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Lithotripsy, the medical use of strong acoustic

waves, has become a major treatment method to

disrupt kidney stones with the advantage of no

need for surgery. In extra corporeal shock wave

lithotripsy (ESWL) strong acoustic transients are

generated either with piezo electrics or with an

under-water spark discharge, and are applied to

the patient by focusing them with an ellipsoidal

reector onto the kidney stone.

Fig. 1: Cavitation from two counter-traveling lithotripter

waves. Top: The shape and directions of the pressure

waves. Bottom: Six consecutive images taken at 9000

frames/s of the cavitation cloud produced. The �eld of

view is 2� 7 cm2. Notice the pronounced structure of the

cavitation zone with two vertical stripes with no activity.

The central popualted area corresponds with the geome-

trical focus of both lithotripters (courtesy to D. Sokolav).

At least two di�erent mechanisms have been proposed to

be responsible for the destructive action [1]: the action

of the acoustic wave inside and near the stone fracturing

the stone by acoustics only. And as a second explanation:

the destructive action from collapsing cavitation bubbles

which are formed by the tensile part of the acoustic tran-

sient. The bubble collapse focuses its mechanical energy

onto strongly localized spots on the stone surface. Also

bubbles might migrate into the stone and fracture it du-

ring their expansion stage. A recent experiment from Bai-

ley et al. [2] demonstrated that a "time inverted" litho-

tripter pulse which is hindering the growth of cavitation

bubbles has much less ability to destruct the stone, com-

pared to a standard pulse with the same magnitude of

the positive and negative pressure amplitude. The author

draws the conclusion that cavitation near the stone does

support the stone fragmentation. However, cavitation can

cause damage to the tissue and hemorrhage of the kidney,

see for example [3]. Therefore, it is desirable to limit the

cavitation area near to the stone. This paper discusses

a method to control the size and shape of the cavitation

area by considering the force acting on the bubbles cau-

sing a translational motion. The work was stimulated by

the experimental results from D. Sokolov who presented

the photographs (Fig. 1) of the cavitation zone generated

by two counter-traveling lithotripter waves of the ASA 99

conference in Berlin.

Let us now model the bubble dynamics for two counter-

traveling lithotripter pulses and deduce the force distri-

bution near the focal center. To keep the calculations

simple, a one dimensional model, and a linear superpo-

sition, P (x; t) = P1(x; t) + P2(x; t), of the two lithotripter

pulses traveling with opposite but constant speeds c are

assumed:
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The parameter n in the tanh{term in Eq. (1) allows for a

non{zero rise time of the shock front. The following pa-

rameters have been used to model a commercial Dornier

HM-3 system: P
a
= 410 bar, velocity of sound c = 1500,

� = 4:03 105 s�1, n = 108, giving a rise time of 20 ns and

an amplitude of 400 bar (the P+=P� ratio is 4.6). The

bubble response is calculated with the Gilmore model as-

suming an adiabatic bubble content. Di�usion of gas has

been checked to have no inuence for the results presented

and is therefore neglected.

The radiation pressure force, F, acting on a bubble is gi-

ven by F(x; t) = �
R
rp dV . With the assumption that the

pressure gradient is constant over the bubble volume this

force can be equated with F = �rp V . When we consider

the thickness of the shock front of typically 30�m in the

calculations being in the order and less than the bubble

volume, this assumption doesn't hold any more. There-

fore, we estimate an e�ective gradient with the pressure

di�erence on the two sides of the bubble divided by the

bubble diameter:

F (x; t) = � [p(x+R; t)� p(x�R; t)] � (2=3)�R2(t) :

(2)

From the experiment, see Fig. 1, a minimum bubble velo-

city can be deduced which is necessary to generate the two

depletion areas of a length of 3mm, and from the framing

interval of 0.1ms to be at least �15m/s. The velocity a

bubble can reach by the action of the radiation pressure

force from a single lithotripter pulse has been estimated

from Church [4] to be up to 4m/s. In the case of two

counter-traveling lithotripter pulses this estimate doesn't

hold anymore. The second pulse can act on a more expan-

ded bubble leading to considerable higher forces.

The calculation of the force acting on the bubbles from

two lithotripter pulses is straightforward: First the radial



bubble dynamics for di�erent locations, x, in the focal area

is calculated with the Gilmore model [4] driven by the pres-

sure from Eq. (1). Then the time dependent force, F (x; t),

is obtained from Eq. (2). An example of the time evolution

of the bubble radius, the pressure and the force is presen-

ted in Fig. 2 for x = �3:7mm. Notice that the amplitude

of the force from the second lithotripter pulse is three or-

ders of magnitude larger than the force from the �rst one,

which is not resolved in Fig. 2.

−2e−05 −1e−05 0 1e−05 2e−05
time [s]

−3

−2

−1

0

F
(t

) 
[N

]

−0.5

0

0.5

1

P
(t

) 
/ P

a

1

10

100

1000

R
(t

)/
R

0

Fig. 2: Example of the bubble response, the time de-

pendent pressure, and the instantenious radiation force for

a bubble in the depopulated area of Fig. 1 at x = �3:7mm

from the focus.

Figure 3 shows the maximum bubble radius, R
max

and

the time averaged force,< F >, as a function of the spa-

tial coordinate x. The top curve of Fig. 3 clearly shows

that the bubble expansion near the center is hindered but

not diminished. Considering the radius of a half of that in

the center, bubbles should be visible in Fig. 1. However,

we �nd a strong dependency of < F > on the spatial co-

ordinate. From symmetry considerations the force in the

center has to be zero and symmetric to the origin.
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Fig. 3: Top: The maximum bubble radius, R
max

after the

passage of both lithotripter pulses in dependence on the

spatial coordinate x. Bottom: The time averaged force,

< F > also in dependence on the spatial coordinate.

Bubbles at the center experience no force, the pressure ac-

ting on them is just double the pressure from a single pulse.

For x > 0 bubbles will move to the right and for x < 0 they

will move to the left. From conservation of the number of

bubbles two regions left and right from the center with a

depopulation will occur. Next to the depopulated area the

pronounced gradients at x = �3:6mm will result in two

more highly populated regions. Further, at x = �4:2mm

the second local maximum (respectively, minimum) will re-

sult in a second less pronounced depopulated area. Finally

a sign change of the force at x = �8:6mm will localize the

cavitation area as bubbles further away will be attracted

towards the center.

All �ndings are in excellent agreement with the photo-

graphs. Even by a more careful inspection of Fig. 1 the

second depopulated stripe as predicted by the calculations

is visible. And �nally, it was mentioned by Bailey[5], that

with two lithotripters highly localized cavitation occurs,

which agrees with the sign change of the force for larger

distances from the center.

CONCLUSIONS

We have demonstrated that the pressure radiation force

can explain the observed bubble distribution. For the sake

of simplicity, no equation of motion for the bubbles has

been applied. Experiments have to be performed to prove

directly that the migration motion is responsible for the

observed bubble distribution. With the help of the calcu-

lations presented we can estimate the observation area and

timescale which have to be resolved in these future experi-

ments. The time scale to be resolved has to be of the order

of 1�s, the spatial resolution has to be at least 10�m to

localize the bubbles during the expansion stage. Further,

it would be advantageous to track individual bubbles du-

ring the interaction with the lithotripter pulses. PIV and

PTV have already been applied successfully in nanouids

where similar scales are present. Therefore, the author is

con�dent that experiments on this issue will be performed

and with further knowledge ESWL treatment, and espe-

cially the treatment of gall stones, will advance.
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