was witnessed by Huber, et al., as the number of bubbles generated by a secondary source 

increased as PST decreased down to the collapse time of the primary LSW bubble 

cluster; this result was rationalized as a higher concentration of cavitation nuclei present 

in the fluid as time for bubble dissolution decreased (Huber, Debus et al. 1999). 

 Based on the results of this study, the effective implementation of tandem pulse 

systems depends on the presence of residual bubble nuclei in the fluid surrounding the 

stone.  More simply, it has been demonstrated that tandem pulse effectiveness improves 

when fluid surrounds the target stone compared to when the stone is confined (Fernandez, 

Fernandez et al. 2009; Fernandez, Fernandez et al. 2009).  Increased comminution 

efficiency from higher cavitation activity comes with an increased risk of tissue injury, so 
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it is critical to mitigate potential injury through reduction in treatment time (i.e., dose) 

(Loske, Fernandez et al. 2005; Fernandez, Fernandez et al. 2009).  It is also 

recommended based on the outcome of this study that tandem pulse be performed above 

the thresholds of stone fragmentation from stress waves, as the joint mechanisms of stress 

waves and cavitation appear to act synergistically to enhance comminution efficiency 

(Zhu, Cocks et al. 2002). 

The integrated tandem pulse system in this study was used to initiate a second 

cavitation event within a pulse repetition period, but may also be used for forced-collapse 

of bubbles near to the stone.  Among the challenges to investigating this effect in vitro is 

the presence of bubbly layers outside of the stone holder (see Figure 7-4).  These bubbles 

interfere with transmission of the tandem pulse to the stone within the time frame of 

bubble collapse on the stone surface.  It has been demonstrated that bubble collapse times 

in constrained environments are less than those in a free field (Zhong, Cioanta et al. 

1998; Zhong, Zhou et al. 2001).  Therefore, in order to carefully study the mechanisms of 

forced-collapse using a co-axial tandem pulse system, water outside the stone holder 

must be replaced with cavitation suppressing fluid or tissue-mimicking material.  This 

constitutes future work with respect to optimal use of the tandem pulse system. 
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8. Summary and Future Work 

8.1 Summary of Key Findings 

The work in this dissertation has centered on improving the efficacy of a modern 

EM lithotripter in stone clearance.  Critically, it was a goal of the work to understand why 

certain modifications improved stone comminution efficiency.  Beginning in chapter 3, a 

series of characterization and stone comminution experiments were conducted using a 

state-of-the-art Siemens Modularis EM lithotripter at a variety of field positions.  Two 

stone types (soft and hard BegoStone) were selected for fragmentation tests based on 

their material properties, which effectively cover the range of acoustic and physical 

properties of renal calculi (Liu and Zhong 2002; Simmons, Cocks et al. 2009; Esch, 

Simmons et al. 2010).  Two fluid mediums (water and 1,3-butanediol) of differing 

viscosities were used either to investigate the combined effects of  stress waves and 

cavitation, or to isolate stress wave mechanisms from cavitation mechanisms.  The results 

of lithotripter characterization were evaluated alongside stone comminution data, which 

revealed a heretofore overlooked correlation between average peak pressure incident on 

the stones  ( )avgP  and comminution efficiency.  Interestingly, logarithmic fits of the 

data indicated a convergence to a threshold of fragmentation independent of holder fluid, 

but dependent on stone type.  It is possible that this threshold value may be critical in 

assessing, or perhaps redefining the effective area of lithotripters. 
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In chapter 4, a series of new acoustic focusing lenses were fabricated in order to 

accentuate lithotripter parameters that were considered beneficial to stone comminution.  

In particular, a goal of the new lens design was to enhance the beam width  BW for a 

given (fixed) acoustic energy, thereby increasing ( )avgP .  Furthermore, it was a design 

objective to modify the waveform shape so to reduce second compression and enhance 

cavitation potential.  These aims were accomplished using the principles of in situ pulse 

superposition, where an annular ring cut in the focusing lens reduced the aperture of the 

primary LSW and simultaneously created a delayed wave, which was used for shaping 

the waveform.  In conjunction with experimental characterization of the new lenses, a 

numerical model for wave propagation from an EM lithotripter was verified and utilized 

to predict lens modification outcomes.  Both experimental measurements and numerical 

predictions confirmed a single lens design as suitable for comminution comparison with 

the original lens. 

In chapter 5, stone comminution experiments with the new lens design were 

conducted at identical field positions and experimental conditions to the original lens in 

chapter 3 using an equivalent effective acoustic energy setting.  Correlation to ( )avgP  and 

thresholds for fracture were verified with the new lens.  Compared to the original lens, 

the new lens was demonstrated to be more effective in fragmenting stones at positions far 

from the focus, where ( )avgP  and cavitation activity were significantly higher.  Using the 

entirety of accumulated comminution data from both lenses, a heuristic model of stone 
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comminution was developed based on the Weibull theory for brittle stone fragmentation, 

which accounted for such variables as ( )avgP  
and dose , and experimentally determined 

parameters of the stones (i.e., ( )avgP  and dose  thresholds for fragmentation).  The role of 

cavitation in fragmentation was assessed independently using high-speed imaging to 

demonstrate deviations from model predictions.  Additionally, the effect of cavitation on 

the model parameters was investigated and explained within the framework of classical 

Weibull theory.  The parameter trends indicated a synergistic effect between stress waves 

and cavitation. 

Further performance evaluation of the new lens was conducted in chapter 6 both 

in vitro using a respiratory motion model and in vivo using a swine model.  The 

respiratory motion model was developed based on clinical research of typical kidney 

motion patterns in vivo, with emphasis on motions observed during SWL treatment.  In 5 

out of 6 unique respiratory patterns deemed representative of kidney motion in humans, 

the new lens produced statistically higher stone comminution than the original lens.  The 

improvement of the new lens was confirmed in vivo at doses of 1,000 and 2,000 shocks.  

Using the previous observations on lithotripter effective area and the heuristic model of 

static stone comminution, individual motion histograms were scaled and averaged in 

order to predict efficacy.  These predictions closely matched actual in vitro motion 

results, especially with respect to the relative differences of the new and original lenses.  

The motion histograms were also evaluated for their effect on stone comminution 
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independent of lens in use.  It was determined that large (>5 mm) drift of stones in the 

inferior direction (feet) could significantly impact stone comminution, whereas similarly 

large drift in the superior direction (head) had no statistical effect on stone comminution 

compared to small drift cases.  This effect was likely related to the duration of 

coincidence between lithotripter effective area and stone over its respiratory trajectory, as 

the drift threshold for coincidence was considerably lower in the inferior direction (= 

thresholdr ) compared to the superior direction (= thresholdD r ). 

The last part of this dissertation work was a mechanistic study of tandem pulse 

using a self-focusing annular ring transducer fully integrated to the Siemens Modularis 

lithotripter.  Thresholds of fragmentation for soft and hard stones using the annular ring 

source were determined based on results from chapter 5 and were confirmed in stone 

fragmentation tests.  These thresholds allowed for mechanisms of fragmentation from 

cavitation to be isolated from those of stress waves.  In high-speed imaging experiments, 

it was determined that cavitation from the annular ring transducer increased in density 

and collapse time when preceded by the primary LSW (i.e., during tandem pulsing).  

Furthermore, increasing the cavitation from the primary LSW during tandem pulsing 

produced slightly higher cavitation activity from the annular ring source, which translated 

to statistical improvement in stone comminution.  It was also observed that the 

effectiveness of tandem pulse lithotripsy statistically increased above the pressure 

threshold used for isolation of cavitation and stress wave mechanisms, suggesting once 

again the synergistic action of these mechanisms.  It is believed that above the threshold, 
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both primary and secondary lithotripter stress waves can produce crack lines from 

cavitation-induced stone flaws, and that enhanced cavitation activity may increase micro-

crack formation along the stone surfaces. 

8.2 Future Work 

Beyond demonstrating improvements to modern lithotripter technology, the 

ultimate purpose of this work is to introduce a new and improved lithotripter to clinics.  

Among the numerous hurdles in achieving that goal, assessment of tissue injury with the 

new lens has yet to be completed in full.  Early indications are that the new lens, when 

used at the stone comminution settings described within this work, can be safe as well as 

effective.  It remains to be seen whether or not the new lens will be safe and effective at 

higher energy levels and/or pulse repetition frequencies. 

One of the key achievements of this dissertation work is verification of a 

numerical wave propagation model against hydrophone characterization data on two 

unique EM lithotripters.  The time and material burden of the experimental lens 

“optimization” process is severe, and the numerical model, once validated, presents a 

means to conduct the month-long investigations of new focusing lens geometries in a 

matter of days.  Several new lens geometries are currently under investigation based on 

the predictions of the numerical model, and the model can further provide a means to 

explore geometric variants beyond the simple annular ring cut investigated in this 

dissertation.  It is likely that this model will also be coupled to other numerical 

simulations in the future for cavitation and stone fracture assessments. 
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Expanding the heuristic model for stone comminution in SWL remains a goal and 

a considerable challenge for future work.  The viability of the fit is clear, but it is lacking 

in physical interpretation.  Respiratory motion results demonstrated that the prediction 

capabilities of the fit are strong, provided cavitation activity is not dramatically different 

from that which produced the foundational comminution data set.  Investigating 

cavitation parameters and building them into the model is an objective for the future.  

Other parameters, such as initial stone size and final fragment size, should also be 

considered for their roles in determining comminution efficiency in SWL. 
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Appendix A 

The following section details the Forest R. Gilmore equations for the modeling of 

a single spherical bubble dynamics in a free field experiencing external pressurization.  In 

1952, Gilmore developed the model out of the first-order Rayleigh solution with higher 

order compressibility terms while accounting for fluid viscosity (  ) and bubble surface 

tension ( ) (Gilmore 1952).  The Gilmore model was later adapted by Church to predict 

cavitation potential in SWL, using a LSW as external driving pressure ( aP ) for a bubble 

of radius (Church 1989).   

In the governing differential equation described by Gilmore, 
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represent the bubble wall velocity, liquid sound speed at the bubble wall, and change in 

enthalpy state from pressurization, respectively.  lc  (= 1482 m/s) is the longitudinal 
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sound speed in the fluid (water), and k  (= 7) is Henry’s constant.  Pressure and water 

density are again related by the Tait equation of state (see equation 2.15).  Fluid pressure 

evaluated at the bubble wall,  

   2 4 ,gP R P R U R     (A.5) 

is determined by a force balance where gP  is the gas pressure within the bubble,    

72.583 x 10
-3

 N/m, and    1.046 x 10
-3

 kg/m·s.  The solution for  

      
 3 3 1

0 0 0 0 0 02g nP P R n n R R R R
 




   (A.6) 

as a bubble cavitates is coupled to Fick’s law of mass transfer for rectified diffusion of 

gas in the liquid.  0R  (= 3 µm) is the initial radius of the bubble, 0n  (= 6.9 x 10
-15

 moles) 

is the initial number of moles of gas in the bubble, and   (=   = 1.4) is the polytropic 

exponent of the gas for an adiabatic process.  The time-varying equilibrium radius, 0 ,nR  

is updated after 3 successive solutions to R  and the time-varying number of moles of gas 

in the bubble,  

    
1 2 1 2

0
0

4 ,n n D F d


   


     (A.7) 

which is described for computational efficiency purposes by its zero-order solution (Eller 

and Flynn 1965), with  

    0 0 ,g iF C P P C    (A.8) 

and 
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4

0
.

t

R t dt     (A.9) 

D  (= 2.42 x 10
-9

 m
2
/s) is the diffusion coefficient, 0C (= 0.7899 moles/m

3
) is the 

saturation concentration of gas in the liquid, and iC  (= 0.9· 0C ) is the initial concentration 

of gas in the liquid far from the bubble.   

Typically, the effects of gas diffusion are computationally demanding even for the 

zero-order solution to the diffusion equation, and the differences are small for first bubble 

collapse time and maximum radius (see Figure 2-2); setting 0 0nR R  and 0n n  in 

equations A.6 and A.7, respectively, creates the zero gas diffusion computational 

environment.  For the purposes of this study, the no gas diffusion solution is sufficient for 

predicting cavitation potential from LSW pressurization of a microbubble. 
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