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Abstract. A miniature flextensional transducer, the “cymbal,” is an emerging underwater transducer technology
for large area and restricted volume transmit and receive arrays. The performance of the device is being evaluated
for a number of applications requiring a large number of elements. Simple design, low cost and the ability to
tailor performance to the desired application are attractive features of the cymbal. Analysis of the fabrication and
performance of the cymbal has revealed that the benefits of the cymbal’s flexible design also present production
concerns. Asymmetry in the cavity depth or epoxy layer can result in unwanted resonances that can detract from
the in-water performance. To avoid these spurious resonances, tolerances in cavity depth could be as low as 5 µm,
resulting in low production yields. These and other fabrication concerns have been analyzed through experiment and
finite element modeling software using the ATILA code. We were able to identify ways of improving manufacturing
yields and minimizing variances to accommodate large array production. The origins of the spurious resonances
are discussed along with the performance of a prototype array.
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Introduction

The “cymbal” transducer is a miniature Class V flexten-
sional transducer developed at the Materials Research
Laboratory, Penn State University and patented by
Newnham and Dogan in 1998 [1]. The design is an im-
provement on the commercially successful “moonie”
transducer patented by Newnham et al. [2]. The cymbal
design stems from stress analysis using finite element
software in which inactive cap material was removed
from the moonie structure [3]. The names moonie and
cymbal come from the crescent cavity shape created
by the end cap and the shape of the cap, respectively.
The cymbal is a simple version of the ring shell projec-
tors developed by the Defense Research Establishment
Atlantic (DREA) in the mid-1970’s [4]. The DREA de-
sign used a 3-3 mode ceramic ring driver sandwiched
between the outer circumference of the radiating shells.

∗To whom all correspondence should be addressed.

Similar to the cymbal and moonie, concave and con-
vex shells were used. The cymbal transducers con-
sist of an electroactive driver sandwiched between two
shaped caps as shown in Fig. 1. Moonie and cymbal
hydrophones are compact and inexpensive to fabricate
and have many potential applications including towed
undersea arrays, fish finders, and geophysical research.

Ease of fabrication and the ability to tailor perfor-
mance to the desired application are attractive features
of the cymbal design. In the construction of the moonie,
the end caps are machined to the desired cavity depth.
For the cymbal, end caps are punched from sheet ma-
terial or shim stock. Thus, the cymbal is well suited to
mass production. The driver material can range from
commercially available piezoelectrics and electrostric-
tors, to ferroelectric phase switchers or even magne-
tostrictive materials [5]. Common end cap materials
used include titanium, brass, kovar, tungsten and steel
[6, 7]. The end caps are bonded to the driver using
high strength insulating epoxy. The cymbal functions
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Fig. 1. Schematic structure of (a) moonie and (b) cymbal flextensional transducer. The “driver” (hatched area) and the caps (solid area) have
typical dimensions of 12.7 mm in diameter and <3 mm overall thickness. Typical cymbal cap geometrics are: 320 µm cavity depth, 3 mm dome,
250 µm thick caps and a flange width of 1.85 mm.

by adding the radial contraction and thickness expan-
sion of the driver. For piezoceramics, an amplification
of the axial motion can be as large as 40 times that of
the ceramic alone [5].

The resonance frequency, force, displacement and
response time of this structure are controlled through
the choice of the cap and driver materials, together with
the geometry and overall dimensions. The diameter
of the cymbal has the biggest influence on the reso-
nance frequency. By varying the diameter from 40 mm
to 3 mm, the resonance frequencies can been tailored
from 1 kHz to over 100 kHz. The resonance frequency
can also be tailored with changes in cap cavity depth
and cap material. Typical cavity depths range from
150 µm to 600 µm. The versatility of the design is
well known and has been the topic of many publications
[3, 5–9].

As a sound projector or hydrophone, the cymbal
transducer is attractive because of its low weight (<2
gms @ 12.7 mm OD), low cost (projected to <$5/unit)
and thin profile (<3 mm), which lends itself to large
area arrays or restricted volume applications. For un-
derwater applications the cymbal has been tested and
modeled as a single element and in arrays [5, 9, 10].
For a typical 12.7 mm (0.5 inch) diameter cymbal with
a fundamental resonance around 15 to 20 kHz, the in-
dividual cymbal transducer is small compared to the
wavelength in water. Consequently, a single cymbal is
omnidirectional and it has a very low radiation resis-
tance and a relatively high radiation reactance. Cur-
rently, the exact nature of the acoustical impedance
load for a cymbal is unknown. The characteristics of the
cymbal most likely fall between that of a free pulsating
sphere and that of a piston vibrating in free space. This
topic will be addressed in future studies. Because of the
cymbal’s small size, the resulting transfer of radiated
acoustic power is reduced due to the mass loading ef-
fect. Increasing the radiating area by assembling them
into arrays will increase the radiation loading. For low
frequency projector applications large area arrays will

be necessary to achieve the desired source level and
bandwidth requirements [7, 11–13].

Uniformity from element to element is an impor-
tant aspect of defining mutual interaction and array
loading conditions, even more so when the array el-
ement spacing is close-packed. To define the behavior
of these elements in a large array application, both the
amplitude of vibrations and resonance frequency must
be controlled. Once this behavior is known, the drive
waveform can be conditioned spatially to form the de-
sired acoustic beam. Non-uniformity in resonance fre-
quency may reduce mutual interaction effects but may
hinder the ability to form or steer beams.

Typically, a nine-element array is tested as a mea-
sure of the performance of a particular cymbal design.
For frequencies near 15 kHz, this array is still small
compared to the wavelength. To characterize the cym-
bal performance, evaluate the radiation impedance and
mutual interaction as a function of radiating area, and
demonstrate beam steering abilities, a large area ar-
ray is desired. In this study an array of 200 elements
was selected, with each cymbal wired individually. To
fabricate an array of this size, the production of the
cymbals and the method for assembling the array must
be carefully analyzed.

This paper describes methods for increased produc-
tion and handling of cymbal elements for the fabrica-
tion of large area arrays. Finite element modeling was
used as a tool to analyze the cymbal structure while
manufacturing methods were altered to improve pro-
duction and handling. The effects of bonding and cap
variability are described as well as the performance of
the newly designed element.

Fabrication Issues

Cymbal prototype fabrication consisted of stamping
and shaping the caps using a hardened steel die set. The
flange of the end caps was then hand polished to remove
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metal burrs and to prepare the surface for bonding. The
bonding epoxy, Emerson and Cumming 45 LV Black,
was painted onto the flange of the cap. The caps were
cemented to the ceramic and clamping rings were used
to apply pressure to the flange during the epoxy cur-
ing process. For small quantities this hand fabrication
process was adequate. However, larger scale produc-
tion techniques are required to reduce labor cost and
improve reproducibility.

Quality control for the finished units involves mea-
suring the electrical impedance spectrum to identify
the resonance frequencies. For hand fabrication, a large
number of cymbals were observed to have split funda-
mental flextensional peaks. The characteristics of the
split peaks differ for different cymbal diameters. De-
picted in Fig. 2(a) and (b) are the measured in-air ad-
mittance spectra from a 12.7 mm diameter cymbal and
a 15.9 mm diameter cymbal, respectively. In the case
of the 12.7 mm diameter cymbal, the secondary peak
shows up after the main resonance. The respective po-
sitions were reversed for the 15.9 mm diameter cymbal
where the first peak was smaller in amplitude than the
second peak, indicating a geometrical influence of this
behavior. Cymbals containing double peaks were re-
jected and rebuilt using new caps. Initially, poor bond-
ing was assumed to be the cause of this splitting since
hand painting was prone to width and thickness varia-
tions. The production yields for acceptable single peak
samples made by hand were often as low as 20% and
10% for the 12.7 mm and 15.9 mm diameter cymbals,
respectively.

Modeling Details

Finite element modeling was used to examine the cym-
bal to understand the nature of the split peaks. The mod-
eling was carried out using the ATILA2D finite element
code, and included both modal and harmonic analysis.
Using the electrical boundary conditions on the piezo-
electric elements, the ATILA code solves the matrix
(Eq. (1)) for the eigenvalues under short circuit (res-
onance modes) and open circuit (antiresonance) con-
ditions. The effective coupling coefficient of the mode
was calculated from the resulting resonance and an-
tiresonance frequencies.

[
[Kuu] − ω2[M] [Ku�]

[Ku�]T [K��]

] [
U

�

]
=

[
0

−q

]
(1)

Fig. 2. Measured in-air admittance as a function of frequency for (a)
12.7 mm diameter cymbal and (b) 15.9 mm diameter cymbal.

[Kuu] = stiffness matrix; [Ku�] = piezoelectric ma-
trix; ω = angular frequency; [K��] = dielectric ma-
trix; [M ] = consistent mass matrix; U = displacement
field vector values; � = electrical potential vector val-
ues; q = vector values of electrical charges.

A 2D axi-symmetric model was used. The mesh
used for in-air analysis is shown in Fig. 3. Half of the
cymbal was modeled in order to change the dimensions
of the cap from one side to the other. Variables that
were considered included cavity depth, epoxy width,
and epoxy thickness differences from one side to the
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Fig. 3. Two-dimensional axi-symmetric ATILA finite element mesh
used for in-air calculations of the cymbal structure.

other. The base model consisted of PZT 5H ceramic of
1 mm thickness, 250 µm thick titanium end caps with
150 µm cavity depth, and a 40 µm thick epoxy bond.
The response of the baseline model was consistent with
measurements and the admittance spectrum as shown
in Fig. 4.

Simulation Results

Initially a change in epoxy thickness was investigated.
This was performed by making the epoxy layer on

Fig. 4. Calculated admittance spectrum for an axi-symmetric model
of the cymbal structure.

Fig. 5. Calculated admittance spectrum of the cymbal with a differ-
ence of only 10 µm in epoxy layer thickness from one side to the
other.

the right side of the cymbal thinner than on the left
side. Figure 5 shows the in-air admittance of the mod-
eled cymbal with an epoxy thickness difference of only
10µm. As can be seen, a small secondary peak emerged
from the background because of the asymmetry in the
epoxy layer. The modes of vibration were analyzed to
determine the origin of the second peak. Figure 6 shows
the displacements associated with each vibration mode.
The fundamental mode (0, 1) and the harmonic mode
(0, 2) of the cap were present in all the models. How-
ever, an asymmetric mode and a large bending mode
were also found when differences were added to the
structure. In the asymmetric mode, both caps move in
the same direction. This motion included a small bend-
ing or buckling motion of the ceramic. The next higher
resonance that appeared was due to a bending reso-
nance. Both of these modes arose from the differences
in the mechanical clamping conditions from one side
to the other.

The epoxy layer thickness was varied up to a 20 µm
difference. A plot of the fundamental resonance fre-
quency and the effective coupling coefficient is shown
in Fig. 7. These values are plotted for the asymmet-
ric mode and the bending mode resonance in Figs. 8
and 9, respectively. The fundamental mode resonance
frequency remained relatively constant, however the
effective coupling coefficient of the fundamental mode
decreased as the difference in epoxy layer thickness
increased. This loss in coupling resulted from energy
transferred to the asymmetric and bending modes. As
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Fig. 6. Finite element modeling of the vibration modes found in the asymmetric cymbal structure together with their corresponding resonance
frequencies.

Fig. 7. Fundamental resonance frequency and effective coupling co-
efficient plotted as a function of epoxy layer difference.

Fig. 8. Asymmetric mode resonance frequency and effective cou-
pling coefficient plotted as a function of epoxy thickness difference.

Fig. 9. Ceramic bending mode resonance frequency and coupling
coefficient plotted as a function of epoxy thickness difference.

expected, the effective coupling coefficient increased
for the asymmetric mode to approximately 3% and the
ceramic bending mode coupling increased to almost
1% at the 20 µm epoxy difference.

Another type of asymmetry involves variations in
cavity depth from one side of the cymbal to the other.
The effect of cavity depth asymmetry was much more
pronounced than the epoxy asymmetry. The fundamen-
tal resonance behavior was similar to that shown in
Fig. 7, but the increase in coupling of the asymmetric
mode was much larger. As shown in Fig. 10, with just
a 20 µm difference in cavity depth, the coupling co-
efficient rose to 7%. Harmonic analysis of the 20 µm
cavity depth variation was carried out to determine the
shape of the admittance curve. The result is shown in
Fig. 11. The asymmetric second resonance mode was
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Fig. 10. Asymmetric mode resonance frequency and effective cou-
pling coefficient plotted as a function of cavity depth difference.

clearly seen in the admittance spectrum and occurred
at a higher frequency, nearly identical to that observed
in the measured values.

The epoxy and cavity depth differences are causing
the asymmetric modes to be excited. When resonances
are superimposed, the effective coupling of the desired
vibration mode is affected. Reduced coupling has a
direct effect on the operating bandwidth of the device.
In addition, abnormal stresses may be introduced to the
ceramic. In either case degraded performance is to be
avoided.

Fig. 11. Calculated admittance spectrum of the cymbal with a cavity
depth difference of 20 µm from one side to the other.

Geometry Dependence

The fact that the unwanted asymmetric peak occurs at
lower frequencies for 12.7 mm diameter cymbals and
at higher frequencies for 15.9 mm diameter cymbals
than the major peak suggests that this phenomenon
has a geometry dependence. Several ATILA models
were generated to observe the resonance frequency of
the fundamental and asymmetric modes, as well as the
effective coupling coefficients, as a function of cav-
ity depth for the 12.7 mm diameter cymbal. Figure 12

Fig. 12. Resonance frequency and effective coupling coefficient for
the fundamental flexural mode (mode 1) and the asymmetric mode
(mode 2) plotted as a function of cavity depth for a 12.7 mm diameter
cymbal with (a) symmetric capping and (b) 3% variation in cavity
depth from one side to the other.
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shows the resonance frequency and effective coupling
coefficient for the fundamental flexure mode (mode 1)
and the asymmetric mode (mode 2) as calculated using
modal analysis.

For a symmetrically capped cymbal, Fig. 12(a), the
resonance frequency of the fundamental mode and
asymmetric mode crossed over at a cavity depth of
290 µm. Thus, the minor or secondary asymmetric
resonance can exist at higher or lower frequencies
depending on geometry. For ideally symmetric geome-
try, the asymmetric mode was not electrically coupled
but was a mathematical vibration solution of the modal
analysis. The coupling coefficient (keff) for the fun-
damental mode increased from 18% to 34% for cav-
ity depths of 150 µm to 600 µm, respectively. This
increase resulted from more efficient use of the ce-
ramic radial displacement as the flextensional mode
moves closer to the ceramic radial resonance, which is
180 kHz for a 12.7 mm disk.

Next, an asymmetry in cap cavity depth of 3% was
added to the cymbal calculation. These data are plotted
in Fig. 12(b). An electrically coupled asymmetric mode
was present over the entire range of cavity depths. The
effective coupling coefficient for this mode increased
dramatically when its resonance frequency approached
that of the fundamental flexural mode. Because of
this strong interaction, the coupling coefficient of the
fundamental mode also departed from the expected
curve.

Differences in the stress distribution from one side
of the cymbal to the other, which occur at the hinge
point of the flange and the cap cone, are thought to
be the origin of the asymmetric mode. These stresses
cause a coupling of energy into the disk buckling vi-
bration mode, which is a natural structural resonance.
An ATILA calculation showed that, in addition to the
electrically coupled radial mode at 180 kHz, a struc-
tural resonance of a free 12.7 mm diameter, 1 mm thick,
PZT 5H disk occurred at 45 kHz and was not elec-
trically coupled to the applied field. Adding clamp-
ing conditions to the disk at the location of the hinge
point of the flange resulted in a decrease of this struc-
tural resonance to 39 kHz. The clamped disk was still
not electrically coupled. The proximity of this natural
structural resonance and the flextensional resonance of
the caps, corresponding to cavity depths from 220 to
300 µm in Fig. 12(b), results in a “critical region.” Crit-
ical regions have been defined in other resonator types
as well. For example, a vibrating cylinder has a critical
region near a length to mean diameter ratio of 1.5:1,

where the radial mode and length extensional mode in-
terfere causing a drop in receive sensitivity [14]. For
the cymbal, the asymmetric mode shape caused by the
buckling of the piezoelectric disk results in a change of
phase of the caps. This change in phase occurs as one
surface expands while the other contracts; thus, the two
caps move in the same direction partially canceling the
desired flexural motion.

These curves also suggest that the fabrication toler-
ance in the cap or bonding dimensions is highly influ-
enced by the proximity of the fundamental and asym-
metric modes. For the 12.7 mm size, assuming other
geometrical factors remain the same, the yield for fab-
ricating acceptable samples should increase for cavity
depths away from the crossover region. If the crossover
point occurs at a frequency of interest, the asymmet-
ric mode can be moved to higher or lower resonance
frequencies by changing the thickness of the ceramic
disk. For a free PZT 5H disk 12.7 mm in diameter
and 2 mm in thickness, the structural resonance oc-
curs at 65.5 kHz, 20 kHz higher than the 1 mm thick
disk.

Experimental Verification

To confirm the nature of the troublesome asymmet-
ric mode, the vibration velocities of two cymbals were
measured. One cymbal displayed multiple resonances
in the admittance spectrum and the other a single reso-
nance. The vibration mode was observed as a function
of frequency driven at 1 Vrms using two laser Doppler
vibrometers illuminating opposite faces of the cym-
bal. The magnitude and phase of the vibrations were
recorded with the aid of a computer interface. The cym-
bals were held in place using spring-loaded supports
anchored to the flange.

The results of the laser vibrometer measurements
are shown in Figs. 13 and 14 for the multiple and
single resonances, respectively. The electrical admit-
tance magnitude and phase, Fig. 13(a), clearly showed
the presence of two distinct resonance modes, one at
27.7 kHz and the other at 29.5 kHz. These frequen-
cies corresponded to the maxima in vibration velocity
for each cap, as seen in Fig. 13(b). The relative phase
between the two laser vibrometers (referenced to the
input voltage trigger) is also shown in the Fig. 13(b).
The velocity phase measurement has an error of ±5◦.
A velocity phase angle of 0◦ represents the volume ex-
pansion and contraction of the caps associated with
the fundamental flexure mode as in Fig. 6(a). Caps
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Fig. 13. Admittance magnitude and phase, vibration velocity, and
phase of the relative motion of the vibration surfaces of a cymbal
plotted as a function of frequency for a sample showing split reso-
nance peaks. The symmetric flexure mode is centered at 27.7 kHz
and the interfering asymmetric mode at 29.5 kHz.

moving in the same direction would have a velocity
phase of 180◦ as in Fig. 6(b). Above the first cap res-
onance, a measurable change in phase was observed,
representing the asymmetric mode predicted by com-
puter modeling. In this particular case, even though
the caps are moving out of phase at 29.5 kHz, the
contribution of the second cap to the overall displace-
ment was rather small due to its low velocity at that
frequency.

Figure 14 illustrates an acceptable sample with only
one peak in the admittance spectrum. The two caps
were found to have indentical resonance frequencies
and slightly different cap vibration velocity magni-
tudes. Since the measurements were made in-air and
the mechanical quality factor (Qm) of the cymbals is
large, it was not unexpected that a difference in cap ve-
locities occurred. The magnitudes of the velocity were
higher than observed for the split peak sample. Above
the fundamental resonance of 28.2 kHz, a change in
phase of up to 30◦ was measured at 29 kHz. This indi-
cated that the asymmetric mode was present to a small
degree even in a cymbal that was thought to be symmet-

Fig. 14. Admittance magnitude and phase, vibration velocity, and
phase of the relative motion of the vibration surfaces of a cymbal
plotted as a function of frequency for a sample showing a single
resonance peak.

ric. The fact that the two caps had the same mechanical
resonance but different velocities suggested that a sim-
ple impedance measurement might not be sufficient for
quality control.

Ramifications of In-Water Operation

Experimental evidence and modeling predictions of the
asymmetric mode emphasizes the importance of con-
trolling the fabrication process for building cymbals.
Asymmetric modes of vibration detract from the total
displacement and therefore the radiation potential of
the structure. To predict the effects of asymmetry on
the performance of the cymbal in water, the appropri-
ate boundary conditions were added to the models. It is
important to note that the water provides a mass and dis-
sipative load. As such the fundamental resonance drops
from 28 kHz to 16.5 kHz in-water. The asymmetrical
resonance also drops in frequency, however not by the
same percentage. Harmonic analysis showed the pres-
ence of a dip in the transmit voltage response just above
the resonance frequency. Earlier measurements made



Design of and Fabrication Improvements 171

Fig. 15. Transmit voltage response plotted as a function of frequency
showing the effect of asymmetry on the measured and modeled in
water performance of a single cymbal. [Measured values taken from
Ref. [6]].

on a single cymbal element showed a similar dip in the
response just above resonance. Previously the dip in
performance had been attributed to air bubbles in the
urethane waterproofing [7]. Figure 15 shows a com-
parison of these data to an in-water model. The model
accurately predicts the response when asymmetry is
added to the geometry. We have concluded that asym-
metry is more likely the cause than air bubbles.

Assembly and Wiring Issues

Another troublesome issue for fabricating and testing
of the cymbal elements is making good electrical con-
nection to the silvered PZT disks. In the past, electrical
leads were attached to the cymbal cap using a silver
epoxy bond because solder melting temperatures were
above the operating temperature of the cap bonding
epoxy. Two problems resulted from this technique: the
cymbal and wires must be held until the silver epoxy
cures, and good electrical contact between the caps
and ceramic electrode is not always achieved. From a
practical standpoint, wiring a large area array with con-
ductive epoxy is time consuming and labor intensive.
Solder techniques are much more attractive for wiring
a large number of elements. In either case, special care
must be taken in bonding or soldering to certain cap
materials, such as brass or titanium.

A high strength epoxy is used for cap bonding be-
cause of the large forces involved in transferring the
radial strain of the ceramic to the flexing cap, espe-
cially under high drive conditions. Conductive adhe-
sives were shown to fail during drive level testing [7].
The majority of high strength epoxies were electrically
insulating, including the one used here. This sometimes
leads to a large voltage drop across the bonding layer
that can reduce the receive sensitivity of a single ele-
ment by 14 dB at resonance [7].

Scaling Production

Analysis of the fabrication methods and the perfor-
mance of the cymbal has identified several production
concerns. Small changes in the cavity depth can tune
the resonance frequency by several kilohertz to cus-
tomize the design to specific applications, but, small
changes in uniformity can also result in the excita-
tion of unwanted modes of vibration that detract from
the performance of the device. For the present design,
these tolerances are in the range of only a few mi-
crometers. The analysis has also led to several design
and production changes that will improve reproducibil-
ity and increase yield. As described previously, cap
and bonding uniformity along with wiring and assem-
bly techniques are issues that must be addressed. The
next section describes these changes and their impact
on the performance and reproducibility of the cymbal
transducer.

Modeling and test measurements on the cymbal pro-
vide insight into ways to improve large scale production
techniques. The first issue addressed was the wiring and
connection problem. The goal was to build a large area
array in which all the elements were wired individu-
ally. The logistics of the wiring resulted in the need to
solder the leads while continuing the use of the high
strength, insulating epoxy for bonding the caps to the
ceramic. Therefore, direct contact to the ceramic elec-
trode was required. ATILA was used to devise a geom-
etry such that exposed the ceramic electrode by simply
reducing the flange width. The revised cap geometry
is shown in Fig. 16. A 1 mm (0.040 inch) rim was
sufficient to accommodate the electrical leads. The old
and new style caps were tested for resonance frequency
and quasi-static actuator displacement. No differences
were observed in performance.

The soldering procedure developed for attaching
the wires made use of a low temperature solder (ap-
proximately 120◦C) from the Indium Corporation of
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Fig. 16. Schematic of the reduced cap geometry that allowed direct
lead connection to the ceramic electrode.

America (Utica, NY). Indalloy©R #2 and #8 were effec-
tive when used with a low temperature activated flux
to solder the leads to the ceramic electrode. Peel tests
were carried out to ensure the strength of the solder
joint.

To further facilitate production, a new method
was devised for applying the epoxy bonding layer.
From the modeling results, it was apparent that a very
uniform bonding layer is required to obtain a pure
flexural mode of the cymbal. Screen-printing was
chosen as a production technique of proven reliability
capable of controlling the thickness and width of
the epoxy. For laboratory production a small hand
operated screen with a sample holder mounted on
an x, y, z sample stage was constructed. The screen
was 130 mm × 130 mm, 90◦ 325-mesh, with 12 µm
emulsion layer. The screen and sample holder were
designed to accommodate two cymbals at a time, with
the holder capable of handling either a disk or a cymbal
while maintaining the same distance to the screen. The
alignment and distance from the sample to the screen
could be adjusted using micrometers. A photograph of
the laboratory scale screen printer is shown in Fig. 17.
Each cymbal was prepared by screening and capping
the ceramic disk and then screening and capping the
opposite side, and then clamping the structure to cure
the epoxy. Should further control or larger production
capacity be needed, automated screen printers have
an accuracy of less than 1 µm and can accommodate
many samples simultaneously.

For clamping and centering the smaller caps dur-
ing the epoxy curing process, a small “V-block” was
built along with aluminum spacer rings that had a
cutout to center the cap and apply pressure to only
the flange. Pressure was applied to the cymbals during
the curing process using a calibrated spring to maintain
uniformity.

Fig. 17. Photograph of the screen printer showing the micrometer
controlled sample stage and the epoxy layer pattern for bonding the
caps to the ceramic disk.

To construct a 204-element array and several smaller
test arrays, 230 elements were manufactured. The yield
of these 12.7 mm diameter cymbals was improved over
the hand fabrication processes (20% yield) but was still
only 35%. The low yield was attributed to the contin-
ued use of the manual punch and forming die set. This
process still involved hand shaping and polishing to re-
move metal burrs and it was difficult to maintain the
tight tolerances necessary to produce symmetrically
capped samples. Metal stamping technologies could
greatly improve fabrication of the metal caps. These
technologies can produce large quantities for little ex-
pense over the tooling costs.

Array Prototype

A nine-element cymbal array, shown in Fig. 18, was
fabricated using Piezo-Kinetics, Inc., PKI-402 ceramic
(PZT 4; Navy Type I), 1 mm in thickness and 12.7 mm
in diameter. Flextensional caps were shaped from ti-
tanium, 250 µm in thickness, to a 150 µm cavity
depth. The caps were 11.4 mm in diameter leaving
a ceramic edge for solder connection of leads. The
caps were bonded using Emerson and Cumming 45 LV
black insulating epoxy and cured under compression
at 70◦C for 4 hours. The elements were wired in paral-
lel in a row/column arrangement and encapsulated in
Conathane EN-9 polyurethane (Cytec Industries Inc.)
with a 15 mm center-to-center spacing. En-9 is a com-
mon urethane used to waterproof forward looking and
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Fig. 18. Nine-element prototype array showing the cymbals wired
in a urethane web. Each cymbal is 12.7 mm in diameter.

side scan sonar arrays. The performance of the cymbal
array will decrease less than 2 dB over the performance
in an oil-filled environment where there are no clamp-
ing effects. The loss in performance is outweighed by
the ease in design, low cost and better handling ability.
Next, the array was mounted and tested in an anechoic
test tank. Beam patterns were taken at 8, 15, 30, 45,
60, 80, and 100 kHz to estimate a directivity index.
Transmit voltage response (TVR), efficiency (Eff), and
impedance magnitude (|Z |) and phase were obtained
at frequencies from 5 to 100 kHz.

Figures 19 to 21 show the results of the underwater
tests. The TVR around the fundamental flextensional
resonance of 15 kHz was 124 dB (re: 1 µPa/V @ 1m)
with an efficiency near 40%, as shown in Figs. 19
and 20, respectively. A dip in the TVR response was
observed from 60 to 70 kHz. This frequency is close to
the (0, 2) flextensional mode of the cap in which por-
tions of the cap vibrate out of phase. The TVR remains
high at the upper frequencies because of the increase in
conductance (G) as the ceramic approaches the radial
mode and from an increase in directivity. The magni-
tude and phase of the impedance is shown in Fig. 21.
As can be seen from this plot, the array is essentially
a capacitor with the reactance dominating around the
mechanical resonance. The performance of the new cap
design was identical to the old design.

Fig. 19. TVR of a nine-element cymbal array.

Fig. 20. Efficiency of a nine-element cymbal array.

Fig. 21. Impedance magnitude and phase of a nine-element cymbal
array.
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Conclusions

From a fabrication standpoint, the Class V Flexten-
sional cymbal transducer presents production concerns.
It was shown that small variations in epoxy bonding and
cap geometry can induce an asymmetric mode, which
detracts from the performance of the cymbal. Geome-
try dependence and alternate methods for avoiding this
resonance were presented. The easiest design change
to improve production yields and avoid unwanted res-
onances appears to be to increase the thickness of the
ceramic driver. Production yields were improved by us-
ing a more controllable method for applying the bond-
ing layer. These thick film techniques are scalable for
large production runs. The design modifications were
analyzed in a prototype array in the water. The perfor-
mance of the array was acceptable and production of a
large area test array is commencing.
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