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ABSTRACT 

The purpose of this work is the development of a miniature 
precision acoustic sensor (hydrophone) which would survive in 
an in-vivo shock wave field. The immediate application of the 
device is in improving the safety and efficacy of Extracorporeal 
Shockwave Lithotripsy (ESL) treatment of kidney and 
gallbladder stones. The hydrophone is designed for insertion 
into the body using a catheter or biopsy needle, in order to 
provide reliable in-vivo acoustic pressure measurements of 
ESL. The research efforts to date include 1) theoretical 
modeling to examine design trade-offs associated with material 
choice and sensor configuration; 2) prototype construction; and 
3) acoustical performance characterization. The results of 
prototype testing will be shown, and will be compared to 
existing hydrophone designs. Performance differences involve 
bandwidth, directivity, and survivability under shock wave 
exposure. The fundamental difficulty is improving survivability 
without sacrificing bandwidth or signal fidelity. 

INTRODUCTION 

Background on Lithommv Develomnent Since its first clinical 
demonstration in 1980 [l J ,  the technique of Extracorporeal 
Shock Wave Lithompsy (ESL) has gained wide acceptance as 
the procedure of choice for the treatment of kidney and gall 
bladder stones. With this technique, high pressure amplitude 
(lo8 Pa) acoustic shock waves are focussed onto the stone, 
causing comminution [2]. Although ESL treatment eliminates 
the patient trauma of open surgery, there is growing concern 
over collateral tissue damage from the shock waves [3]. 
Further, the exact mechanism of stone destruction is not fully 
understood: proposed methods include pressure gradient effects, 
spalling from internal reflections, or acoustic cavitation [ 1,4]. 

Research Issues Research into treatment optimization and tissue 
interaction has been hampered by the lack of reliable, robust, 
and accurate acoustic sensors which can measure the true 
acoustic pressure levels generated by lithompters. The high 
pressure shock waves tend to destroy the hydrophone, just as 
they do  kidney stones. We have reported some success in 
adapting classic membrane-type sensors for this purpose [SI; 
however, this type of sensor can only be used in a free-field 
water bath environment. During treatment, the shock wave is 
attenuated and possibly refocussed by the different tissue layers 
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overlying the treatment site, e.g. skin, fat, fascia, and striated 
muscles. Thus the actual pressure amplitude delivered to the 
stone within the body is very difficult to predict. Much of the 
theoretical work on stone destruction has assumed certain shock 
wave characteristics (e.g. pressure rise time, peak pressure 
levels) which may not exist at the in-vivo stone site [6]. It is 
well known that the shape of a finite amplitude acoustic pressure 
wave is affected by the medium in which it travels, and these 
critical shock wave parameters are the ones most severely 
affected [7]. 

The manufacturers of lithotripsy equipment are 
constantly investigating new approaches to treatment which will 
maximize its effectiveness and minimize patient trauma. A major 
impediment to this avenue of research is that while theoretical 
predictions of shock wave pressures can be made and then 
verified in a water tank, the actual levels cannor currently be 
monitored in-vivo at the treatment site. Further, during clinical 
use, an operator may have difficulties fragmenting the stone, and 
resort to higher lithotripter power settings. Due to the 
defocussing effects of tissue and acoustic saturation phenomena, 
increasing the input energy levels from the lithotripter may not 
result in a concomitant increase in delivered destructive energy at 
the stone site. Theory suggests that the true acoustic focus in 
tissue may shift as a function of power level, further 
complicating the clinical situation [8] .  

The goal of the present work is to develop a miniature shock 
wave hydrophone which could be inserted into a patient 
undergoing lithotripsy treatment, in order to characterize the 
shock wave at the stone site. Once fully developed, the 
hydrophone would be used in the following way: a biopsy 
needlekatheter will be inserted into a patient about to undergo 
ESL treatment. This is a medically accepted procedure used, for 
example, to relieve excess pressure within the kidney due to a 
stone blocking the ureter. Under fluoroscopic or ultrasonic 
guidance, the hydrophone will be positioned near the kidney 
stone, and in the focal region of the lithotripter. The shock 
waves smking the hydrophone will be sensed and analyzed for 
the relevant acoustic parameters, such as peak positive 
(compressional) and negative (rarefactional) pressures, rise time, 
and energy per pulse. This shock wave information will then be 
used to investigate in-vivo acoustic pressure levels, shock wave 
propagation through tissue, and stone fragmentation dynamics, 
thus leading to optimization of the treatment. 
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Review of previous hvdroohone developments Much of the 
relevant literature on hydrophone development was summarized 
in [9], so only a brief summary will be presented here. The 
current generation of hydrophones is constructed using the 
piezoelectric polymer material polyvinylidene difluoride 
(PVDF), or its copolymer, P(VDF-TrFE). Ceramic materials 
are no longer used because of their limited bandwidth, dynamic 
range, and linearity, and their susceptibility to resonance 
phenomena. PVDF, on the other hand, has characteristics that 
make it well suited to hydrophone design, such as low acoustic 
impedance, good mechanical flexibility, broadband frequency 
response, and excellent linearity [lo]. The two types of 
hydrophones currently available are the membrane-type and the 
needle type (Figures 2a and 2b). The former, originally 
suggested by DeReggi et al.[ll], uses a large (>5cm in 
diameter) sheet of PVDF stretched over a stiff supporting hoop. 
The effective sensing area is controlled by the size of the active 
element that is poled and electrded. The second type of PVDF 
hydrophone is the needle type [12, 131, in which a small (<lmm 
diam.) sensor element is mounted on the end of a stainless steel 
tube. The fundamental difference in the response of the two 
hydrophone types arises from the acoustical backing used: in the 
membrane, the element is surrounded by the working fluid 
(water) on both sides; in the current needle design, the sensor 
element is backed by brass, stainless steel, or a rigid epoxy. 

Membrane-type hydrophones have been used for shock wave 
measurements in water [4,5], because the majority of the 
acoustic energy passes through the thin membrane. 
Unfortunately, the present large membrane design is 
inappropriate for in-vivo use. The needle-type design has been 
used successfully in  the body, typically with a biopsy needle 
[ 141. However, this hydrophone suffers from the destructive 
effects of the shock waves, because the hard backing material 
responds in a manner similar to kidney stones. Even the 
membrane design is subject to cavitation damage [ 5 ] ,  and must 
be carefully used to minimize the impact on measurement 
accuracy. The prototype developed here attempts to combine the 
best attributes of both the membrane and needle type designs. 
The prototype configuration includes a bowed membrane 
structure, supported by a "soft" acoustical backing material, at 
the tip of a stainless steel tube. This is referred to as the 
"hemispherical" design (See Figure 1). An alternative design 
under development, uses a sphere of low acoustic impedance 
material which is coated with a piezoelectric polymer. This 
alternative design is called the "spherical" design. In this way, 
the size constraints can be met, while at the same time, the 
desuuctive effects of the shock waves will be minimized. 

The following sections will present the results of the simulation 
modelling of the sensor, and of the prototype designs 
constructed to date. 

SENSOR MODELLING 

The KLM model [15] was used to examine the influence of 
electroacoustic and mechanical parameters on the sensitivity and 
frequency response of the sensor. This mode[ treats the sensor 
as a center-driven transmission line, and has been used 
extensively to examine ultrasonic transducers [16]. The 

hydrophone design parameters examined included the PVDF 
film thickness, the backing materials, the sensor diameter, and 
the cable length. The PVDF film thickness and backing material 
influenced the frequency response, while the sensor diameter 
and cable length predominantly affected the sensitivity. In 
addition, the backing material must be relatively "soft" (low 
acoustic impedance), to avoid damage from the shock wave 
passing through the PVDF layer. Figure 2 is an example of the 
output from the model, showing the differences in response as a 
function of backing material impedance. The three impedances 
shown include 1.5, 2.3 and 3.4 MRayls, which correspond to 
water (as a reference), polypropylene and DelrinTM. The results 
of the simulations indicated that a 25pm thick film, backed by an 
impedance from 2 to 4.5 MRayls would meet the design 
objectives. 

SENSOR CONSTRUCTION 

k k -  The primary sensor configuration, as 
shown in Figure 1, is a hemispherical shell of PVDF, supported 
by a soft, low-impedance backing. The assembly procedure for 
the hemispherical shape involves deforming a flat sheet of 
electroded and poles PVDF film using a heated ball-end press. 
The shaped PVDF is then back-filled with the backing material. 
The half-sphere of PVDF and backing are then placed onto the 
tip of the stainless steel tube (ground hypodermic needle), taking 
care to insure proper ground shielding of the outer electrode. A 
low capacitance miniature coaxial cable is used to wire the 
sensor to the oscilloscope connector (BNC). The main 
advantage of this design is the electroding masks and the poling 
procedures are essentially the same as those used to make 
membrane-type hydrophones, and therefore it is an extension of 
the existing technology base. 

Svherical Desien An alternative design involves a sphere of 
backing material that is conformally coated with a P(VDF-TrFE) 
copolymer layer. The electrodes are sputtered before and after 
the piezopolymer is deposited on the backing. While this results 
in a more spherical design, it does require more care in 
construction and poling. To date, this design has not been 
successfully completed to the point of acoustical 
characterization. 

ACOUSTICAL CHARACTERIZATION 

Two types of acoustical characterization shave been carried out 
on the prototype transducers constructed to date: frequency 
response characterization (calibration) and directivity 
measurements. 

Calibration Techniques The technique for calibrating the 
hydrophones is based on the Time Delay Spectrometry (TDS) 
technique [17,18]. With the TDS technique, a swept sinusoidal 
signal from a spectrum analyzer is amplified and fed to a 
wideband acoustic source. By accounting for the time delay 
between the msmi t te r  and receiver, it is possible to isolate the 
direct acoustic path signal from any reflections from the sides 
and bottom of the test tank, through narrow band filtering. In 
addition, the hydrophone response is measured as a virtually 
continuous function of frequency. In practice, the frequency 
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response of the given hydrophone/transmitter combination is 
compared to that obtained from the reference bilaminar 
hydrophone. This measurement is typically performed as a 
calibration service at our facility. Figure 3 is an example of the 
frequency response of a constructed hydrophone, over the 
frequency range from 1 to 15 MHz. The resonance at the lower 
frequency portion of the curve is a radial resonance of the 
stainless steel tube. 

Directivitv Measurements The same TDS principle is used to 
measure the hydrophone's directivity. In this case, the 
hydrophone is mounted in a rotating gymbal fixture which 
permits f60"  rotation about the hydrophone face. The 
hydrophone is oriented directly towards the acoustic source (90" 
direction), and a reference spectrum is recorded on the spectrum 
analyzer. The hydrophone is then rotated in 2" intervals and a 
new spectrum is recorded for each angular position. The results 
are analyzed by displaying all the angular data relative to 90" at a 
specific frequency (e.g. 1OMHz). The higher the frequency, the 
more directive the hydrophone, because it represents a larger 
aperture in terms of acoustic wavelengths. The directivity may 
be changed by altering the hydrophone's sphericity. This 
measurement is also performed regularly, as a research tool and 
as a service to clients. 

Figures 3 through 5 are the results of directivity measurements at 
2, 5 and 10 MHz, comparing flat and hemispherical PVDF 
films. The results have been normalized to the 90' (head on) 
direction (the hemispherical film has a lower sensitivity than the 
flat film). These results indicate a significant improvement in 
directivity, especially at the higher frequencies. 

CONCLUSIONS 

The results to date have been encouraging. The hemispherical 
design attempts to combine the best attributes of both the needle 
and membrane type hydrophone designs, in a form suitable for 
in-vivo applications. The frequency response is uniform up to 
the current limits of our calibration equipment (with the 
exception of the low frequency resonance - we are developing 
specific techniques to damp out this effect). The directivity 
measurements show significant improvements over the flat film 
design, especially at the higher frequencies. 

The development of the spherical design has been hampered by 
difficulties in electroding the outer surface without shorting out 
the polymer layer, and in poling the film layer without arcing. 
These problems are currently being addressed. 

These developments are the result of Phase I Small Business 
Innovation Grant. The final stage of Phase 1 work involves 
shock wave testing of the completed hydrophones, and research 
into protective coatings. Future work includes animal testing, in 
order to asses the changes in shock wave profiles in-vivo, and 
eventual application during human shock wave treatment. 
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Biopsy Needle 

Tgure 1. Hemispherical Hydrophone Probe Tip Design 
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Figure 2.  KLM prediction of hydrophone sensitivity as a 
function of backing material, assumed 25pm PVDF film. 
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Figure 3. Measured sensitivity of the flat needle design with low 
impedance backing. Resonance is due to radial vibrations of the 
stainless steel needle. 

Figure 4. Directivity comparison of flat and hemispherical films 
taken at 2 MHz. 
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Figure 5. Directivity comparison of flat and hemispherical films 
taken at 5 MHz. 
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Figure 6. Directivity comparison of flat and hemispherical films 
taken at 10 MHz. 
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