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Numerical Analysis of Kidney Stone Fragmentation

by Short Pulse Impingement®

Sandro MIHRADI*, Hiroomi HOMMA™* and Yasuhiro KANTO™*

In this work, numerical analyses are performed to study the behavior of stresses gen-
erated inside a kidney stone by direct pulse impingement during extracorporeal shock wave
lithotripsy (ESWL), which leads to fragmentation of the stone. LS-DYNA, an explicit Finite
Element code for non-linear dynamic analysis is employed to model the problems. Effects of
pulse duration and acoustic property of the stone on stress field evolution inside the stone are
studied for the pulse duration of 0.5 to 5.0 us and two acoustic impedances of actual kidney
stones. The use of double shock wave sources to fragment the kidney stone is also consid-
ered in this paper. The effectiveness of this method for the kidney stone fragmentation is
confirmed. Finally, the numerical analysis for the stone fragmentation is well compared with
experimental results to confirm that the numerical analyses in this work provide reasonable

results.
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1. Introduction

In the past two decades, extracorporeal shock wave
lithotripsy (ESWL) has been extensively used to treat
kidney stone disease, where thousands of focused shock
waves are transmitted during the treatment in order to frag-
ment the stone into reasonably small pieces, which then
could be released naturally. Despite its success, kidney tis-
sue injuries have been widely reported and the fragmenta-
tion mechanism of the kidney stone is not well understood
yet.

Even though several mechanisms of kidney stone
fragmentation have been proposed, a complete agreement
on how lithotripter shock wave (LSW) breaks the stone
has not been reached yet. There is still big argument on
relative contributions of direct stress waves and cavita-
tion to the fracture processes!). In the typical clinical
lithotripter source (electro-hydraulic generator), focused
shock waves are generated and targeted onto the stone,
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which is located at second focal point of the lithotripter.
Pressure measurement at the focal point indicates a steep
compressive front with duration of up to 1us and mag-
nitude of around 40 MPa, followed by negative pressure
of 10 MPa. The entire pulse configuration has duration
of 4us®. In the cavitation hypothesis, the negative pres-
sure tail of ESWL may be responsible for the stone dam-
age since it can excite the growth of cavitation nuclei and
expand them to larger size bubbles, which then may col-
lapse the stone surface®®. Upon collapse, highly localized
stresses cause surface pitting and crack propagation that
may catastrophically fragment the stone. On the other
hand, the hypothesis of direct stress wave contribution
proposes that high compressive stresses may be responsi-
ble for the erosion on the front surface of the stone, while
at the back surface, spalling failure may occur due to the
reflected tensile wave™®.

Three different modes of stone damages during
ESWL have been identified so far. Besides the surface
erosion on the front surface of the stone facing the inci-
dent shock wave, other damage modes are spalling at the
back surface and delamination along the boundary of dis-
similar stone components®»©®. To shed light on the con-
tribution of direct stress wave toward the stone fragmen-
tation, understanding of stress field evolution inside solids
subjected to a lithotripter shock wave is needed. Clarifi-
cation of stone fragmentation mechanisms must be made
based on mechanics of fracture. Such approach will pro-
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vide fundamental knowledge that can be used to improve
lithotripter technology and treatment strategy to facilitate
fracture processes of stone and at the same time to reduce
tissue injury.

In this paper, a numerical model is presented to com-
pute stress field evolution inside the stone subjected to
short pulse loading. Then, the effects of pulse duration
and acoustic property of the stone on the stress fields gen-
erated inside the stone are investigated. Use of dual pulse

impingement is also introduced to study its effectiveness

for patient-friendly stone fragmentation in this work. The
idea is based on the assumption that this application will
increase the stress level inside the stone, so that the stone
fragmentation will be effectively brought. In this model,
the effect of source combination on the stress responses
inside the stone will also be investigated by changing
the angle between two pulse sources. Finally, a simple
kidney stone fragmentation model is constructed to esti-
mate the fracture pattern in the stone subjected to direct
pulse impingement. The estimated fracture pattern will
be compared with the experimental results by Xi et al.(”,
which demonstrate the damage pattern of cylindrical stone
with various diameters when the stones are exposed to the
LSW.

2. Modeling

LS-DYNA, an explicit Finite Element code for non-
linear dynamic analysis is utilized to model the problem.
The software has special features to treat contact interfaces
of structure inside a continuum model. Moreover, an ar-
tificial bulk viscosity has also been taken into account to
treat the shock wave propagation in the water.

2.1 Physical aspect in lithotripter field

In an electro-hydraulic lithotripter, as depicted in
Fig.1, a spark generates an expanding spherical wave,
which then redirected by ellipsoidal reflector. As the re-
flected wave of the pulse converges toward the second fo-
cal point of the reflector, its amplitude is steeply raised
into a shock wave. Cleveland et al. reported that a 6dB

Diffracted wave
sl

i /
Hemi-ellipsoidal refléctor / N { |

N

Direct véave

1 i
i i

Reflected wave
N 7

Fig. 1 Schematic diagram of an electro-hydraulic lithotripter
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beam width of pressure was measured near the focal re-
gion of Dornier HM3 (electro-hydraulic) lithotripter®.
The focal region defined as the full-width and half-
maximum of the peak positive pressure was 60 mm long
in the axial direction and 10 mm wide in the lateral direc-
tion. This evidence shows that actually the shock wave
does not converge into a point, but a small region. This
fact also demonstrates that infinite amplitude is not real-
ized in the real fluid due to nonlinearity.

Because the area of interest is limited only to the area
where the stone is located (i.e. focal region), and kidney
stones are typically of the same dimension with focal re-
gion width, the incident wave front onto the stone can be
considered as a plane wave. This plane wave impacts the
stone and propagates through the stone as a compressive
stress wave.

2.2 Stone properties

Renal calculus properties widely vary and strongly
depend on their chemical compositions. The range of
physical properties of various compositions of renal cal-
culi is presented in Table 1®®, Renal calculi have acoustic
and mechanical properties distinctly different from those
of the surrounding media inside the kidney; e.g., urine or
kidney tissue as shown in Table 2. The acoustic prop-
erties indicate how much incident shock wave energy is
transmitted from one medium to another or is reflected at
the surface boundary. These properties also describe wave
propagation characteristics in a specific medium.

In the numerical model, two types of kidney stones
are used. They are calcium oxalate and calcium phos-
phate stones. The properties of these stones are measured

Table 1 Range of physical properties of renal calculi

Renal Calculi (combined data of Ca
Oxalate, Ca, Apa, and Mg Amn Phos)

Wave Speed (m/s) 1,875 ~ 3390

Density (kg/m’) 970 ~ 2110

Impedance (kg/m’.s) 2.82~593x 10°
Material Failure Strength | 2.0 ~ 17.6 in compression
(MPa) 0.1 ~3.4 in tension

Young’s Modulus (GPa) 4.74 ~17.03

Table 2 Comparison of acoustic properties of water and human
tissue
Material Density | Sound Acoustic
speed impedance

(kg/m’) | (m/s) (kg/m’ .s)
Water 1000 | 1500 1.5x10°
Kidney, liver, 1050 | 1580 1.65x10°
muscle, blood
Fat 920 1430 1.3x10°
Whole Bone 1500 | 3300 5.0x10°
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Table 3 Stone properties* for the model

Stone A Stone B
(Ca Oxalate) | (Ca P)
Density (kg/m’) | 1820 1360
Young’s 9.05 4.58
Modulus (GPa)
Wave Speed 2338 1923
(m/s) *

$ calculated from ¢ = «/E/}p(l -v? )}, where ¢ is the wave speed, E is Young ’s

modulus and  is Poisson’s ratio (approxi mated ~ 0.3)
* The stone properties were measured in our laboratory. The stones were
supplied from Asahikawa Medical College.

Non-reflecting boundary

X .
incident wave

Fig.2 Computational domain for single impingement

by static compression tests. For convenience, the calcium
oxalate and calcium phosphate stones are called the stone
A and the stone B, respectively. The details of the stone
properties used are indicated in Table 3.

2.3 Computational domains

For all analyses, only the area around the focal re-
gion, where the stone is located, is simulated. The tissue
surrounding the stone is modelled as water, because their
acoustical properties are similar as shown in Table 2. For
simplicity, the shape of the stone is assumed to be per-
fectly circular with the diameter of 10 mm.

The computational domain of the single impingement
analysis is depicted in Fig. 2. Because of symmetry, only
the upper half of the section is considered for calculation.
In the model, the x-axis is taken as a symmetrical plane.
Non-reflecting boundaries are introduced along the com-
putational domain boundaries to prevent stress waves re-
flected at the model boundaries from reentering the stone
model and contaminating the results. The mesh size in the
model is in the range of 0.1 mm to 0.25mm. The size is
chosen so that the numerical stability could be guaranteed
in the calculation.

2.4 Model parameters

All the models are presented in the rectangular Carte-
sian coordinates. For the single and double impinge-
ment models, two-dimensional solid element is utilized to
model both the stone and the water domain whereas for
the fragmentation model, a solid element one-point inte-
gration is utilized. The stone is regarded as a homoge-
neous isotropic elastic solid and the water is considered
as continuum fluid with bulk modulus of 2.2 GPa, which
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Fig. 3 Short pulse loading for 1=0.5, 1, 2 and S ps

is calculated as a reverse of the isothermal compressibil-
ity0,

To treat the contact between the stone surface and the
surrounding water, the calculation uses automatic contact
algorithm provided by LS-DYNA for contact of contin-
uum media. The automatic contact algorithm is usually
useful for problems in which the contact behavior is ini-
tially unknown, thus this algorithm is adopted for the cal-
culation.

The pressure pulse generated by the lithotripter in the
focal region is approximated with a half-sine pulse. To
study an effect of the incident pulse duration on the stress
field evolution inside the stone, pulses with 0.5, 1, 2, and
5 ps duration and amplitude of 30 MPa, as plotted in Fig. 3,
are applied from the right hand boundary of the water do-
main in the single impingement analysis. Two types of
stones, namely the stones A and B are placed in the water
domain to observe an effect of the wave speed on the stress
field evolution inside the stone.

3. Numerical Results and Discussion

3.1 Single impingement mode

The propagation of the pressure wave in the fluid is
shown in Fig. 4. The wave has 0.5 ps duration. The images
are captured every 1 ps started from ¢ =3 ps. It is seen that,
after the incident wave hits the stone as shown in Fig. 4 (d)
to (f), some part is reflected back and then propagate to-
ward the domain boundary. When the stress wave travels
inside the stone and reaches the stone boundary, some part
will be transmitted to the fluid and propagates radially as
can be seen in Fig.4 (g) to (i). Because the wave speed
inside the stone is higher than that in the water, this trans-
mitted wave is ahead of the incident wave propagating in
the water surrounding the stone. When the stress waves
reach the domain boundary, no reflection comes back to
the stone as shown in Fig. 4 (j) and (k), because the non-
reflecting boundaries are set on the computational domain
boundaries.

One typical numerical result on stress field evolution
is shown for the single impingement model in Fig.5. In
the figure, normal stress o, contours inside the stone
A subjected to 0.5 us pressure wave are indicated every
0.6 us time interval. As shown in Fig.5(a) to (e), the
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Fig. 4 Pressure wave propagation in the water

(h) (&

Stress evolution
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@

Fig.5 o, evolution inside stone A by impingement of 0.5 us duration pressure wave from the
right (6.4 ps after the impingement from the model boundary and 0.6 us interval)

refracted wave in the circular stone travels to the distal
surface. Because of the circular geometry of the stone,
reflected waves from the side and the back surface of
the stone are focused onto certain locations as shown in
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Fig.5(e) to (h). The reflected tensile stress then propa-

gates to the front surface as shown in Fig. 5 (i) and (j).
The stress evolution inside the stone B is similar with

that of the stone A, except that the stress traveling inside

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

Engi neers

the stone B is shorter than that inside the stone A. This
results from the fact that the wave speed is higher in the
stone A than in the stone B as indicated in Table 3.

When the stone is subjected to 1 ps and 2 ps stress
pulses, and the stress travels toward the back surface
boundary, it can be clearly seen how it is reflected and
inverted, and then comes back to the front surface of the
stone. However, when 5 ps pressure wave is applied to the
stone, those stress wave behaviors cannot be clearly iden-
tified except the refracted wave that initially propagates
to the back surface of the stone. The stress wave length
inside the stone, which is comparable with the stone di-
ameter, is the main factor for no clear identification of the
stress wave propagation. Because the complex stress wave
interaction takes place inside the stone, it is difficult to
trace the wave propagation behaviors.

Effects of the loading condition, the stone geometry
and its acoustic property on the stress responses inside the
circular stone can be studied quantitatively by plotting the
stress distribution along the x-axis. The maximum com-

585

pressive stress and the maximum reflected tensile stress
distribution therefore have been calculated along the x-
axis of the stone and are shown in Figs. 6 and 7, respec-
tively.

In Fig. 6, it is seen that for both the stones, the com-
pressive stress magnitude decreases as the wave travels
to the back surface of the stone and in general, slightly
greater compressive stress is developed in the stone A than
the stone B. However, it does not mean that the stone A is
more easily fractured than the stone B, because the applied
stress is one parameter for fracture and the strength of the
stone must be considered as another parameter.

Other interesting phenomenon in the maximum com-
pressive stress distribution is that its highest value is not
located on the front surface of the stone. It is located in-
side the stone at certain depth from the front surface. The
longer the incident pulse duration, the deeper is the loca-
tion of the highest stress value.

The reflected tensile stress distribution is plotted as
a function of the distance from the stone back surface in
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Fig. 6 Maximum compressive stress distribution along axis of symmetry for (a) 0.5 ps,
(b) 1 ps, (c) 2 us and (d) S us incident pulse duration

JSME International Journal

Series A, Vol. 47, No. 4, 2004

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

Engi neers

586

0.5 micro second duration

20

Max reflected tensile stress (MPa)

2 micro second duration

25

» YN
5 /ﬁf\\

Max reflected tensile stress (MPa)

location from back surface (mm)

- ? [-}
—A— stone A| / —A—stone A
/er\ —6-stone B / ° —o—stone B
¢ Q\\Q/ °
f )
P
0 0 . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
location from back surface (mm) location from back surface (mm)
(a) (©)
1 micro second duration 5 micro second duration
25 45
® ~ 40
a o
= f\ Y /K—ﬁﬂ\a—,\‘
< 2 X 2 35
13
; / \ o
5 5 30 = Y
2 N
o 15 /P‘\ . / ‘//‘?/ \‘o\
E / —#&— stone A E 25 e
3 { ~—&— stone B S 2
20 4 3 / 7
5 A LUy FRG y
E 5 \ﬂ ) /:
3 0= N 5 |/
= 6\ 2 5 {/
0 L " 0 L i L L L

0 1 2 3 4 5 6

location from back surface (mm)

(b)

(d

Fig. 7 Maximum reflected tensile stress distribution along axis of symmetry for (a) 0.5 us,
(b) 1ps, (c) 2ps and (d) 5 ps incident pulse duration

Fig.7 (a)—(d). As shown in Fig.7 (b), the maximum re-
flected tensile stress is plotted from the back to the front
surface of the stone, and the stress fluctuates with the dis-
tance from the back surface and reaches the highest value
inside the back half of the stone. It is true for all the other
cases. Therefore, in Fig. 7 (a), (¢) and (d), the curves are
plotted only in the back half region.

From Fig. 7, it is seen that the stress is amplified at a
certain location as shown by the sharp peak on the curve.
This probably reflects a focusing phenomenon of the re-
flected tensile stresses from the circular boundary of the
stone. This phenomenon can be clearly seen in Fig.5,
where the curve peak is located around 3.5 mm distant
from the back surface of the stone. Thus, it is suggested
that the crack would be likely initiated at this location.

However, if the pulse duration is so long that the wave
length is comparable with the stone diameter like the 5 us
incident pulse, the focusing effect is not strong and cannot
be seen clearly. This is due to the complex stress inter-
action between the reflected and the incident wave around
the back surface of the stone. It is seen in Fig. 7 (d) that

Series A, Vol. 47, No. 4, 2004

even the focusing effect is not strong, but because of the
greater amount of energy transferred into the stone, the im-
pingement pressure with 5 us pulse duration generates the
higher tensile stress inside the stone than the other loading
configuration.

3.2 Dual-impingement model

In this model, double pressure waves impinge on the
stone simultaneously from different source angles. Com-
binations of the pulse sources are 1-2, 1-3, 1-4, and
1-5 as shown in Fig. 8. In this model, the stone A and
the pressure pulse with the amplitude of 30 MPa and 1 ps
duration are utilized for the analysis.

Time evolution of o, contours inside the stone sub-
jected to double incident waves is depicted every 1 us time
interval in Fig. 9. The results are shown in the figure for
the 1-5 source combination. Both the waves travel to-
ward the center of the stone as shown in Fig. 9 (a) and in-
teract with each other at the center as shown in Fig. 9 (b).
Then, high compressive stress is generated. After they
pass each other, they are reflected at the stone bound-
ary changing the sign to the tensile stresses as shown in
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Fig. 9 (c) to (e). Again, these waves travel toward the cen-
ter and interact with each other to develop high tensile
stresses as shown in Fig. 9 (f). Then, the waves pass the
each other again and diverge to become weak as shown in
Fig. 9 (g) and (h). ‘

Effect of the source combination on the maximum
principle stress inside the stone is examined. The maxi-
mum principle stresses generated inside the stone are sum-
marized for different source combinations in Table 4 and
the contours are drawn in Fig. 10. The maximum pressure
at the surrounding water for each source combination is
also presented in the table.

It is seen in this table that the dual impingement does
not significantly increase the maximum principal stress in-
side the stone as compared with the principal stress gen-
erated by a single source impingement. However, because

Non-reflecting boundary

Fig. 8 Double impingement source arrangement
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the maximum principal stress does not play a main role
in the fragmentation of the stone as mentioned in the next
section, the further discussion is necessary. For instance,
it should be noted that the large high stress area appears in
case of the dual impingement as shown in Fig. 11. From
Table 4, it can be expected that the 1 -5 combination in
which two pulses are facing each other toward the stone
seems to provide better results than other source com-
bination. This combination develops the highest maxi-
mum principle stress and has the lowest ratio of the max-
imum pressure generated in the surrounding water to the
maximum principle stress. This means that to reach the
same level of the maximum principle stress, lower inci-
dent stress can be applied and the lower the ratio, the lower
the maximum pressure generated in the surrounding water.
Therefore, it will be less risky in the clinical point of view
as compared with other source combination.

Examination of this source combination is made con-
cerning the maximum reflected tensile stress distribution
along the stone’s symmetrical axis in Fig. 11, because
this stress is most responsible to the fragmentation as ex-
plained in the next section. As a comparison, the cor-
responding maximum reflected tensile stress distribution

Table 4 Maximum principal stress and maximum pressure
generated in the model

Shot Max S, Max Pressure Ratio
Combination (MPa) (MPa) (Max Pressure/S;)
Single shot 49.14 44.56 0.91
1-2 35.7 75.39 2.11
1-3 45.89 43.72 0.95
1-4 43.63 40.37 0.93
1-5 50.57 42.13 0.83

()

Fig.9 o, evolution inside circular solid of diameter 10 mm due to double incident waves
coming from 1 -5 direction (at interval 1 ps)
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Fig. 11 Maximum reflected tensile stress o, distribution in
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under the single source impingement is also plotted in the
figure. It is clearly seen that this dual impingement devel-
ops the tensile stress inside the stone one and half times as
large as that of the single impingement model. Therefore,
in the practice to fragment a kidney stone, a low level of
impingement pressure can be used and the risk of kidney
tissue injury can be reduced.

The dual-shot lithotripter of 1-5 combination has
the potential to accelerate stone fragmentation keeping the
low risk to the kidney tissue injury. However, even though
it is theoretically possible to design such a lithotripter,
challenges are necessary to solve several problems in a
practical application. One of them is the difficulty to ad-

Series A, Vol. 47, No. 4, 2004

just both the wave sources so as to simultaneously hit the
stone at the same phase, because the waves reach the stone
from different paths of body that probably have different
acoustical properties. Therefore, to move the fundamental
idea demonstrated in this work to implementation, the spe-
cial study that deals with those challenges must be carried
out.
3.3 Fragmentation model

In Xi et al.”” experiment, cylindrical plaster disks
with various diameters were subjected to the shock wave
until fracture. The longitudinal wave speed in the disk is
2478 m/s and the density is 1 670 kg/m>. To simulate their
experimental work, a 1 mm thick specimen is adopted for
the 2D analysis. Therefore, some measures taken in the
single impingement model described above are adopted in
the fragmentation model and the computational domain of
this model is similar to the model depicted in Fig. 2, except
that the current model has 1 mm thickness in z-direction.
Because of the symmetry, only an upper half of the model
is considered for calculation. In the model, the x-axis is
taken as a symmetrical plane. The mesh size in the model
is around 0.25 mm. The size is decided by considering
both the numerical stability and the computation efficiency
in the calculation.

Tuler and Butcher criterion is adopted for this sim-
ulation. They introduced a general criterion for time-
dependent dynamic fracture initiation by using the con-
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cept of cumulative damage'V. The criterion is expressed
by the following equation:

Lf
f (o1 —00)’dt 2Ky (1)
0

for oy > 09 =0, where o is the maximum principal stress,
o7 is a specified threshold stress, ¢ is time for fracture and
Kj is the stress impulse for failure.

According to this formula, stress below the thresh-
old value does not contribute to fracture even if its act-
ing duration is very long. Fracture is recognized by the
program when the stress action in any elements exceeds
K. Because the dynamic strength of the specimen is un-
known, the threshold stress and the stress impulse for frac-
ture are taken as the following trial values in the analysis:
0o =6.42MPa, K; = 1.0 MPa*-ps. Assyning that o7} is a
step function, we can interpret Ky as the meaning that the
element breaks if o exceeds o9 by 1 MPa for at least 1 us.

The fragmentation result is shown in Fig. 12 when the
stone is subjected to the impingement pressure with 1 us
pulse duration and the amplitude of 15 MPa. It is seen that
small fracture takes place in the back surface of the stone.
However, this crack does not propagate further over the
analysis time up to 30 ps.

When the pressure with the higher amplitude of

B

=20 s
Fig. 13

JSME International Journal
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18 MPa is applied to the stone, the crack pattern is signifi-
cantly different from the previous result as seen in Fig. 13.
After the reflected tensile wave comes to the location at the
time of 11.75 ps, the first crack is initiated at the horizon-
tal axis, and soon after the first crack initiation, another
vertical crack is initiated at the time of 12.25us. Then,
both the cracks propagate horizontally to the back bound-
ary, and vertically until the stone finally breaks into three
pieces.

However, the careful observation of crack behaviors
after the time of 15.75 ps in Fig. 13 shows that a new crack
appears at the back surface and propagates to coalesce
with the former horizontal crack. From the above phe-
nomena, it can be concluded that the maximum principal
stress is generated at the back surface of the stone, but
it is not responsible to the catastrophic stone fragmenta-
tion. It should be also noted that the rather high tensile
stress appears at several microseconds after the reflected~
tensile stresses are focused onto a certain location inside
the stone, and takes a major role for the stone fragmen-
tation. Therefore, if the applied pressure is increased, a
crack would likely be initiated and extended inside the
stone due to the focusing effect of reflected tensile stresses.
On the contrary, the maximum principal stress lives very

Failure Criterion:
Tuler-Butcher
o, = 6.42 MPa
K;=1MPaZps

Fragmentation result after application of 18 MPa pulse
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Vertical crack

Experiment Numerical
Model
a/d 0.31 0.35

Fig. 14 Relative position of the vertical crack measured from
the back surface of cylindrical disks

shortly at the back surface, and can not play a major role
for the final fragmentation of the stone.

The fracture pattern estimated by the simulation as
shown in Fig. 13 is in excellent agreement with the exper-
imental results by Xi et al.””’ To compare the results more
quantitatively, the relative position of the vertical crack
measured from the back surface are calculated. The results
are given in Fig. 14. It is shown that the relative position
of vertical crack in the numerical model is almost similar
with the experimental one.

4. Conclusions

Some numerical calculations have been carried out in
this work with aim to study the mechanism of kidney stone
fragmentation by lithotripter shock wave. The following
conclusions are obtained:

1. Pulse duration of the incident wave and stone
acoustic properties play a significant role in the stress be-
haviors inside the stone, such as the location of the maxi-
mum reflected tensile stress.

2. If the stone has a concave boundary, the reflected
waves will be converged at a certain location and produce
higher stress magnitude. Thus, the crack is likely initiated
at this location.

3. From the fragmentation model, it is shown that the
reflected tensile stress is responsible for the spalling mech-
anism, which occurs near the rear surface of the stone.

4. Although fracture criterion used in this simulation
is rather simple, the fracture pattern of the stone can be
precisely simulated by this numerical analysis.

5. The use of dual pulse impingement is considered
for the patient-friendly kidney stone fragmentation, be-

cause it develops high tensile stress inside the stone one
and a half times as large as that of the single impinge-
ment. Therefore, low impingement pressure can be used
for kidney stone fragmentation, which can reduce the risk
of the kidney tissue injury.
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