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Modeling and Underwater Characterization of
Cymbal Transducers and Arrays

Jindong Zhang, Anne-Christine Hladky-Hennion, W. Jack Hughes, Member, IEEE,
and Robert E. Newnham, Member, IEEE

Abstract—The cymbal is a miniaturized class V flexten-
sional transducer that was developed for potential use as a
shallow water sound projector and receiver. Single elements
are characterized by high Q, low efficlency, and medium
power output capability. Its low cost and thin profile allow
the transducer to be assembled into large Hexible arrays.
Efforts were made to model both single element and trans-
ducer arrays by coupling finite element analysis (ATILA)
and the integral equation formulation (EQI). The pressure
and velocity distributions on the surface elements were cal-
culated by ATILA and later used with EQI to calculate
the far field properties of the transducer element and ar-
rays. It eliminates the mesh of the fluid domain and makes
the 3-D model of a transducer possible. Three-dimensional
maodels of a cymbal transducer and a 3 X 3 cymbal array
were developed in the modeling. Very good agraement was
obtained between modeling and measurement for single el-
ement transducers. By coupling finite element analysis with
the integral equation method using boundary elements,
acoustic interaction effects were taken into account., Rea-
sonable agreement was obtained between calculation and
measurement for a 3 X 3 array.

I. INTRODUCTION

HE CYMBAL transducers arc miniaturized class V flex-

tensional transducers. They consist of a piezoelectric
disk (poled in the thickuess direction) sandwiched between
two “cymbal-shaped” metal end caps. The metal caps
serve as a mechanicsl transformer that transform the high
impedance, small extensional motion of the ceramic into
low impedance, large fiexural motion of the shell. The cym-
bal originally was designed as an actuator, which provides
8 sizable displacement as well as moderate generative force,
bridging the gap between the two most common actuators,
bimorph and the multilayer [1]. It was later proposed [2]
as an underwater transducer for use as a sound projector
and hydrophone. Becanse the cymbal transducer is small
compared to the wavelength in water around resonance, it
has modest radiation efficiency as a sound projector and a
relatively high Q. It is necessary to assemble them into ar-
rays to achieve the desired source level and directivity. In
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assembling arrays, it always is desirable to have the trans-
ducer clements close packed in the array to save space.
When element-to-clement spacing is much smaller than
the acoustic wavelength, acoustic interactions oceur that
lead to different acoustic loading on each transducer ele-
ment, depending on its position in the array [3]. This then
results in significant variations in the volume velocity of
each array element. These interactions reduce the acoustic
output power of the array and, in some extreme cases, a
transducer element may have a negative radiation resis-
tance and absorb acoustic power. However, the acoustic
interaction leads to increased radiation resistance, there-
fore improving the radiation efficiency [4]. The acoustic
loading effect is advantageons in the case of cymbal array
because it improves the radiation efficiency.

The objective of this paper is to characterize the cym-
bal as an underwater transducer and attempt to model
both single element and array by coupling finite-element
analysis and the integral equation method.

II. FINITE ELEMENT MODELING OF AN
TNDERWATER TRANSDUCER

The finite-element method has been used extensively
in modeling complex transducer structures for more than
20 years. Many FEA software packages are commer-
cially available, including ANSYS {5], PZFLEX [6], and
ATILA [7]. The ATILA is specially designed for under-
water transducers, which take into account the coupling
between the transducer mechanical structure and the sur-
rounding medium. In modeling underwater transducers,
two approaches usually are used.

In the first method, a Bnite fluid domain is modeled
in addition to the mesh of the solid structure, which is
adapted fromn the ATILA code. Kinematic and dynamic
continuity conditions are imposed at the interface for dis-
placement, and pressure fields. To absorb various compo-
nents of the radiated field, damper elements are applied on
the external surface T of the surrounding fluid domain {8).
The use of damper elements provides detailed information
about the acoustic near field properiies.

This method necessitates the modeling of the fluid do-
main, which in some cases leads to large meshes and is not
well suited to 3-I modeling. A second method is to model
only the solid structure using the finite element method,
then couple it to an integral equation formulation to ac-
count for the acoustic radiation problems. In this way the



size of the mesh and the computation time can be sig-
nificantly reduced [9]. By coupling the finite element and
integral equation (EQI) methods, transducer arrays can be
modeled.

The EQI is based on the Helmholtz-Kirchihoff Integral
Equation, which is expressed as [10]:
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external surface of the solid structure, {1 is the infinite
fluid domain surrounding the solid structure, r is a poini
outside I', ' is a point on T, and ar) is the solid angle at
the point r.

The discretization of the integral equation on T' con-
sists of dividing the external surface of the structure into
elements intercommected by nodes. On each element the
pressure field and its normal derivative are connected to
the nodal values by an interpolation function, Discretiza-
tion leads to N equations with N unknowns, where N is
the number of nodes in the grid. The matrix form of the
systemn is;

op
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Matrices (B] and [A] come from the integration of the
Green function, and their normal derivatives are com-
puted by the interpolation functiocns. The vectors {p} and
{@p/8n} contain the nodal pressures of the systern and
their nornal derivatives. The displacement vector normal
to the surface is given by:

p(r)
an

The solution of the linear systerns provides the pressures
at the nodes of the surface, from which the pressure at any
point in the Auid £2; can be calculated.

In our approach, the solid structure is first meshed with
special surface elements. Through harmonic analysis, the
displacement and pressure field of the solid structure and
the surface elements can be computed as a function of
frequency using the finite element code ATILA. Then by
enforcing kinernatic and dynamic continuity conditions at
the interface, the far field and near field pressures in the
fluid domain are caleulated with EQI.

= p:,'.;zun('r'). (3)

HI. EXPERIMENTAL PROCEDURE
A. Fabrication of the Cymbal Transducer and Array
The detailed fabricalion procedure of cymbal trans-

ducer and arrays was described in a previously pub-
lished paper {11]. The piezoelectric ceramic disks (PKI402,

Piezckinetics Inc., Bellefonte, PA) have a thickness of
1 mm and a diameter of 12.7 mm, and they were poled in
the thickness direction. Titanium sheets of 0.25 mm thick-
ness were used as the cap material. The shaped caps had a
diameter of 12.7 mm. The cavity diameter was 9.0 mm at
the bottom and 3.2 mm at the top. The cavity depth was
0.32 mm. Two different epoxy systems were used in this
study. One is a high bonding strength insulating epoxy
{Emerson and Cuming, Billerica, MA). A ratic of three
parts 45 LV epoxy resin to one part 15 LV hardener was
used. The other one is an E-solder conductive epoxy (Von-
Roll ISOLA, New Haven, CT). In both cases, the thick-
ness of the glue layer was approximately 40 pm. In the
3 x 3 array, the element center-to-center spacing was kept
at 15 mm.

B. Charucterization of the Cymbal and Arrays

Underwater calibration tests of single cymbals were per-
formed at the Applied Research Laboratory, Penn State.
The tank measured 5.5 m in depth, 5.3 m in width and
7.9 m in length. A pure tone sinusoidal pulse signal of 2-
ms duration was applied to the test transducer, and its
acoustic output was monitored with a standard F33 hy-
drophone. The test transducer and the standard were po-
sitioned at a depth of 2.74 m and separated by a distance of
3.16 m. The mechanical @, transmitting voltage response
(TVR), free-field voltage sensitivity (FFVS), and directiv-
ity pattern were evaluated.

In the underwater test, Lhe cymbal transducer and array
must be insulated from the conductive water in the tank.
In addition, the array has to be rotated to observe the di-
rectivity pattern. A potting technique was devised for the
transducer to maintain a mechanically free condition [11].
For single elements, a coaxial cable was first attached to
the flange of the metal cap using silver epoxy. The cymbal
and part of the cable then were potted in polyurethane
with & thickness of about 0.5 mm. The polyurethane layer
insulated the cymbal from the conductive water in the wa-
ter tank. The 3 x 3 array was fixed at the end of a long
plastic tube to allow rotation. The electrical lead wires
passed through the plastic tube and were connected to the
measurement system at the other end of the tube. The di-
ameter of the tube is small compared to the wavelength in
water so it does not interfere with the acoustic field gen-
erated by the array. The potted cymbal transducer and
array are shown in Fig. 1.

IV. RESULTS AND DISCUSSION
A. Single Element

Due (o symmetry, only a quarter of the transducer
structure was modeled. There are symmetry planes across
XOY and XOZ. The mesh of the entire structure is too
complicated to see any details; therefore, only the mesh
of the surface element of the cymbal transducer is shown



(a) single clement

(b) 3x3 array

Fig. 1. Photograplis of a cymbal transducer and a 3 x 3 array potted
in polyurethane.

Fig. 2. Mesh of the surface elements of a single element.
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Fig. 3. Comparison of experimental and calculated TVR of a single
element. Computation did not include the epoxy bonding layer.

in Fig. 2. The symmetry plane XOY is grounded and 1 V
was applied (o the upper side of the ceramic. Because 1 V
was applied to a thickness of 0.5 mm, which is half of
the thickness of the ceramic, the electric field was actually
1 V/0.5 wm = 2 V/mm, It is eguivalent to an applied
voltage of 2 V for a 1 mm-thick ceramic. Therefore, what
the program calculates is source level (SL). To obtain the
TVR, the following equation was used:

SL=TVR+20 log V. (4)

Here 201log V' = 6. Thus, we have to subtract 6 dB from the
caleulated source level to get TVR. For the same resson,
the calculated impedance was multiplied by two to get
TVR for a 1 mm-thick ceramic disk.

Because the epoxy thickness is very small compared
with the ceramic and the caps, we initially did not include
the epoxy layer in the model, assuming it has little effect
on the transducer performance. Fig. 3 shows the caleulated
TVR of a cymbal transducer compared with measurement.
Without modeling the glue layer, the calculated resonance
frequency was about 20 kHz compared to the measured
resonance frequency of 16.6 kHz. The considerable differ-
ence in resonance frequency suggests that the epoxy layer
increases tbe eflective compliance of the cymbal structure
substantially. Therefore, the epoxy layer must be included
in the model even at the cost of a larger mesh and consid-
erably increased computation time.

In the next step, the epoxy layer was included in the
modeling. Tts thickness was assumed to be 40 um. The
calculated TVR is shown in Fig. 4 and compared with the
measured values. A nearly perfect match was obtained over
a wide frequency range from 10 kHz to 80 kHz. The four
peaks at 20 kHz, 34 kHz, 53 kilz, and 62 kHz come from
the resonance of the air bubbles in the cured polyurethane
and will be ignored in the discnssion. The major pesk at
17 kHz in the TVR curve corresponds to the first flexten-
sional mode of the caps, which is illustrated in Fig. 5(a).
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(b) 68kHz

Fig. 5. Displaced shape of the cymbal transducer at frequency: {a)
17 kHz, (b) 68 kHa.
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Fig. 7. Calenlated FEVS of ¢ymbal transducer based on reciprocity.

There is a sharp dip at about 68 kHz, which originates
from the second flextensional mode of the metal caps. As
seen from the vibration mode in Fig. 5(b) at this frequency,
two portions of the cap vibrated out of phase. The pres-
sures from different portions of the metal caps cancel out,
leading to a sharp drop in transmit response.

The calculated impedance of a cymbal transducer
is shown in Fig. 6 and compared with the measured
impedance. There is a significant diflerence between the
measurement and modeling at low frequencies. Based on
reciprocity, the receive response of the cymbal transducer
was calculated from the calculated TVR and impedance
using the following equation:

TVR=FFVS +20log f-20log|Z+354. (5)

Fig. 7 shows the calculated FFVS of a cymbal trans
ducer compared with measurement. A difference of about



Fig. 8. Meshes of the surface elements of the 3 x 3 array. The center
cymbal is in the lower left.

16 dB exists between the modeling and measurement. To
explain the discrepancies, it is necessary to examine the ex-
peritnental conditions. In the modeling, the electric Held
was applied directly to the face of the PZT disk, and it
does not “sce” the epoxy layer. In the measurement, the
leads were conmected to the cap instead of the PZT disk
for convenience, The insulating epoxy layer sometimes can
cause problems because of poor electrical contact. To verify
this idea, another cymbal transducer of the same material
and cap geometry was assembled with conduciive epoxy.
The electrical leads were connected to the flange of the cap
in the usual way. The measured impedance and FFVS of
the modified cymbal are shown in Fig. 6 and Fig. 7, re-
spectively. In both cases, the modeling and measuremeni,
agree very well. It is clear now that poor electrical eon-
tact between the cap and ceramic is a weak point in the
manufacture of a cymbal transducer. This problem can be
solved by placing the epoxy layer under compressive stress,
which is difficult to achicve experimentally and may com-
plicate the design. Use of conductive epoxy can alleviate
the problem by an order of magnitude, Unfortunately, the
conductive epoxy usually has lower bonding strength and
is not gond for high power transmission. This is a materials
problem requiring further attention.

B. Array Modeling

Three symmetry planes cxist for the 3 x 3 array; there-
fore, only one-cighth of the array is modeled. Fig. 8 shows
the mesh of the surface elements.

The predicted TVR of a 3 x 3 array with & center-to-
center spacing of 15 mm is shown in Fig. 9 and compared
with the measured TVR of the array. In both modeling
and measurement, the peaks associated with the resonance
have disappeared becanse of the damping associated with
acoustic loading. This is a result of strong acoustic interac-
tion between adjacent transducers at resonance. Although
all the transducers in the array are electrically driven in
phase, the amplitude and phase of the vibration of the
transducers are very different, depending on their location
in the array. The calculated displacement of the dome of
transducers in the array is shown in Fig, 10 and compared
with that of a single, individual element. At off-resonance
frequencies, the displacement of transducers in the array
is pretty much the same as that of a single element. At
resonance, the displacement of the center transducer in
the array is almost two times larger than that of a sin-
gle, individual element at this frequency. Because of this
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Fig. 10. Calculated displacement of transducers in the array and of
a single, individual transducer.

large motion, the stress in the ceramic may exceed the me-
chanical tolerance and destroy the ceramic. In addition to
mechanical failure, the heat generated in the ceramic due
to mechanical and dielectric loss may depole the ceramic,
leading to a thermal failure.

Fig. 11 shows the calculated displacement field of trans-
ducers in the array at the nominal resonance frequency
(17 kHz). The corner transducers actually vibrate out of
phase with the other transducers in the array. The pres-
sures from different transducers partially cancel as a result
of out of phase vibration. The net effect is, the resulting
TVR curves are flattencd around its nominal resonance
and appear to have a broad band response.

Another consequence of array interaction is the im-
proved efficiency of a 3 x 3 cymbal transducer array over



Fig. 11. The displacement fields of the transducer in the 3 x 3 array
at 17 kHz (nominat resonance). The center cymbal is in the lower

right.
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Fig. 12. Measured efficiency ol a single eymbal transducer and of the
potted 3 x 3 array.

an individual cymbal transducer. This is shown in Fig. 12
The array has an efficiency over 30% around nominal reso-
nance, compared with the very small efficiency of the single
c¢ymbal transducer.

The calculations indicate that array interaction might
be disastrous for a closely packed cymbal array driven at
the nominal resonance, but there is 8 way to avoid this
problem. Mutual radiation impedance not only depends en
element-to-element spacing and operational wavelength, it
also depends on Lhe acoustic properties of the transducer
surfaces and the shape of the trausducer [3]. Instead of hav-
ing identical transducers in the array, we slightly varied the
cavity depth of the transducers in the array so that the sur-
face geometry of the transducers was different. The cavity
depth of the center transducer was maintained at 0.32 mm,
and the cavity depths for the corner and edge transducers
were (.28 mm and 0.36 mm, respectively. Fig. 13 shows the
calculated displacement of the dome area of the transduc-
ers in the array. At nominal resonance the displaccment
of the center transducer in the array was greatly damped
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Fig. 13, The reduced motion of transducers in the array as a regult
of varying the surface geometry.
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Fig. 14. Predicted TVR of a 3 x 3 array of transducers with varied
surface geometry compared with that of a 3 x 3 array with identical
transducers.

compared with its displacement in an array of identical
transducers. It also is much smaller than that of a sin-
gle, individual cymbal. Therefore, by slightly varying the
surface geometry of the transducers in the array, the vi-
bration velocities of the transducers in the array become
more uniform, even et resonance, meking the array less
subject to the aforementioned mechanical and thermal fail-
ure. The predicted TVR of this array is nearly identical to
the identical-transducer array shown in Fig. 14.

As shown in Fig. 9, the predicted TVR.is 2 to 4 dB lower
than the measured value above the nominal resonance fre-
quency. This discrepancy is believed to be caused by the
polymer matrix used in assembling the array. The potted
array structure is actually very similar to the popular 1-3



Fig. 15. Displacement field of transducers in the array at 68 kilz.

composite and has a similar decoupling effect [12] caused
by the polymer matrix. As in the 1-3 composite, the ra-
dial motion of the ceramic disk is partially suppressed by
the polymer matrix, and the axial motion of the caps is
not. Therefore, the negative contribution of the radial mo-
tion to the sound pressure is reduced. Because the metal
caps of the cymbal have an amplified motion in the axial
direction, the effective acoustic impedance in the axial di-
rection is reduced, and the polymer may further serve as a
matching layer hetween the cap and water. Therefore, the
energy transfer is more efficient in the axial direction than
in the lateral direction of the array. The decoupling of the
lateral motion of the ceramiie from the axial motion and
the improved acoustic matching layer increase the output
pressure of the array.

The modeling predicts a sharp dip in the TVR curve for
3 x 3 array at 68 ks, as shown in Fig, 9. This corresponds
to the sharp dip in the TVR. curve for a single element.
The displacement pattern of the array at this frequency is
illustrated in Fig. 15. At this frequency all the transducers
have & similar vibration mode to that of a single element.
Therefore, a dip in the TVR curve at this frequency is
expected, but we did not observe such a dip in the mea-
sured TVR. Again, the discrepancy may be ascribed to the
polymer mairix that alters the boundary conditions of the
transducer elemenis in the array. Because the metal caps
are in close contact with the polymer matrix, the two-
nodal point line mode shown in Fig. 15 is not favorable
and tends to be suppressed by the polymer matrix. As a
result, the TVR is improved in this frequency range.

The vibration mode of transducers in the array at
80 kHz is shown in Fig. 16. The displacement for each
transducer in the array is essentially the same with the
same phase, suggesting little array interaction at this fre-
quency as a result of large spacing to acoustic wavelength
ratio at this frequency.

The calculated beam patierns of the 3 x 3 array in
XO% plane at various frequencies are shown in Fig. 17.
The acoustic axis is the OZ direction. At frequencies up to
80 kHz, the modeling successfully predicis the main lobes
and the side lobes in addition o the nulls in the beam
pattern.

Fig. 16. Displacement field of transducers in the array at 80 kHz.

The effect of element center-to-center spacing in the ar-
ray is shown in Fig. 18. At low frequencies when array in-
teraction is severe, the predicted TVR is very sensitive to
the element spacing. At the nominal resonance frequency
of 17 kHz, the TVR of the array increases from 124 dB
to 133 dB when the eclement spacing is increased from
13.5 mm to 16 mm. The difference is 9 dB when there
is a change in spacing of only 2.5 mm. At higher frequen-
cics, when the wavelength is of the same order of the size
of the array {40 kHz), the predicted TVR is less dependent
on the spacing.

V. SUMMARY

The coupling of finite element analysis and boundary el-
ement method provides an efficient way of modeling under-
water transducers and arrays. For e single cymbal trans-
ducer, excellent agreement was obtained between calen-
lation and measurement using this technique. The thin
epoxy layer used to glue the caps to the ceramic disk has
a tremendous effect on the transducer resonance and sen-
sitivity. Tt is necessary to include the epoxy layer in finite
element calculations; even at the cost of fine mesh and long
computation time.

The acoustic interaction in the array was analyzed using
the program EQI. The vibration modes of the transducers
in the array behave very differently from a single, individ-
ual transducer at low frequencics where acoustic interac-
tion is important. The vibration magnitude and phase of
the transducers are strongly affected by the mutual radia-
tion impedance, which is dependent on surface geometry of
the transducers and their locations in the array. As the op-
erational frequency increases, acoustic interaction becomes
less severe, and transducers in the array behave more like
a single, individual element. In addition to mutual radi-
ation impedance, the vibration of the transducers in the
array also is affected by the polymer matrix used in assem-
bling the array. The polymer matrix tends to suppress the
undesired vibration modes and improve the performance
of the array, The combined finite element analysis and in-



Fig. 17. Predicted beam patterna of the 3 x 3 array compared with
the measured beam patterns (a) 20 kHz, {b) 60 kHz, (c) 80 kHz (—
measured; ——— ATILA-EQI).
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tegral equation method appear to be an effective way of
modeling both single clement transducers and arrays.
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