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Abstract. During a few past years a series of shock-wave gen- 
erators for lithotripsy and/or tissue destruction studies have 
been developed in our laboratory. Based on the experiences 
in shock wave measurements and the drawbacks in existing 
hydrophones, we have developed a very low-cost, wideband, 
reproducible shock-wave hydrophone. The key element of this 
device is the rapidly mounting, disposable PVDF membrane. 
This is a commercially available PVDF shock gauge which 
is poled by a patented cyclic poling technique. To obtain the 
widest possible bandwidth, we have adopted a special copla- 
nar membrane design. The PVDF film is sandwiched between 
the surfaces of a P.V.C. and a metallic plate of brass which 
the latter is in contact with the surrounding medium. On the 
other hand, the active lead is isolated from medium and it is 
in contact with an isolating liquid (degassed petroleum) held 
in a cylindrical chamber over the membrane. By the incorpo- 
ration of this design, the hydrophone can be used for shock 
wave measurements even in conductive media like different 
physiological liquids, with a negligible change of sensitivity. 

Key words: Disposable PVDF shock gauge-  Shock-wave hy- 
drophone - Coplanar membrane design - Frequency response 
- Sensitivity variation 

1 Introduction 

Since the first report of successful extracorporeal shock-wave 
lithotripsy (ESWL) in 1980 by Chaussy et al. [1], the proce- 
dure for the nonsurgical treatment of renal stones has rapidly 
become the standard and has now become well established. 
Although the exact mechanisms of stone destruction are not 
yet completely understood, in vitro experiments suggest two 
probable modes of stone fragmentation: spalling [2] which is 
characterized by high tensile stresses appearing in the stone 
as a result of internal reflection of the shock waves and tran- 
sient cavitation i.e. the nonlinear oscillation and collapse of 
gas bubbles suspended in the fluid surrounding the stone un- 
der the influence of acoustic pressure waves [3-5]. It has been 
shown that cavitation, when occurring at an interface near a 
cell membrane, for example, was deleterious to biological me- 
dia through mechanical, nonthermal effects [6], [7]. More re- 
cently, shock wave-induced cavitation was used to achieve 

focused tissue destruction of malignant tumors of the liver 
[8]. Optimization of these clinical processes and/or study of 
physical properties of shock waves clearly require quanti -~ 
tative measurements of the relevant shock wave parameters 
temporally and spatially. This article presents the design of 
a newly developed low-cost, wideband, reliable shock-wave 
hydrophone. This device is specifically developed for acous- 
tic pressure measurements in focused shock-wave fields when 
the effect of cavitation is dominant, such as in the focal point 
of extracorporeal shock-wave lithotripters or tissue destruc- 
tion systems. Research efforts to date include: (a) prototype 
construction and (b) acoustical performance characterization. 
Performance evaluation involves: bandwidth, sensitivity vari- 
ation, reproducibility and per-shot costs. 

2 Physical parameters of the shock-wave fields 

Current commercial lithotripters use spark gap (electrohy- 
draulic), electromagnetic or piezoelectric sources, each with 
an appropriate shock-wave focusing system [6]. In Fig. 1 a 
sketch of a typical shock pressure-time waveform is shown. 
Depending on the type of shock- wave source, the shape of 
the wave may differ slightly [6], [9]. The peak compressional 
(P+) and peak rarefactional ( P - )  amplitudes denote the max- 
imum deviations from the equilibrium pressure in the medium. 
While there is no standardized definition for the shock wave 
pulse duration (tw), it can be defined as the time over which the 
pressure is greater than one-half ( - 6  dB) of the peak compres- 
sional pressure. Note that since cavitation is closely associated 
with the duration of the negative pressure excursion, it may also 
be appropriate to consider a similar definition for the rarefac- 
tional pulse pressure [9]. The rise-time (t~) of the shock front 
is conventionally defined as the time required for the wave to 
rise from 10% to 90% of the P+  value. Complete shock wave 
characterization requires knowledge of spatial variations (in 
particular the geometry of the focal region) as well as tem- 
poral variations. The focal region is the region in which the 
pressure is greater than one-half of the maximum pressure. An 
additional parameter, which is derived from the pressure-time 
waveform, is the energy fluence per pulse. This is a measure 
of the amount of energy flowing through the focal region. 
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Fig. 1. Schematic representation of a typical lithotripter-generated 
shock wave 

3 Shock-wave sensor requirements 

Shock-wave fields possess steep shock fronts with rise-times 
in the order of tens of nanoseconds and, generally, small fo- 
cal volumes. The basic requirements for an ideal shock-wave 
sensor can thus be summarized as follows: the sensor should 
have a large bandwidth (up to 100 MHz) and uniform sensi- 
tivity as a function of frequency. It should further have the 
smallest possible active element area in order to optimize its 
angular response and minimize any spatial averaging affects. 
It has been demonstrated that the above-mentioned require- 
ments can be overcome through the use of PVDF (Polyvinyli- 
dene fluoride) membrane hydrophones [9-11]. A membrane 
hydrophone consists of unpoled PVDF film stretched over a 
supporting hoop with, generally, gold electrodes vacuum de- 
posited on the surfaces. These electrodes overlap only in a 
small central area, which is then poled and so forms the active 
element of the device [11]. Another important parameter of 
shock-wave sensor is dynamic range. It is important because 
of the high instantaneous peak pressure amplitudes typical of 
shock-wave fields. Recent evidence indicates that the PVDF 
material is linear at extremely high (in the order of 100 MPa) 
pressure amplitudes [9]. In addition to adequate bandwidth, 
dynamic range, uniform sensitivity as a function of frequency 
and small active element requirements, there are two other 
important parameters: 

- Durability and sturdiness 
The durability and sturdiness of the hydrophone pose a partic- 
ularly difficult problem. The most important damage mecha- 
nism assocfated with focused shock fields is due to cavitation 
[9], [10], therefore some sort of protection layer over the active 
element is required. By this means, it is possible to minimize 
the per-shot costs of the hydrophone, but the use of this layer 
reduces the bandwidth of the hydrophone. 

- Radio frequency (RF) shielding 
To achieve good immunity to electrical interference, proper 
radio frequency shielding is necessary, especially in noisy en- 
vironments created by shock-wave generators. 

Clearly, it is difficult to fulfill all of these requirements 
simultaneously. Different kinds of hydrophones were devel- 

oped for measurement of shock-wave fields. Filipczynski et 
al. [12] have proposed a capacitive hydrophone consisting of 
two metallic plates separated by an air gap and have shown that 
the variation in the capacitance is directly proportional to the 
amplitude of the shock wave. This hydrophone has high dura- 
bility and a wide frequency bandwidth, but it is complicated 
to build and the electrode area is too large. Moreover, it can 
be used only for recording of plane waves or low-amplitude 
converging waves. A fibre-opfic hydrophone was developed 
by Staudenraus et al. [13] in which a glass optical fibre re- 
flects at its end the light o f  a laser source, depending on the 
refractive index of the surrounding liquid. This refractive in- 
dex changes synchronously with the acoustical pressure, thus 
the shock wave is represented by the time dependence of the 
reflected light. It is a small flexible instrument for the mea- 
surement of shock fields even in inaccessible cavities, but it 
requires a rather complex set-up which makes it unsuitable 
for routine laboratory measurements. Another kind of shock- 
wave sensor is proposed by Grantz [ 14]. In this device, a small 
spot on the PVDF membrane is polarized, making that area 
a pressure sensitive piezoelectric transducer that will transmit 
its pressure-induced charge by capacitive coupling through a 
dielectric liquid medium, to electrodes placed a given distance 
from the sensitive area. It is a rigid laboratory instrument, but 
due to its large effective active area it suffers from the spa- 
tial averaging effect which leads to an underestimate of the 
pressure. Cathignol [15] proposed another solution. A sheet 
of PVDF is sandwiched between two insulating supports sep- 
arating two cavities which are closed on their front and rear 
faces by two extremely fine latex membranes and filled with a 
highly conductive electrolyte. The PVDF membrane is polar- 
ized locally over an area of a few square millimeters. Pressure- 
induced charges appear on this activated area are transmitted 
to the amplifier through the electrolyte. This is also a robust 
shock-wave sensor, but due to charges appearing over the sur- 
face of PVDF membrane it has a real active element larger 
than its small polarized area and therefore it suffers from the 
same problem as Grantz's hydrophone. Recently, a new PVDF 
shock-wave sensor was developed by Schafer [16], [17]. The 
novel aspects of this device include a disposable sensor ele- 
ment to reduce the per-shot costs and a self-monitoring feature 
that informs the user that the sensor needs to be replaced. It 
is clear that erosion of the electrode material increases the re- 
sistance to the central spot-poled active element and thus de- 
creases the effective sensitivity. In this patented method [18], 
by means of resistance measurements along the length of the 
electrode lead, from the central active element to the edge of 
the polymer film membrane, it is possible to determine the in- 
tegrity of the connection and hence to monitor the alterations 
in sensitivity. This device can fulfill most requirements for 
accurate quantitative measurements Of shock-wave fields, but 
because of its coplanar design it must be used in deionized 
water. It also has low immunity to electrical interference and 
noise. 

In our laboratory, a new shock-wave generator was de- 
veloped to achieve focused tissue destruction by shock wave- 
induced cavitation [ 19], [20]. For the field characterization of 



this generator (particularly at the focal region) we have used the 
different kinds of commercially available hydrophones which 
are applicable for shock wave measurements, including PVDF 
bilaminar shielded membrane and PVDF needle hydrophones. 
Our experience indicates that none of them is totally suitable 
for performing accurate pressure measurements for various 
reasons, such as very high per-shot costs, nonreproducibility, 
sensitivity variation and low immunity to electrical interfer- 
ence. 

Based on the theoretical modeling of the frequency re- 
sponse of the sensor, it is clear that the widest possible band- 
width is achieved by using the minimum PVDF film thick- 
ness in a membrane design [9]. We have therefore adopted the 
coplanar membrane configuration, and to minimize the per- 
shot costs, a disposable sensor element method [16], [17] has 
been chosen. By combining these two ideas and in order to 
overcome the problems with existing hydrophones, we have 
developed a new shock~wave sensor. 
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Fig. 2. A typical pressure-time wavefonn measured by means of our 
hydrophone 

4 Materials and methods 

A. Shock-wave generator 

During the past few years, a series of shock-wave generators 
for lithotripsy and/or tissue destruction studies has been de- 
veloped in our laboratory [19], [20]. The last version of them 
that was used in this study is a piezoelectric generator with 
electronic focusing capability. It is composed of a bidimen- 
sional array and the related electronic hardware. The array 
is composed of 274 independent piezocomposite transducers 
arranged in a spherical shell of 280 mm in diameter and fo- 
cused at 190ram from its surface. The electronic hardware 
includes 274 distinct impulse generators, each with a maxi- 
mum output voltage of 6 kV. The inter-delay of each channel 
can be adjusted to perform electronic beam steering of shock 
waves. In our study, the focal point is adjusted in its geomet- 
rical point i.e. 190ram from the surface of the shell. A typical 
pressure-time waveform of this generator at the focal point 
is shown in Fig. 2. This waveform is obtained by using our 
hydrophone with an active element of 1 mm in diameter. To 
avoid hydrophone damage, this waveform was measured with 
a generator output power setting of about 1/5 of its maximum. 

By comparison of this waveform with the pressure-time 
waveform of a typical lithotripter (Fig. 1), we observe that this 
device produces a half cycle of negative pressure followed by 
a typical shock wave with considerable peak amplitudes. The 
cavitation effect produced by this generator is therefore very 
violent and this is a key feature for achieving focused tissue 
destruction [8]. The typical values of the parameters of this 
waveform at the maximum generator output setting can be as 
follows: 

P + ~  100MPa,  P - ~ - 3 0 M P a ,  

t~ ~ 10nSec,  rye ~ 250nSec 

Fig. 3. Photograph of a prototype shock wave hydrophone. A separate 
PVDF shock gauge is also shown in the figure 

B. Shock-wave hydrophone design 

Based on the experiments in shock wave measurements and 
the drawbacks in existing hydrophones, our group has devel- 
oped a very low-cost, wideband, reproducible shock-wave hy- 
drophone for acoustic pressure measurements in shock fields 
with the typical parameters as mentioned in section A. This 
hydrophone is shown in Fig. 3. 

The key element of this construction is the rapid fit dis- 
posable PVDF membrane. This is a commercially available 
PVDF shock gauge which is poled by a patented cyclic pol- 
ing technique [21], [22]. The gauge configuration included a 
thin film of biaxially stretched PVDF of about 22 #m in thick- 
ness (Piezotech S.A., Saint-Louis, France). Platinum-gold film 
electrodes were deposited onto each surface of the membrane, 
overlapping only a small area of either 1 or 0.25 mm 2 which 
becomes piezoelectrically active when the device is poled. A 
platinum layer is placed between the PVDF film and gold elec- 
trode to increase the integrity of the connection. Figure 4 shows 
the schematic construction of the hydrophone. All dimensions 
mentioned in the figure are in mm. 

As we have already mentioned, to obtain the widest pos- 
sible bandwidth, the coplanar membrane design must be 
adopted. It is clear that a traditional coplanar hydrophone can 
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Fig. 4. Schematic construction of our shock-wave hydrophone 

only be used in a nonconducting medium such as distilled 
water, since otherwise, the hydrophone sensitivity as a func- 
tion of frequency will be changed for different media with 
different conductivities. To overcome this deficiency, we have 
developed a special coplanar design as follows: The PVDF 
membrane is sandwiched between the surfaces of a RV.C. and 
a brass plate, the latter being in contact with the ground lead 
of the membrane. The coaxial cable is attached to the active 
lead using a miniature connector and to its ground lead via the 
metallic plate. This plate, which is 2 mm in thickness, covers 
all the surface of membrane with the exception of a rectan- 
gular window just over its active element. By incorporating 
this plate and also by shielding the outer surface of the device, 
the electrical radio frequency (RF) pickup is reduced consid- 
erably. The ground lead of the membrane is in contact with the 
surrounding medium but the live (active) lead is isolated from 
the medium and it is in contact with degassed petroleum held 
in a cylindrical chamber over the window. Degassed petroleum 
is used because it has stable, very low electrical conductivity 
and also because its acoustic impedance is not too far from that 
of PVDF which inhibits the effect of reflection in the PVDF- 
petroleum interface. The acoustic impedances of petroleum 
and PVDF are 1 and 2.3 MRayl, respectively. 

5 Performance  evaluation and results 

This section shows the procedures used to characterize the 
prototype hydrophones and the results obtained. 

A. Frequency response 

Sensitivity is measured against a standard PVDF bilami- 
nar shielded membrane hydrophone (GEC-Marconi Research 
Center, England), that was calibrated by the National Physi- 
cal Laboratory. Two kinds of ultrasonic transducers are used 
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Fig. 5. Sensitivity variation of our hydrophone and a Marconi hy- 
drophone as a function of frequency 

for this measurement. The first one is a 1 MHz source and is 
used for sensitivity measurement from 1 to 12 MHz when it i s  
operating at its central frequency and the related harmonics. 
The second one is an 18 MHz transducer which is employed 
for measurement at frequencies of 18, 17, 16, 15 and 14 MHz. 
The distances between the transducers and the hydrophones 
are 180 and 60mm for the first and the second transducer, 
respectively. The sensitivity variations in mV/MPa as a func- 
tion of frequency are given in Fig. 5. As can be seen from 
this figure, the sensitivity v~iation of our hydrophone from 1 
to 18 MHz is about 25% smaller than this variation for Mar- 
coni hydrophone. The frequency response of our hydrophone 
is therefore both broadband and smooth. To increase the band- 
width of this hydrophone, it is possible to use a thinner PVDF 
film. 

B. Sensitivity variation in different media 

In a traditional coplanar membrane hydrophone, sensitivity 
and directivity are highly dependent on the electrical conduc- 
tivity of the surrounding medium. This kind of hydrophone can 
therefore only be employed in nonconductive media. As al- 
ready explained, these deficiencies have been overcome in our 
hydrophone by isolating the active lead from the surrounding 
medium using degassed petroleum in the backing. To show the 
effect of petroleum, we measured the sensitivity variation of 
our hydrophone in 3 different cases as shown in table 1. Case 1 
is a standard case which is used in routine laboratory measure- 
ments. The conductive water which is used in cases 2 and 3 is 
obtained by adding an electrolyte (NaCI) to distilled water. The 
measured resistivity of this water is about 100 f2.cm. In each 
case, the sensitivity variation is obtained by measuring the vari- 
ation in the hydrophone capacitance by means of a computer- 
based vector analyzer (Rohde & Schwarz, Germany), between 
the frequencies of 30 KHz to 2 MHz. In Fig. 6 the normalized 
capacitance variation is shown. As is clear from this figure, the 
capacitance variation of our bydrophone in conductive water 
(Case 2) is about 1/8 of this variation for a traditional copla- 
nar hydrophone (Case 3). In addition for a traditional coplanar 



Table 1. 

Backing Medium Capacitance Capacitance Variation in 
a t f = 3 0 K H z  a t f = 2 M H z  capacitance 

Case 1 Petroleum Distilled l l0pF 106pF 3.6% 
w a t e r  

Case 2 Petroleum Conductive 133 pF 120pF 9.8% 
water 

Case 3 Conductive Conductive 735 pF 186 pF 74.7% 
water water 
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hydrophone, the capacitance at the starting frequency is much 
higher than that for the standard case (about 7 times). For our 
hydrophone, this sensitivity variation is negligible because it 
is smaller than the existing uncertainty in the standard inter- 
ferometery method for calibration of  a membrane hydrophone 
[23]. 

6 Conclusions 

Based on the experiences in focused shock wave measure- 
ments and the drawbacks in existing hydrophones, we have 
developed a very low-cost, wideband and reproducible shock- 
wave hydrophone. The key element of  this device is a commer- 
cially available, rapid fit disposable PVDF membrane. This hy- 
drophone has been developed for acoustical pressure measure- 
ment at the focal point or at its vicinity, in focused shock-wave 
fields. To obtain the widest possible bandwidth, the coplanar 
membrane design was adopted~ The frequency response mea- 
surement of  this hydrophone shows that its bandwidth is wide 
enough to measure very steep shock fronts. In addition, the 
active lead is isolated from the medium and is in contact with 
an isolating liquid i.e. degassed petroleum. Using this design, 
it is possible to use this device even in conductive media, such 
as different physiological liquids, with a negligible change of  
sensitivity. All measurements presented here were made by 
means of a hydrophone with an active element of 1 mm in 
diameter. Another kind of PVDF shock gauge with an active 
element of 0.5 mm in diameter is under development. Using 

this hydrophone, specially in focused shock fields with small 
focal region s , will result in more exact pressure measurements. 
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