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We investigated the sound radiated from an object, induced by a piezoelectric extracorporeal shock wave
lithotripter (ESWL). However, it was found that more direct measurement is necessary to analyze the sounds in
piezoelectric ESWL. Therefore, we investigate the vibrations of a phantom, which are directly measured using
laser Doppler velocimetry. The results show that the peak frequency in the power spectrum shifts as the number
of shots increases from high frequency to low frequency. The previous results are confirmed by detecting the
characteristic peaks obtained from the vibrations of bronze models. The bronze models are used to simulate the
phantom during the breaking process. It is found that it is more difficult to make the models vibrate exactly
at the focal point than above or below the focal region. These results will be applied to the monitoring of the
breaking process and the choice of the optimum focal point on the calculus. '
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1.  Introduction

We have already investigated the sound radiated from
objects due to piezoelectric extracorporeal shock wave
lithotripter (ESWL) in air in order to determine the
phantom for a calculus at the focal point of piezoelec-
tric ESWL. From those results, it was found that the
phantom characteristics appear at the peak frequency
of bending vibration in the power spectrum and there
is a power change during the breaking process of the
phantom.” However, the characteristic peak cannot be
detected during the breaking process. This indicates the
measurement limit of sound radiated from underwater
objects to the air induced by shock waves from piezo-
electric ESWL.

Accordingly, we conclude that direct measurement?
is necessary to determine the exact generation mech-
anisms of the sound radiated from objects and vibra-
tions of the objects due to shock waves from piezoelectric
ESWL:

In this paper, we measure the vibrations of phan-
toms during the breaking process using laser Doppler
velocimetry and analyze the characteristic variation of
the peak frequency in the power spectrum. Next, we
define a parameter to describe the relative position of
the object with respect to the focal point of the ESWL
and investigate the relationship between the power at
the characteristic peak and the focal point on the ob-
ject. Then, we describe the results of this investigation.

2. Vibration Measurements of Phantom during Break-
ing Process

First, we observe the phenomena associated with the
fragmentation of the phantom due to piezoelectric ESWL
and investigate why the radiated sound changes during
the breaking process. In this experiment, a piece of chalk
is employed as the phantom instead of the calculus itself
because the acoustic impedance of chalk is almost equal
to that of a urethral calculus. The acoustic impedance
Z., of a urethral calculus is 6.25 x 10° kg/m?s and that of

the chalk employed in this experiment, Z,, is 6.13 x 10°
kg/m?s.Y The length and radius of cross section of the
chalk are 6.2 cm and 0.5 ¢m, respectively. Figure 1 shows
the configuration of the equipment and the phantom em-
ployed in the experiment. The phantom is laid on two
rubber plates, 1 cm wide, separated from each other by
a fixing tool. The shock waves are applied to the phan-
tom at the focal point of the piezoelectric ESWL. Tape
which reflects the laser beam is attached to the edge of
the chalk away from the focal region as shown inside the
circle in Fig. 1, because it is damaged or removed by the
ESWL shock wave if it is attached at the focal point.
The vibrations on the surface of the phantom are mea-
sured by laser Doppler velocimetry, the results of which
are analyzed by a fast Fourier transform (FFT) analyzer.

The vibrations are measured from the first to the
1500th shock wave at intervals of 100 shots. The in-
terval between the shock wave shots is 2 s. This interval
is determined by the fact that cavitation bubbles®® in-
duced by the shock waves remain near the focal point for
about half a second. Figure 2 shows the waveforms and
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Fig. 1. The configuration of the laser Doppler velocimeter used
to measure the vibration of phantoms induced by piezoelectric
ESWL.
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Fig. 2. The waveforms and power spectra of the vibrations de-
tected when a shock wave is applied to a phantom by a piezo-
electric ESWL during the breaking process.
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Fig. 3. Variation in peak frequency with number of shots during
the breaking process.

spectra for the phantom vibrations measured by laser
Doppler velocimetry. The results in Fig. 2 are taken at
the first, 100th, 300th, 500th, 700th, 900th and 1,500th
shock wave shot. We observe that the peak frequencies
in the spectra vary with the number of shock wave shots,
or the degree of fragmentation of the phantom. Figure
3 shows that the peak frequency varies as the number of
shots increases from 3.45 kHz to 0.85 kHz. Therefore, it
is possible that a sound of lower frequency than before
is heard as the focal point of the phantom is gradually
broken due to the increased number of shots.

3. Experiments with Model Phantoms during the
Breaking Process

Next, the variation of the peak frequency during the
breaking process is analyzed in detail. Bronze bars are
-used as the object to be shocked by piezoelectric ESWL.
In the case of the chalk, we observed that the focal points
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Fig. 4. (a) The relative positions of the model and the focal point
of piezoelectric ESWL. The models used in our experiments
simulated (b-1) the original shape, (b-2) the shape after about
200 shots and (b-3) the shape after about 600 shots.
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Fig. 5. The experimental results for the model in Fig. 4(b-1). (a)
The waveform and the power spectrum of the vibration mea-
sured by laser Doppler velocimetry, (b) the waveform and power
spectrum for the sound detected using the hydrophone and (c)
the coherence between the spectra averaged 16 times.

of the phantom were removed as it was fragmented.
Therefore, we assume three phantom shapes during the
breaking process and model these phantom shapes by
bronze bars as shown in Figs. 4(b-1)-4(b-3). The bronze
model of the original shape in Fig. 4(b-1) is the same
size as the chalk employed above. The length is 6.2 cm
and the radius of cross section is 0.5 cm. The shapes af-
ter about 200 shots and 600 shots or more are assumed
to be those as shown in Figs. 4(b-2) and 4(b-3). Figure
4(a) shows the relative positions of the model and the
focal point of the ESWL. The parameter d, is defined as



Jpn. J. Appl. Phys. Vol. 35 (1996) Pt. 1, No. 5B

the relative position. d; = 0 indicates that the center of
the model exactly coincides with the focal point of the
ESWL. When the center of the model lies in the direc-
tion of the ESWL from the focal point, d, is negative. If
it lies in the opposite direction, d; is positive.

First, the vibrations of the models are measured at
d. = 0 by laser Doppler velocimetry and the sound radi-
ated from the models is measured simultaneously using
a hydrophone in the water. Figure 5 shows the experi-
mental results for the model in Fig. 4(b-1). Figures 5(a)
and 5(b) show the waveforms and spectra of the Doppler
velocimetry and hydrophone signals, respectively. The
coherence between the spectrum averaged 16 times of
(a) and (b) is shown in Fig. 5(c). Clear peaks are ob-
served at 7.5 kHz in the power spectra. The coherence
at the same frequency has a value close to 1. This peak

frequency coincides with the resonance frequency of the

bending vibration, 7.6 kHz, which is theoretically calcu-
lated by*®
2
o= %vl, (n=1,2,..) )
where A\, = 4.73, A, = 7.85, A3 = 10.99,.... [ is the
length, a is the radius of cross section, and v; is the ve-
locity of the longitudinal wave in the object. The velocity
of longitudinal waves in bronze is 3,300 m/s when it is
calculated theoretically. Figures 6 and 7 show the exper-
imental results for the models in Figs. 4(b-2) and 4(b-3),
respectively. Clear peaks in the spectra are observed at
6.9 kHz and 3.5 kHz and the coherence values are close
to 1. From these results, it is clear that the thinner the
model at the focal point the lower the peak frequency
in the spectrum becomes. Figure 8 shows the variation
in the peak frequency with the variation in thickness at
the focal point. We conclude that the variation in the
peak frequency in the experiment in §2 corresponds to
the results of the experiment with bronze models in this
section. Finally, we examine the variation in the power
at the peak frequency by changing the value of d, from
—10 mm to +10 mm. The results are shown in Fig. 9. In
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Fig. 6. The experimental results for the model in Fig. 4(b-2). (a)
The waveform and the power spectrum of the vibration measured
by laser Doppler velocimetry, (b) the waveform and the power
spectrum for the sound detected using the hydrophone and (c)
the coherence between the spectra averaged 16 times.
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the case of the models shown in Figs. 4(b-1) and 4(b-2),
the power at the peak frequency decreases near d, = 0.
The vibration mode of the bar is considered in order to
analyze this phenomenon. When a bar is free to move
at both ends, the center of the bar is a node of mode
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Fig. 7. The experimental results for the model in Fig. 4(b-3). (a)
The waveform and the power spectrum of the vibration measured
by laser Doppler velocimetry, (b) the waveform and the power
spectrum for the sound detected using the hydrophone and (c)
the coherence between the spectra averaged 16 times.
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Fig. 8. The variation in the peak frequency due to the decrease
in thickness at the focal point.
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Fig. 9. The power at the peak frequency when the value of d
is changed from —10 mm to +10 mm. (a) The results for the
model in Fig. 4(b-1), (b) the results for the model in Fig. 4(b-2)
and (c) the results for the model in Fig. 4(b-3).
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2 bending vibration.'”) For this reason, it is difficult to
make the center of the bar vibrate. From the experimen-
tal results, the power at the peak frequency at d, = 0 is
smaller than that at d. > 0 or d; < 0 in the focal region.
This result indicates that it is more difficult to vibrate a
bar-shaped object exactly at the focal point than above
or below the focal point.

4. Conclusions

We report experimental results obtained by measur-
ing the vibration on the surface of a phantom induced
by piezoelectric ESWL and analyze these results by sim-
ulating the phantom using bronze models. From the re-
sults obtained in §2, the peak frequency in the power
spectrum varies with the number of shock wave shots,
that is, the degree of fragmentation of the phantom. It
is found that the greater the number of shots, the lower
the peak frequency in the power spectrum. Therefore, it
is possible to hear sounds of lower frequency as the model
is gradually broken due to the increased number of shots.
The results of the experiments in §3 confirm those ob-
tained in §2 using bronze models in order to determine
the characteristics of each shape. Finally, we investigate
the relationship between the power at the peak frequency
and the position of the focal point. In order to define the
relative positions of the models and the focal point, the
parameter d, is introduced. According to the results, the
power at d. = 0 is smaller than that at d, >0 ord, <0
in the focal region. It can be shown that it is more diffi-
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cult to make the model vibrate exactly at the focal point
than above and below the focal region. The results ob-
tained in this paper will be applied to monitoring the
breaking of calculi and the choice of the optimum focal
point on the calculus.
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