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ABSTRACT

The cymbal transducer is a miniaturized Class V flextensional transducer that
originated from the commercially successful “moonie” patent. It consists of a PZT disk
sandwiched between two “cymbal” shaped metal end caps that provide the name. First
proposed as an actuator, whose performance fills the gap between the multilayer and
bimorph actuator, the cymbal was later developed by Newnham and coworkers to be used as
an underwater transducer. This thesis describes the design, characterization, modeling and
optimization of miniaturized flextensional transducers and arrays.
The underwater behavior of the cymbal transducer was modeled using the finite
element analysis code ATILA. It was found that the underwater response is strongly affected
by the boundary conditions imposed by the testing fixtures. The PC boards used in the initial
experiments partially clamp the motion of the transducer, leading to distorted beam patterns
and spurious peaks in the measured TVR curve. Excellent agreement between the calculated
and experimentally measured transmitting voltage response and directivity patterns was later
obtained with a potting technique in which “free” mechanical boundary conditions were
maintained for the transducer. The type of PZT, cap material and geometry on the
underwater response of cymbal was investigated using finite element analysis code ATILA.
In general, individual cymbal transducers have a high Qm and low electrical acoustic
efficiency because of poor radiation efficiency, but much more promising results were
obtained with cymbal arrays.
Four different array assembly techniques were proposed and compared. The potting
technique, which allows the transducers to vibrate freely, gives a higher and flatter TVR
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than the PC board technique. The resulting beam patterns are symmetric and in good
agreement with a simple point source model. Two mounting techniques using pressure
release materials, the copaco ring and corprene sheet, were also tested. Of the four
techniques, the potting method appears to be the most successful. Therefore, a prototype
5x20 array was built by potting the cymbals in polyurethane. The array has a thin profile and
low weight, making it superior to the 1-3 composites and tonpilz transducers for certain
applications. The potted array is flexible and its conformability was demonstrated by
mounting it on a curved shell.
Two methods were used to analyze the acoustic loading effect in the array. The
equivalent circuit model is straightforward and can provide a qualitative understanding of
the array interactions. By coupling finite element analysis to the well developed boundary
element method, a more accurate and quantitative prediction of the acoustic loading effect
can be achieved. Even though the transducers in the array are driven with the same voltage
and phase, they behave differently because of mutual interactions. In a 3x3 array, the central
transducer has twice the displacement of the surrounding transducers. In addition to the
displacement difference, the vibration velocities of the transducers show a significant phase
difference. As a consequence, the resonance is strongly damped, resulting in a broader
bandwidth. The TVR and beam pattern are affected by the element spacing in the array. The
calculation has also shown that the detrimental effect of array interaction can be minimized
by varying the resonance frequencies of the individual transducers in the array.
This work has resulted in two new designs: the double-dipper and the double-driver.
The double-dipper consists of a ceramic ring bonded between two inverted cap shaped caps,
therefore also called “concave cymbal”. The double-dipper significantly increases the
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pressure tolerance of the cymbal-type transducer while maintaining a high sensitivity. The
use of a ceramic ring allows several poling configurations for the double-dipper that were
investigated using ATILA. The double-driver consists of two ceramic disks glued back to
back with a common ground electrode. The two disks are sandwiched between two metal
end caps and are driven differently. While most flextensional transducers have an
omnidirectional beam pattern, a directional beam pattern can be obtained from a doubledriver by exciting the driving element into a bending mode.
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CHAPTER 1
INTRODUCTION
1.0 Chapter overview
The main objective of this thesis is to characterize, design and optimize miniaturized
flextensional transducers and arrays for underwater sonar applications. This chapter will
define the terminology and relationships in electroacoustic transducers with the focus on
underwater transducers. The design principles of the major types of transducers working in
different acoustic frequency ranges will be discussed in detail. Two modeling methods of
underwater transducers, the equivalent circuit model and finite element modeling, will be
briefly introduced.

1.1 Piezoelectricity and sound reproduction
Audible sound reproduction can be traced back to 1876, when Alexander Graham
Bell filed his patent on the telephone. Later in 1898 Sir Oliver Lodge patented the first
moving-coil loudspeaker, which has been used for more than a century without a
fundamental change in its design, only minor improvements in materials, components, and
configuration since then.
The era of ultrasound did not come until the phenomenon of piezoelectricity was
discovered in 1880 by Jacques and Pierre Curie [Curie, 1880]. Certain crystals, such as
quartz, develop an electric polarization (charge) upon the application of stress (direct
piezoelectric effect) or a change in dimension when placed in an alternating electric field
(converse piezoelectric effect). Piezoelectricity occurs in all non-centric crystallographic
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point groups except 432. However only a few single crystals and ceramics have a large
enough piezoelectric effect for practical applications. Among them are quartz, rochelle salt,
ADP, barium titanate, and the PZT families [Cross, 1995; Mason, 1981].
The piezoelectric response is rapid and can be driven at frequencies as high as a
billion Hertz. Since the direct and converse piezoelectric effects possess equivalent
coefficients due to thermodynamic arguments, piezoelectric materials can be used as both
receivers and sources of sound waves, from the audible to ultrasonic frequencies. The
development of practical piezoelectric devices for underwater applications began during
World War I. At that time, due to the large loss of Naval ships torpedoed by German
submarines, an intensive effort was made to find a means to locate submerged vessels. Since
sea water is conductive, electromagnetic waves do not penetrate appreciably, and the only
effective means was found to be acoustic waves. A French physicist, Paul Langevin, made a
piezoelectric quartz-crystal device for transmitting and receiving underwater ultrasonic
vibrations to detect submarines [Langevin, 1922]. Since then, piezoelectricity has been used
extensively in sonar devices. Other devices which use the direct piezoelectric effect include
phonograph pickups, crystal microphones, and accelerometers. Among the devices which
use the converse piezoelectric effect are frequency-stabilized oscillators and ultrasonic
cleaning equipment.

1.2 Introduction to underwater acoustics
Acoustic power levels span an extremely wide range from the sound of a jet taking
off to the sound made by the “drop of a pin”, with the intensity of the latter being 10-12 of the
former [Coates, 1990]. The wide dynamic range of acoustic quantities makes it convenient
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to express them in logarithmic form. The decibel is a dimensionless unit and is defined as
ten times the log (to base 10) of the ratio of a measured intensity I to a reference intensity
Iref.
dB = 10 log 10

I

(1.1)

I ref

Since acoustic intensity is proportional to the square of the acoustic pressure, the
corresponding expression for acoustic pressure is:
dB = 20 log 10

p
p ref

(1.2)

In underwater acoustics, a pressure of 1µPa is usually taken as the reference,
p ref = 1µPa . Therefore, acoustic pressures in water are usually in the unit of dB re 1µPa.

When a source is emitting sound in water, it is transforming electrical or mechanical
energy into acoustic energy by generating an alternating sound pressure superimposed on
the static ambient water pressure. The acoustic power P is given by:
p2 A
P=
ρc

(1.3)

where p is the root-mean-square pressure in Newtons per m2, ρ is the density of the water in
kg/m3, c is the velocity of sound in m/s and A is the area in m2 through which the acoustic
energy flows. The acoustic intensity is therefore
I=

p2
P
= 10 − 3
ρc
A

(watts/m2)

(1.4)

As a mechanical wave in a medium, the acoustic intensity is equal to the product of
particle velocity v and sound pressure p,

I = pv

(1.5)
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Combining Eq.1.4 and Eq.1.5, we have
v=

p
ρc

(1.6)

The product ρc is called acoustic or radiation impedance of the medium, which
accounts for the differences between underwater acoustics and air acoustics. The velocity of
sound in air is 344 m/s and 1500m/s in water. The density of air is 1.29 kg/m3 and the
density of water is 1000 kg/m3. Accordingly, the acoustic impedances (ρc) for the two
media are 420 kg/m2·s for air and 1,500,000 kg/m2·s for water. The acoustic impedance (ρ c)
of water is 3600 times larger than that of air. Therefore, it requires 3600 times more
displacement in air than in water to generate the same sound pressure. It is clear that an air
transducers have to be much more compliant than underwater transducers in order to
generate sufficiently large motions. Since piezoelectric ceramics are not capable of very
large motion, their use in air speaker system is limited.

1.3 Important parameters of an underwater transducer
Within the Fresnel ( near field ) range r0 = D2 / λ, where D is the diameter of the
transducer face, λ is the acoustic wavelength, the sound pressure fluctuates rapidly with
position, and it is very difficult to make reliable measurements. The sound pressure is
therefore determined from measurements made at a range r beyond r0 (far-field) and referred
back to 1 meter by adding 20log 10 r assuming spherical spreading.
The projector performance is measured as transmitting voltage response (TVR). It is
the transmitted free-field pressure produced for a 1 V signal applied across the electrical
terminals of the transducer and referenced to a distance of 1 meter. The measurement is
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made by monitoring the output voltage of a standard hydrophone placed in the acoustic far
field of the projector. TVR is reported in the unit of decibels referenced to 1 micro pascal
per volt at 1 meter (dB re µPa/V @1m). It is related to the acoustic pressure (µ Pa) generated
at a distance of one meter from the transducer by the following equation:
TVR ( dB ) = 20 log 10

p
p ref

(1.7)

Thus, a projector with a TVR of 150 dB re 1 µPa /V @1m produces a pressure of
31.6x106 µPa at 1 meter with one-volt input.
The source level of a projector is the transmitted free-field pressure produced by a
signal of the applied power or applied voltage to the electrical terminals of a projector and
referenced to a distance of 1 m. It is related to the applied voltage by:
SL = TVR + 20 log 10 V

(1.8)

As is seen from the equation, the source level or the power a transducer generates depends
on how hard we can drive it.
The free-field voltage sensitivity (FFVS) of a receiver is the open-circuit electrical
output of the receiver per unit free-field pressure. The free field pressure is what would exist
at a given location without the presence of reflections. The unit of FFVS is decibels
referenced to 1V per micropascal (dB re 1V/µPa). It is measured by comparing the unknown
hydrophone with a standard hydrophone in the same acoustic field.
The plot of level as a function of angle from the acoustics axis is called the directivity
pattern (directional response pattern or beam pattern) of the transducer in that plane. The
beam patterns of the transducer as a sound projector and as a receiver are identical for a
reciprocal transducer. For a spherical transducer or a transducer that is much smaller than
the wavelength, this response is uniform in space providing an omnidirectional pattern.
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However, in order to locate a target or to reduce the received ambient noise, directional
beams that provide a main lobe may be required. The acoustic axis of a non-phased
transducer is defined as the direction in which the acoustic response has its maximum value.
The width of the main lobe, in degrees, is defined as the beam width. It is generally defined
as the width between the " half power " or " -3 dB " points. Usually there are additional
lobes around the main lobe called side lobes. The sharpness of the main lobe is measured as
the directivity factor (Rθ). It is the ratio of the intensity in a reference direction, usually the
acoustic axis, to the intensity averaged over all directions. The directivity index (DI) is

10 log( Rθ ) .
The mechanical quality factor (Qm) is a measure of the sharpness of the resonance
[ANSI, 1988].
Qm =

fr
fh − fl

where fr is the resonance frequency, fh and fl are the half-power frequencies. ( fh - fl ) is the
effective Bandwidth. It can be calculated from the -3 dB points of a TVR curve.
The electroacoustic efficiency is the ratio of the output radiated sound power to the
input or total electrical power delivered to the transducer. It can be calculated from the
following equation[Bobber, 1988]:

η=

( )( )
S2
Rs Rθ

4π
ρc

where S is the transmitting current response, Rs is the series resistance measured across the
input terminal.
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1.4 Fundamental characteristics of a piezoelectric transducer

Fig.1.1 Mass-spring system representing a mechanical resonator.

To a first approximation, piezoelectric transducers can be treated as the spring-mass
mechanical system shown in Fig.1.1. It consists of a mass m, a spring with a damping
constant r and a force constant K. The motion of the system can be represented by the
following equation:

m

du
+ ru + K ∫ udt = F0 exp( jωt )
dt

(1.9)

where u is the alternating velocity of the mass m, t represents the time, and ω is the angular
frequency of the applied force F0.
Assuming the mass also oscillates sinusoidally with the angular frequency ω,

x = x 0 exp( jωt )

(1.10)

By differentiation with respect to t, we have,

u=

dx
= jωx
dt

du
= jωu
dt

(1.11)
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Substituting these relations into Eq.1.9, we have
muωj + ru +

Ku
=F
iω

(1.12)

The equation can be simplified in three frequency ranges:
1) well below resonance, the third term dominates, therefore u ≅ jωF / K

(1.13)

2) around resonance, the second term dominates. u = F / r , u ∝ F

(1.14)

3) well above resonance, the first term dominates providing there is only one resonance.
u=

F
F
, u∝
ω
jmω

(1.15)

If the acoustic pressure p acts on the piston surface A, then the force F = p A, i.e. F ∝ p .
For a piezoelectric transducer, the generated charge is proportional to the displacement
of the piston, i.e. Q ∝ x . Since the electrical impedance is predominantly capacitive
[Stansfield, 1990], the open-circuit voltage produced by the pressure is given by V =

Q
,
C

where C is the capacitance.
Therefore, V ∝ Q ∝ x ∝

u
ω

Combining this relationship with Eq.1.13-1.15, the open-circuit voltage of a piezoelectric
hydrophone can be approximated as:
1) well below resonance,

2) around resonance,

V
∝ const
p

V
1
∝
p ω

3) well above resonance,

V
1
∝ 2
p ω

(1.16)

(1.17)

(1.18)
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V
is the hydrophone pressure sensitivity. The free field voltage sensitivity usually differs
p
from pressure sensitivity by a constant factor. Therefore the same relationships for pressure
sensitivity can be applied for FFVS.
The current projector sensitivity is related to the hydrophone sensitivity M through
the principle of reciprocity, which gives

M const
=
. The frequency dependence of SI can
ω
SI

therefore be determined. The transmitting voltage response of a projector is related to SI by
TVR ∝ S I ω . The frequency dependence of the transducer sensitivities is shown in Table
1.1.
Table 1.1 Transducer sensitivity as a function of frequency (Far field).
FFVS

TVR

Well Below Resonance

Constant

ω2

Near Resonance

1/ω

ω

Well Above Resonance

1/ω2

Constant

1. 5 Types of electroacoustic transducers based on piezoelectricity
An electroacoustic transducer is a device that converts electrical energy into
mechanical (sound) energy, or vice versa. When the transducer is used to generate
mechanical waves (sound) in a medium, it is called a sound projector, transmitter
(underwater) or speaker (air). Conversely, when it is used to detect sound, it is called a
hydrophone (underwater) or microphone (air). Since piezoelectric materials have been the
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most commonly used active materials for transducers within the last thirty years, the
resonance-operated sound projector is our main concern in this thesis. Only piezoelectricitybased resonant transducers are discussed in detail. Transducers of other working principles,
such as a hydroacoustic projector [Boyoucos, J. V., 1975] and moving coil transducers
[Bobber, R.J., 1970], are out of the scope of this thesis and are not included.
Fig.1.2 summarizes the different types of transducers used over a broad range of
frequencies. We will briefly summarize the working principles of each type of transducer
starting with high frequency thickness vibrators.

Ultrasonic imaging

100MHz

10MHz

Thick film deposition
Diced ceramic plates

Mine hunting
Image sonar

1MHz

100kHz

1-3 composites
Ceramic plates

Weapons sonar

10kHz

Ocean acoustics

1kHz

Tonpilz
Ceramic stacks

100Hz

10Hz

Flextensional
Low freq. resonators

Fig.1.2 Transducers for different acoustic frequency range [Hughes, 1998].

1.5.1 Thin plate thickness vibrator
At frequencies in excess of 100kHz up to 100MHz, a solid ceramic “thin disk”,
which has a large diameter to thickness ratio, is typically used. A schematic drawing is
shown in Fig.1.3. Its resonance frequency is given by f = c/ 2d, where c is sound speed in the
disk and d is the disk thickness. The air-backed thin disk transducer tends to have a high
mechanical QM and narrow bandwidth if placed directly in contact with water due to
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impedance mismatch. In order to reduce the mechanical Q-factor to achieve wider
bandwidths, backing and matching techniques are usually adopted [Silk, 1984]. To match
the impedance of the ceramic to water, an acoustic quarter-wave matching layer is
interposed between ceramic and the water load. The matching layer has an acoustic
impedance equal to the geometric mean of the acoustic impedances of ceramic and water
and a thickness of dc' / 2c , where c' is sound speed in the matching layer. Better matching
can be obtained by using multiple matching layers [Goll, 1979].

Water load

Transducer

Backing layer

Matching layer

Fig.1.3 The “thin disk” high frequency transducer.

Instead of air backing, the transducer element can be backed by a high impedance, lossy
material, such as tungsten-loaded epoxy resin, to achieve a better match than air.
In general, a single piece of ceramic is used for frequencies of 1MHz or higher for
ultrasonic applications as in nondestructive testing and ultrasonic medical transducers. At
lower frequencies of a few hundred kilohertz, the size becomes so large that it is not
practical to construct a single piece transducer. It is common to build transducer arrays from
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ceramic blocks by the “dice and fill” technique [Savakus, 1981]. These arrays are in essence
a 1-3 composite [Newnham, 1978].

1.5.2 The Langevin-type projector
Many sonars are required to work in the audible frequency range in which the
wavelength is so large that the λ/2 resonant “thin disk” design is not adequate. For most
piezoelectric transducers they can be represented by a simple spring-mass mechanical
system. The resonance frequency is then given by [Parfitt, 1961]:

ω r2 =

S
M

where S is the spring stiffness and M is the motional mass. To reduce the resonance
frequency of a resonant system without significantly increasing its size, we can either
increase the mechanical compliance or motional mass.
One of the oldest designs to reduce the resonance frequency is to load the ends of the
ceramic with “added masses” and was patented in 1920 by Paul Langevin [Langevin, P.,
1920]. It consists of an active driving element or element stacks sandwiched between two
end-masses shown in Fig.1.4.

Metal

Driving
element

Metal

Fig.1.4 The Langevin-type (mass loaded) resonator.

13
The entire structure is driven by the central crystal or ceramic having a resonance
frequency mainly determined by the length of the structure according to the equation L =
λ/2 where λ is the wavelength of sound in the material.
The optimization of the Langevin-type resonator leads to the tonpilz design. Tonpilz
in German means “sound mushroom” and was first used by Fischer [Fischer, 1949]. Its basic
design is shown in Fig.1.5. It has head and tail masses and a central driving element that are
bonded together and placed into compression by a central bolt. The head mass radiates into
water and the tail mass provides inertial backing. The radiating face is usually flared
outwards. The flared head mass increases the radiating area and the effective water loading,
better matching the large acoustic impedance of the transducer material and water [Coates,
1990].
The tonpilz transducers are capable of very high source levels with efficiencies of
80-90%. They are usually assembled into arrays to electrically steer the beam patterns.

Head mass
Driving
Tail mass element

Fig.1.5 The tonpilz transducer.
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1.5.3 The design of low frequency underwater transducer
Most underwater transducers operate around resonance to achieve power and
efficiency. Thus, the working frequency is inversely proportional to the size of the
transducer. Scaling of the conventional transducer design to very low frequencies lead to
intolerable sizes and power levels, as shown in Table 1.2.

Table 1.2 The scaling of a conventional transducer design [Woollett, 1980]
fr (Hz)

Diameter

Length

Weight (kg)

Power (W)

Peak

(meters)

(meters)

5000

0.12

0.30

12

113

5.1(µm)

100

6

15

1.5x106

2.8x105

0.26 mm

10

60

150

1.5x109

2.8x107

2.6 mm

Displacement

At 5kHz, the design parameters are within the acceptable and practical range. But for lower
frequencies, the size and weight are too big for this design to be considered. Therefore, the
scaling of conventional design has to be abandoned and miniaturization is necessary for low
frequency sonar designs.
As discussed previously, the Langevin type transducer lowers the resonance
frequency by additional mass loading to the vibrating system. An alternative is to increase
the effective compliance of the transducer. The use of soft active driving elements, such as
terfenol, which is an excellent magnetostrictive material with a Young’s modulus of about
one third of piezoelectric ceramics, offers one solution [Meeks, 1977; Sewell, 1988].
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However, the most effective and intriguing solution is through new designs. Instead of using
an extensional vibration mode, much higher compliance can be obtained by using the
flexural motion of the ceramic (the flexural disk design) [Johnson, 1963; Wilson, 1985], or
by coupling the extensional motion of the ceramic to the flexural motion of more compliant
materials, like metal (flextensional design).

1.5.3.1 Flexural disk
The flexural disk transducer takes advantage of the high compliance of the bending
mode of the ceramic disks. It consists of two piezoceramic disks cemented to each other
(bilaminar), or cemented on both sides of a central metal plate or ring (trilaminar, shown in
Fig.1.6) [Woollett, 1963]. The polarity of the PZTs and the electrical connections are
arranged so that the two ceramic disks have opposite strains. As a result of the opposing
strains, the disks deform in flexure.

metal ring or disk
PZT

Fig.1.6 The sketch of a trilaminar disk transducer(bender-type).

A single flexural disk type transducer is not an effective sound projector. The two
faces vibrate out of phase and the destructive interference between the sound waves tend to
lower the radiation resistance resulting in a lowered sound pressure and high mechanical Qm.
Without pressure release mechanism it usually gives a dipole type pattern. To improve the
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efficiency and obtain a monopole beam, flexural disk transducers are usually operated in
pairs, as shown in Fig.1.7. The two disks are driven in such a way that the radiated waves
from the two flexurally vibrating disks are acoustically in phase.

Fig.1.7 Double trilaminar disk transducer.

The basic design parameters of flexural disk transducers as an underwater sound
projector were given by Woollett [Woollett, 1960]. Flexural disk transducers are
characterized as small, modest-power sources at low frequencies. Their mechanical Qm
values are in the range of 10 to 15. As a consequence of their simple design, they are low
cost and economical in array applications. They are also frequently used as low frequency
hydrophones due to their low cost and high sensitivity [Hughes, 1998].

1.5.3.2 Flextensional transducer
Another type of transducer that uses flexural motion is the flextensional transducer.
In contrast to the flexural disks which use the flexural motion of the ceramic, flextensional
transducers use the flexural motion of the metal shells. The use of metal shell motion offers
one great advantage over the flexural disks. In flexural disk transducers, the ceramic disks
are subject to tensile stresses during operation which restricts the driving level since
ceramics are fragile under tension. In the case of flextensional transducers the ceramics are
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pre-stressed and they are always under compression. Therefore the flextensional transducers
can be driven harder and hence more reliable. They consist of an active piezoelectric or
magnetostrictive drive element and a mechanical shell structure. The shell is used as a
mechanical transformer which transforms the high impedance, small extensional motion of
the ceramic into a low impedance, large flexural motion of the shell. A schematic drawing of
the flextensional transducers, shown in Fig.1.8, illustrates the basic features.

Ceramic displacement

Elastic shell
Piezoelectric ceramic
stacks

Shell displacement

Fig.1.8 Schematic drawing of a flextensional transducer(bender-type).

A compressive prestress applied to the ceramic stack is the key to the high drive
level of the flextensional transducers. The prestress is applied through the elastic shell and
has to be large enough to make sure there is no tensile stress in the ceramic stack under the
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highest drive level. In designating the prestress, hydrostatic pressure in deep water has to be
taken into account. When using convex shells the hydrostatic pressure compresses the minor
axis of the shell and tends to reduce the preload, therefore, prestress has to be carefully
designed to counteract the hydrostatic pressure. In contrast, a concave shell tends to add
compression to the ceramic stack under hydrostatic pressure. This is one advantage of the
concave design over convex design [Rolt, K. D., 1989].
A stack of ceramic plates cemented together is driven in extensional mode and is
coupled to the elastic shell which also exerts prestress to the ceramic stack. When the stack
expands, the major axis of the shell moves outward and the minor axis moves inward. The
high impedance, small motion of the ceramic is transformed into low impedance, large
movement of the shell, and a large net volume displacement is produced.
A flextensional transducer was first constructed in 1929 by H. C. Hayes at the
Anacostia Naval Research Laboratory (NRL)[NRL, 1943] and was later patented [Hayes,
H.C, 1936]. They were intended for use in aeroacoustic applications, for example, foghorns
in a lighthouse. It was invented ahead of its time and ill-suited for its applications. No effort
was made to investigate its use as an underwater transducer at that time. It was not until the
mid-1950s when it was “re-invented” by Toulis [Toulis, 1966] as an underwater transducer
without knowledge of the early work by Hayes. In principle, the two inventions are
identical. Interestingly, there are two other inventions of flextensional transducers and were
granted patents contemporary to Toulis. The inventors were F. R. Abbott [Abbott, 1959] and
H. C. Merchant [Merchant, 1966].
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Since their rebirth in the 1950s, flextensional transducers have become prominent as
low-frequency, high power and high efficiency underwater sound projectors. Many new
designs were developed based on the original idea and it became necessary to group them
into classes. According to the shape of the shell, Brigham and Royster [Brigham, 1969]
identified them as five classes, Class I- V shown in Fig.1.9. Later more classes were added
to the list and are shown as Class VI- VII.

Fig.1.9 The classification of flextensional transducers [Wai, 1999].
Flextensional transducers generally range in size from several centimeters to several
meters in length and can weigh up to hundreds of kilograms. They are commonly used in the
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frequency range of 300 to 3000 Hz [Hughes, 1998]. These transducers can operate at high
hydrostatic pressures, and have wide bandwidths with high power output.

1.5.3.3 The moonie and cymbal
A miniaturized version of the class V flextensional transducer called the “moonie,”
was developed at the Materials Research Laboratory at the Pennsylvania State University in
the late 1980s [Newnham, 1991]. Its basic structure which is shown in Fig.1.10, is similar to
a Class V flextensional transducer. The moonie transducers consist of a piezoelectric disk
(poled in the thickness direction) sandwiched between two metal end caps. The caps contain
a shallow cavity on their inner surface. When acting as a sensor, the cavities allows the
incident axial stress to be converted into large radial and tangential stresses of opposite sign,
causing d31 and d33 contributions of the piezoelectric to add in the effective sensitivity of the
device [Xu, 1991]. Conversely, the presence of the cavities allows the caps to convert and
amplify the small radial displacement of the disk into a much larger axial displacement
normal to the surface of the caps when used as an actuator [Sugawara, 1992].
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(a)

(b)

PZT

Metal

Figure 1.10. Schematic structure of a) Moonie and b) Cymbal flextensional transducer.
Typical dimensions of these devices are: 12.7 mm in diameter and 2 mm thick.
Compared to other flextensional transducers which use the extensional motion and
d33 of the ceramic, the moonie uses the radial motion and d31 mode of the ceramic. While
traditional flextensional transducers have a complicated design and are usually assembled by
hand which imposes very high cost, the moonie design is very simple and the manufacture
can be easily automated. Therefore the moonie transducers are inexpensive to mass-produce.
Traditional flextensional transducers are essentially used as low frequency sound projectors,
the moonie transducers are most successful for hydrophone applications in sea oil
exploration [Tressler, 1997].
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A second-generation moonie type transducer with a thinner cap and a slightly
different shape, was also developed [Dogan, 1997]. It was named the “cymbal” because of
the similarity in shape of its cap to that of the musical instrument. The cymbal was originally
designed as an actuator, which generates moderate force and displacement, filling the gap
between the bimorph and the multilayer actuator. It was later proposed by Newnham and coworkers as an underwater sound projector.
1.5.3.4 The Helmholtz resonator
The Helmholtz resonator shown in Fig.1.11 consists of a closed cavity and a short
neck with a small opening, which couples the cavity to the external fluid. The compliance of
the fluid in the cavity can resonate with the mass of the fluid in the neck, forming a massspring system. The wall of the cavity can be driven by a tri-laminar disk, bender bar or PZT
ring [Hanish, 1989]. The general design principles are given by Woollett [Woollett, 1973].
The Helmholtz resonator can sustain very high hydrostatic pressure and works at great depth
with little dependence of acoustical characteristics on pressure [Decarpigny, 1991]. In
addition, they are capable of providing frequencies as low as 100 Hz, with high acoustic
level [Manley, T., 1989]. But they tend to have high Q and small bandwidth, which limit
their practical use.
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cavity

neck

Fig.1.11 Schematic drawing of a Helmholtz resonator.

1.6 Transducer design and modeling
Two major approaches are available for transducer design. One is the well known
classical equivalent circuit model, the other one is the powerful finite element analysis. One
has to decide which one to use based on desired accuracy and cost of the model.
1.6.1 Equivalent circuit model [Mason, 1948; Inoue, 1993]
The equivalent circuit approach will be discussed in detail in Chapter 3. Here we will
only talk briefly about its applications and drawbacks. The equivalent circuit approach is
advantageous if simplicity and low cost are critical. It can be used to identify the general
trends and optimize a given transducer structure at low computation cost [Brigham, 1990].
When combined with analytical [McMahon, 1984] or numerical [Lalisse, 1988] descriptions
of acoustical interactions, the equivalent circuit model can be used effectively in analyzing
array interaction effects.
Computation of equivalent circuit parameters requires a detailed understanding of the
electrical and mechanical properties of a vibrating system. It is fairly easy and well
established for transducers of simple geometry [Hunt, 1982], but it is quite difficult and
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sometimes impossible for a complex design. Furthermore, for most low frequency
transducers, complex coupling develops between the extensional strains in the active driving
element and the flexing of some part of the mechanical structure [Decarpigny, 1991].

1.6.2 The numerical method
The use of finite element analysis requires the generation of a mesh which divides the
whole structure into elements and defining nodes connecting these elements [Decarpigny,
1991]. The physical quantities of interest, which are displacement, pressure and electrical
potential, are represented as linear combinations of the values at the element nodes. The use
of these combinations together with the variational formulation of the electromechanical
problem leads to a set of N linear equations, of which the unknowns are the N nodal values
for the various degrees of freedom [Decarpigny, 1985]. In elastic materials one node has
three mechanical degrees of freedom while in piezoelectric materials a node has an electrical
degree of freedom in addition to three mechanical degrees of freedom.
The finite-element method has been used extensively in modeling complex transducer
structures since the 1970s. Many different FEA software packages are commercially
available, including ANSYS [SWANSON, 1992], PZFLEX [Abboud, 1998], and ATILA
[MAGSOFT, 1997]. ATILA and PZFLEX are specially designed for underwater
transducers, which take into account the coupling between the transducer mechanical
structure and the surrounding medium. In the modeling of underwater transducer, two
approaches are usually practiced.
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1.6.2.1. Finite element analysis
In this method, a finite fluid domain is modeled using finite elements in addition to
the mesh of the solid structure, which is adopted in ATILA code. Kinematic and dynamic
continuity conditions are imposed on the interface for displacement and pressure fields. To
absorb various components of the radiated field, damper elements are applied on the
external surface Γ of the surrounding fluid domain [Hamonic, 1989]. The use of damper
elements provides detailed information about the acoustic near field properties.
The finite element formulation of the problem leads to the following set of equations
[Bossut, 1989]:
 [ K uu ] − ω 2 [ M ] K uφ

K uTφ
K φφ

 − ρ 2 c 2ω 2 [ L]T
0


 U   F 
− [ L]
  

T
0
 φ 0  =  − I / jω 
[ H f ] − ω 2 [ M f ]  P   ρc 2ϕ 

(1.19)

U and F: physical quantities of interest, displacement and pressure vector, respectively
[Kuu] and [M]: structure stiffness and mass matrices, respectively
[Kuφ ]: piezoelectric stiffness vector
[Kφφ]: dielectric stiffness vector
[Hf] and [Mf]: fluid compressibility and mass matrices, respectively
[L]: connectivity matrix representing the coupling between the solid structure and the fluid
F: force resulting from piezoelectricity
φ and I: applied voltage and current entering the structure
ϕ: pressure gradient normal to the fluid domain boundary
ρ and c: fluid density and sound speed, respectively

26
0: null vector
The damping condition applied on the fluid domain is expressed in the form:

ϕ =−

ω
1 1
1 1 / R − jω / c
[ D ' ]P
 + j [ D]P +
2 2
2
ρc  R
ρc 1 + ω R / c
c

(1.20)

where R is the radius of the fluid domain, [D] and [D΄] are obtained by assembling simple
elements from Γ [Hamonic, 1989]. In the equation, the first term is the 1st order contribution
associated with a spherical wave impedance, and the second term is the 2nd order (dipolar)
contribution.
If only the first order contribution is retained, it requires that the fluid boundary be in
the far field region. This may lead to large radius of the fluid domain, and the computation
cost is high if not practically impossible. The use of higher order dampers drastically
reduces the size of the fluid domain [Bayliss, 1980]. In other word, the fluid boundary can
be put in the near field region. To obtain far field quantities while the damper is in the near
field region, an extrapolation method was developed and incorporated in the ATILA code
[Bossut, 1989].
1.6.2.2. Coupling of finite element analysis and integral equation formulation
The previous method necessitates the modeling of the fluid domain which in some
cases leads to large meshes and is not well suited for 3D and array modeling. If we can
model the solid structure using finite element method and then couple it to an integral
equation formulation to account for the acoustic radiation problems, the size of the mesh
patterns can be significantly reduced [Stupfel, 1988]. Furthermore, by coupling finite
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element analysis to the Integral Equation method using the boundary element based program
EQI, we are able to perform array analysis.
EQI is based on the Helmholtz - Kirchhoff Integral Equation, which is expressed as
[10]:
α (r ) p (r ) / 4π
∂G (r , r ' ) ∂p (r ' )


∫∫Γ  p(r ' ) ∂n' − ∂n' G (r, r ' )dr ' =  p(r )

r ∈Γ
r ∈Ω f

(1.21)

ik r − r '

1 e
where, G (r , r ' ) =
is the Green function. Γ is the external surface of the solid
4π r − r '
structure, Ωf is the infinite fluid domain surrounding the solid structure, r is a point outside
Γ, r ' is a point on Γ and α( r) is the solid angle at the point r.
The discretization of the integral equation on Γ consists of dividing the external
surface of the structure into elements interconnected by nodes. On each element the pressure
field and its normal derivative are connected to the nodal values by an interpolation
function. Discretization leads to N equations with N unknowns, where N is the number of
nodes in the grid. The matrix form of the system is

[A]{p} = [B] ∂p 
 ∂n 

(1.22)

Matrices [B] and [A] come from the integration of the Green function and their
normal derivatives are computed by the interpolation functions. The vectors {p} and

{∂p / ∂n}

contain the nodal pressures of the system and their normal derivatives. The

displacement vector normal to the surface is given by:
∂p (r )
= ρω 2 u n (r )
∂n

(1.23)
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The solution of the linear systems provides the pressures at the nodes of the surface,
from which the pressure at any point in the fluid Ωf can be calculated.
The coupling of FEA and EQI is achieved by enforcing kinematic and dynamic
continuity conditions on the interface. The displacement fields on the solid structure are
calculated using finite element code ATILA. In this case, only the solid structure is meshed
with special surface elements which are coupled to integral equation method. Without fluid
domain in the model, Eq.1.19 can therefore be simplified to:

[ K uu ] − ω 2 [ M ] K uφ  U   F 
=


K uTφ
K φφ  φ 0  − I / jω 


(1.24)

1.7 Chapter summary
In this chapter the terminology and equations used in underwater transducers were
defined. The basic behavior and design principles of underwater transducers were also
discussed. The structure and operation principle of cymbal, on which this thesis is based,
were presented. The two modeling methods used in this thesis, the equivalent circuit model
and finite element modeling, were briefly introduced. Next, the research objectives and
outline of this thesis will be discussed.
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CHAPTER 2
STATEMENT OF OBJECTIVES

For underwater sonar applications, in the low frequency range, the flextensional
transducer is one of the competing technologies with 1-3 composites and tonpilz
transducers. The cymbal, which is a miniaturized Class V flextensional transducer, has
attracted interest because of its small size, low cost and weight, and thin profile. There are
no other technologies that can match these characteristics, which are key to some of the
Navy applications, including underwater automated vehicles (UAV).
The in-air characteristics of the cymbal transducer has been measured and modeled
extensively by J. Tressler[Tressler, 1997]. However, only very limited studies were carried
out to characterize the underwater response of the cymbal transducer, and relatively little
success has been achieved in modeling the underwater response of the cymbal transducer.
Therefore a major objective of this thesis is to fully characterize, model, and understand the
underwater behavior of the cymbal as both an underwater sound projector and receiver.
Chapter 3 will discuss in detail the underwater characterization of single cymbal transducer
along with finite element modeling.
The single cymbal transducers are generally assembled into arrays to achieve the
desired power output and beam patterns. The previously used assembly technique proved to
be problematic, and led to distorted beam patterns. It is therefore necessary to come up with
a new process to mount the transducers in an array. Four different mounting techniques were
proposed and tested and the results will be discussed in Chapter 4. Chapter 4 also includes
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the experimental data on a 5x20 planar cymbal array and the same array conformed to a
curved aluminum shell.
Array interaction is important in the closely packed arrays and can lead to serious
problems. Little has been done to analyze its effect on the performance of cymbal arrays. A
second objective of this thesis to study array interaction effects using an equivalent circuit
model and boundary element methods. Chapter 5 and Chapter 6 will discuss the array
modeling using two different methods: the equivalent circuit model and the coupled finite
element analysis - boundary element method.
There are two other objectives of this thesis. It has been shown that the cymbal
transducer fails when the hydrostatic pressure exceeds a certain value. This limits the
applications and reliability of the cymbal transducer and needs to be addressed. Moreover,
the cymbal transducer has an omnidirectional beam pattern due to its large wavelength to
size ratio, but when trying to locate objects underwater, a unidirectional beam pattern is
preferred. It is therefore necessary to design a transducer with a highly directional pattern
while keeping the small size.
Two modified miniaturized flextensional transducer designs, the double-driver and
the double-dipper, which address the depth limitation and directionality problem,
respectively, will be discussed in Chapter 7.
The results of this study are summarized in Chapter 8, and a number of suggestions
for future work are presented.
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CHAPTER 3
MODELING AND CHARACTERIZATION OF STANDARD
CYMBAL TRANSDUCER

3.0 Chapter overview
The in-air and underwater characteristics of a standard single cymbal are described in
this chapter. In underwater tests, the experimental fixture was found to have a pronounced
effect on the performance of the transducer through modifications of the mechanical
boundary conditions imposed on the device. A less restrictive setup was devised for the
underwater test of a cymbal transducer and very good agreement between the calculations
and the experimentally measured transmitting voltage response was then obtained. The use
of insulating epoxy was found to affect the measured free field voltage sensitivity
significantly by introducing additional impedance between the cap and the electrode of the
PZT disk, which acted as a voltage divider and reduced the response. The choice of PZT
materials and cap geometry on the underwater response of the cymbal transducer was
studied using finite element modeling.
The purpose of this chapter is to fully describe the characteristics of the single cymbal
transducer and try to optimize the cymbal structure with the aid of finite element modeling.

3.1 Sample preparation
3.1.1 PZT materials
In this study the cymbal transducers were mainly intended to be used as sound
projectors driven around resonance. Hard PZTs were preferred due to their low loss and high
coercive field. The ceramic disks were purchased from Piezo Kinetics Inc (Bellefonte, PA).
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Soft PZT was also investigated and compared with two hard PZT compositions. The
material properties of these ceramics are listed in Table 3.1. The piezoelectric ceramic disks
have a thickness of 1 mm, a diameter of 12.7 mm and were poled in the thickness direction.
Before bonding the silver electrodes of PZT disks were first ground with sandpaper to
remove the oxide layer and then cleaned by rinsing in acetone.

Table 3.1 Properties of PZT materials used in the calculation [Piezo Kinetics, Inc]

PKI552

PKI402

PKI802

Density(10 kg/m )

7.5

7.5

7.6

Young’s Modulus

6.0

7.6

7.2

d31 (10-12 m/V)

-270

-120

-100

d33 (10-12 m/V)

550

275

220

d15 (10-12 m/V)

720

480

320

tanδ (%, low field)

2.2

0.5

0.4

Qm

75

500

900

ε 11T (10-8 F/m)

1.5

0.797

0.646

T
ε 33
(10-8 F/m)

1.3

0.531

0.562

s11E (10-12 m2/N)

16.5

11.5

12.3

s12E (10-12 m2/N)

-4.78

-3.7

-4.05

s13E (10-12 m2/N)

-8.45

-4.8

-5.31

s33E (10-12 m2/N)

20.7

13.5

15.5

E
s 44
(10-12 m2/N)

43.5

31.9

39.0

s 66E (10-12 m2/N)

42.6

30.4

32.7

3

3

(1010 N/m2)
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3.1.2 Cap materials and bonding epoxy
Three different cap materials were investigated in this study. The physical and
mechanical properties of these metals are shown in Table 2. Metal caps were punched from
metal foil of 0.25 mm thickness and shaped using a special die [Dogan, 1996]. 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.

Table 3.2 Physical properties of the metal caps used in modeling
Cap

Young’s

Density

Poisson’s

reference

material

Modulus(GPa)

(kg/m3)

ratio

Brass

100.6

8550

0.35

[Brandes, 1983]

Steel

207

7860

0.3

[Brandes, 1983]

Ti

120.2

4500

0.361

[Brandes, 1983]

Two epoxy systems were used as bonding agents. One was Emerson and Cuming two
part insulating epoxy. A ratio of three parts 45 LV epoxy resin to one part 15LV hardener
was used. The other one was E-solder conductive epoxy (VonRoll ISOLA, Newhaven, CT).
The physical properties of the two epoxy systems are shown in Table 3.3.
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Table 3.3 Physical properties of two epoxy systems
Epoxy

Young’s

Density

Poisson’s

Modulus(GPa)

(kg/m3)

ratio

Insulative epoxy

2.5

1100

0.36

[Tressler, 1997]

Silver epoxy

6.83

2710

0.32

[Selfridge, 1985]

reference

3.1.3 Transducer assembling
The flanges of the metal caps were ground using sandpaper and cleaned with acetone.
After drying, epoxy was applied to the flange of the metal caps. Then the two caps were
placed on the piezoelectric ceramic disk. The entire assembly was kept under uniaxial stress
in a special die for 24 hours at room temperature to allow the epoxy time to cure. Since the
transducer was assembled by hand, it was difficult to control the epoxy thickness and width
precisely. Therefore the resonance frequencies of cymbals varied from sample to sample
within a few kilohertz.

3.2. Electrical and underwater characterization
3.2.1 Admittance measurement
The in-air admittance was measured as a function of frequency on a Hewlett-Packard
4194A Impedance Analyzer. To ensure that the cymbal transducer vibrates freely, electrical
leads were attached to the flange of the metal cap loosely. Care was taken not to make any
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contact between the leads and the dome area of the metal caps, since any contact would
modify the mechanical boundary condition of the vibrating system and would cause
spurious resonance.

3.2.2 Underwater test facility
Underwater calibration tests of single cymbals were performed in the 61464-gallon
concrete wall anechoic water tank at the Applied Research Laboratory at Penn State. The
tank measures 5.5 m in depth, 5.3 m in width and 7.9 m in length and is shown in Fig.3.1. It
rests on four inches of cork and is isolated from the building by a six-inch air gap which
surrounds the remaining four sides. The inside of the tank is lined with a resonant absorber,
Saper-T, to minimize sound reflections. The water is maintained at 22oC.
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Fig.3.1 The water tank used in the tests at Applied Research Laboratory.

A photograph of the transducer calibration system is shown in Fig.3.2. A pure tone
sinusoidal pulse signal of 2-msec duration was applied to the test transducer and its acoustic
output was monitored with a standard F33 hydrophone. The test transducer and the standard
were positioned at a depth of 2.74 m and separated by a distance of 3.16 m to obtain a direct
signal path travel time of 2.13 msec. The test frequency range extends from 5kHz to
250kHz. Pulsed signals were used to eliminate the effects of interference originating from
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boundaries or standing waves. The pure tone pulse signals begin and end at zero amplitude
to prevent rapid rise time and subsequent ringing effects.

Fig.3.2 The underwater measurement system at the Applied Research Labatory.

In the underwater test, the cymbal transducer must be insulated from the conducting
water in the tank. In addition, it had to be rotated to observe the directivity pattern.
Therefore, a fixture was needed to hold the cymbal transducer. Since we were making use of
both the radial motion of the ceramic and the flextensional mode of the cap, it was difficult
to test the performance of the cymbal transducer and avoid clamping effects from the
fixture. Two types of fixtures were investigated for the underwater tests. In the first design
(PC board technique, Fig.3.3), the cymbal transducer was sandwiched between two copper-
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clad PC boards each 1.5 mm thick which also served as electrodes. A hole 11-mm in
diameter was drilled through the boards. Plastic posts 1.5 mm thick were used to maintain a
uniform distance between the upper and lower boards, which were then screwed tightly
together to keep the transducers in place. The entire assembly was placed inside a tygon
container and flooded with castor oil, as shown in Fig.3.4.

Fig.3.3 Test fixtures used in the PC board technique.

Fig.3.4 Schematic drawing of the assembly used to test the cymbal transducer with the PC
board technique.
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In the second case (potted technique, Fig.3.5 and Fig.3.6), a coaxial cable was first
attached to the flange of the metal cap using silver epoxy. Care was taken to avoid any
contact between the dome of the metal cap and the silver epoxy. The cymbal and part of the
cable were then potted with a polyurethane (Uralite FH 3550, H.B. Fuller Company) coating
about 0.5 mm thick. The polyurethane layer insulated the cymbal from the conductive water
in the water tank. A photograph of an actual potted cymbal with the cable connection is
shown in Fig.3.6.

Fig.3.5 Test fixtures used in the potting technique.

Fig. 3.6 Photograph of a potted cymbal transducer with coaxial cable.
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3.3 The mesh and vibration modes of cymbal transducer
A 2-D axisymmetric model was used in the modal and harmonic analysis. Only half of
the cymbal was meshed due to symmetry. The mechanical boundary conditions of the
cymbal transducer were set free in both the in-air and in-water modeling. The thickness of
the epoxy layer was assumed to be 0.04mm [Zhang, 1999]. In the underwater simulation, a
dipolar damping element was employed. Therefore the boundary of the fluid domain can be
placed in the near-field region, reducing the size of the model. The in-air and in-water mesh
patterns are shown in Fig.3.7 (a) and Fig.3.7 (b), respectively.
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(a) The 2-D mesh of the cymbal transducer

(b) The 2-D mesh of cymbal transducer with surrounding water
Fig.3.7 Meshes of a cymbal transducer (a) in air (b) in water.

Fig.3.8 presents the first three resonance modes of the cymbal transducer under
mechanically free conditions. In the node notation (m, n), integer m is the number of radial
node lines and integer n is the number of azimuthal nodal circles. m is 0 for a two
dimensional axisymmetric body. These two modes both come from the resonance of the
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metal caps. The first one is a pure flexural mode in which all parts of the caps move in
phase. At the second resonance, there are two nodal rings with the dome region and the
shoulder region moving out of phase. The total pressure generated will be partly cancelled
out which will be evident later in the underwater TVR response of the cymbal.
The higher resonance modes of the caps are not our concern since they occur at much
higher frequencies. The (0,3) mode of the cap is shown here for reference.
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(0,1) mode

(0,2) mode

(0,3) mode
Fig.3.8 Vibration modes of the cymbal transducer.
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3.4 Admittance of the cymbal transducer
Fig.3.9 compares the in-air admittance spectrum of a single cymbal transducer
calculated from ATILA with the experimental measurements. The calculated admittance
spectrum from ATILA agreed quite well with the experimental results. The first peak
corresponded to the (0,1) or the so-called “umbrella” flexural mode of the metal caps. The
second peak came from the (0,2) mode of the metal caps. There were no other modes
(peaks) between the (0,1) and (0,2) modes. The third peak was the (0,3) mode of the metal
caps, which will not be discussed here.
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Fig.3.9 Measured and calculated in-air admittance as a function of frequency for a cymbal
transducer.
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Fig.3.10 Measured and calculated in-water admittance of a cymbal transducer.

The calculated and measured in-water admittance spectra of the potted single cymbal
transducer are also shown in Fig.3.10. Fairly good agreement was achieved. The second
peak in the admittance spectra was completely damped by the water loading. The
fundamental flextensional resonance frequency was shifted from 32kHz in air down to
16kHz in water due to the loading. For the cymbal transducer, its size is only one-tenth of
the wavelength at the first resonance frequency (ka <<1), so that the imaginary part of the
radiation impedance (radiation reactance) can be approximated as:

X r = ρcA

8ka
3π

(3.1)

where k = ω / c = 2 π / λ, a is the radius of the cymbal, and area A = π a 2
The radiation reactance Xr can be regarded as an additional vibrating mass (Mr) given
by:
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Mr =

Xr 8 3
= ρa
ω
3

(3.2)

This mass is equivalent to that of a cylinder of water having the same cross sectional
area as the piston (cymbal) and a length of 8 a /3 π. For a half-inch cymbal transducer, the
mass of the water associated with the radiation reactance is 0.7 g, which is over half the
mass of the cymbal transducer itself (1.3 g). This “associated mass” had a very significant
effect on the cymbal transducer. The amplitude of the fundamental resonance frequency was
greatly reduced, and the mechanical Q-factor was unfortunately increased.

3.5 Underwater characterization of the cymbal transducer
The measured transmitting voltage response for two single cymbals with different PZTs
mounted in PC board fixtures are shown in Fig.3.11. The first peak corresponds to the
fundamental flextensional mode of the metal cap. After the first resonance frequency, the
TVR curves are bumpy with several peaks between the (0,1) and (0,2) mode which are not
associated with any vibration modes of either the caps or the disks, indicating that there
were complex interference modes acting on the vibration of the cymbal. The calculated TVR
curve from ATILA, shown later in Fig.3.12, gave no peaks in this frequency range. Indeed,
no peaks were expected to be in the frequency range between the (0,1) mode and (0,2)
modes, which is apparent from the in-air admittance spectrum. We reasoned that the
difference between the calculation and measurements was related to the test fixtures which
altered the mechanical boundary conditions of the cymbal transducer. In the in-air test and
the FEM analysis, the boundary conditions were assumed to be “free”. But with the PC
board configuration, the small screws partially clamp the flange of the cymbal transducer.
In addition, it was discovered that the PC board and the screws interfered with the vibration
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of the metal caps, which lead to the undulations in the TVR curves. Thus, it was difficult to
predict its performance with the partially clamped boundary conditions.
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Fig.3.11 The measured transmit voltage response of two different cymbal transducers with
the PC board fixture, showing the interference of the PC boards with the vibration of the
cymbal transducer.

A second set of test fixtures, the potted cymbal described in Section 3.3.2, was
employed to minimize the clamping effect. The TVR curve of the potted cymbal transducer
and the simulation are shown in Fig.3.12. A nearly perfect match was obtained between
them. Just below the first flextensional resonance, the TVR increases linearly with
frequency and follows the pattern of a typical piezoelectric transducer predicted using the
simple spring-mass model. Well above the first resonance but below the (0,2) resonance, the
TVR response is flat as predicted by the model. There was a sharp dip around 65kHz, which
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came from the (0,2) mode of the metal cap. As shown in the vibration mode (Fig.3.8), the
two portions of the cap vibrated out of phase. The pressures from different portions of the
metal caps cancel and lead to a sharp drop in response. There were no peaks(undulations)
between the fundamental flextensional resonance frequency and the (0,2) resonance
frequency in water. This result confirms the fact that the PC board fixture plays an important
role in creating the undulations observed in the previous tests.

140
Experimental
ATILA

130

120

110

100

90

80
10

20

30

40

50

60

70

80

Frequency (kHz)

Fig.3.12 Calculated and measured transmitting voltage response of a potted cymbal
transducer (both free mechanical boundary conditions).

Three major peaks in the TVR curve at 20kHz, 53kHz and 61kHz were not predicted by
ATILA. They were believed to be caused by the air bubbles in the polyurethane. Though
polyurethane was de-gassed in vacuum before potting, it was difficult to get rid of all the air
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in it. The air bubbles varied in sizes from tiny to one millimeter. They resonate at different
frequencies and cause spurious peaks.
The mechanical Q-factor is around 10 for the single cymbal transducer, which is rather
high compared to other flextensional transducers. This is due to the fact that its size and
weight are small, as discussed previously. Single cymbal transducers will find very limited
use as sound projectors because of the high Q. But its small size and low weight and
extremely low cost render it a possibility to be incorporated into an array to achieve the
desired power and beam pattern. Cymbal arrays will be discussed in Chapter 4.
The calculated beam patterns of the cymbal transducer under free mechanical
conditions are shown in Fig.13. The measured directivity patterns of a cymbal transducer
tested in two types of fixtures are shown in Fig.3.14 for comparison. Near the first resonance
frequency they both show omnidirectional patterns which agree with the calculation. At
higher frequencies, near 30 kHz and 50 kHz, omnidirectional patterns were observed in the
potted cymbal case and in the calculation. But the cymbal with the PC board fixture gave a
directional pattern that deteriorates at 50kHz. This again indicated that the test fixtures have
a very pronounced effect on the performance of cymbal transducer, especially at higher
frequencies, making prediction impossible. The test fixtures must be carefully chosen during
the test to avoid interference with the transducer performance.
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Fig.3.13 Calculated beam patterns of the cymbal transducer by ATILA at (a) 10kHz, (b)
30kHz and (c) 50kHz. In the modeling, we assumed free mechanical boundary conditions.
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Fig.3.14 Measured beam patterns of the cymbal (a) with PC board fixture (b) potted cymbal.
It showed the anisotropic clamping effect of the PC boards on the vibration of the cymbal
transducer.
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3.6 Effect of material and geometry on underwater performance of cymbal
3.6.1 Effect of epoxy thickness
Fig.3.15 shows the effect of epoxy thickness on the underwater characteristics of the
cymbal transducer. It was not possible to model the cymbal transducer with a bonding layer
less than 20 µm due to the required fine mesh which resulted in more nodes than the
program could handle. The resonance frequency of the first flextensional mode was strongly
affected by the epoxy thickness. At zero thickness the resonance frequency was around
25kHz compared to 17kHz for the standard thickness (40µm) used in the modeling. It could
be concluded from this fact that the epoxy layer increases the effective compliance of the
cymbal structure. That was also the reason we had to model the epoxy layer in FEA even at
the cost of a larger number of nodes and considerably increased computation time.
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Fig. 3.15 The calculated (a) TVR and (b) FFVS of cymbal as a function of epoxy thickness.
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The voltage sensitivity seemed to be affected by epoxy thickness more than TVR.
Below resonance it dropped about 4dB when the epoxy thickness was assumed zero. This is
contradictory to previous belief. The increased sensitivity of moonie and cymbal structure
was dependent on the stress transfer of the mechanical caps. As the epoxy thickness
increased, the stress transfer efficiency was expected to be less efficient, therefore lower
sensitivity was expected. Further study is required to understand the effect of epoxy
thickness.
3.6.2 Effect of cap material
Fig.3.16 shows the TVR and FFVS of a cymbal transducer as a function of frequency
for different cap materials. The most important difference was the frequency of the (0,2)
mode. While the frequency of the first flextensional mode did not change very much with
modulus, the frequency of the (0,2) mode increased as the modulus increased. For cymbal
transducer the frequency range between the (0,1) mode and the (0,2) mode determines the
usable frequency range for underwater applications. Therefore there was a larger usable
frequency range for cymbal transducers with high modulus caps.
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Fig. 3.16 The effect of cap materials on the underwater characteristics of cymbal.
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It can be seen that the amplitude of TVR and FFVS of cymbal transducers was not
affected very much by cap material. There appears to be little opportunity for improving the
TVR and FFVS of the cymbal structure by choosing different cap material. High modulus
materials were preferred, since it improves the depth capability and the usable frequency
range of the cymbal.

3.6.3 Effect of cavity depth
The effect of cavity depth on the underwater characteristics of a cymbal transducer is
shown in Fig.3.17. Of all the parameters considered, cavity depth had the most profound
effect on the amplitude of the TVR and FFVS. As the cavity depth increased from 0.14mm
to 0.5mm, the amplitude of TVR increased by about 10dB over the frequency range between
the (0,1) mode and (0,2) mode. In the meantime, the resonance frequency of the cymbal
increased from 12kHz to 24kHz. As the cavity increased, the effective Q decreased
significantly resulting in a broader bandwidth. It has been shown by measurement and
simulation that as cavity depth increased, the electromechanical coefficients of the cymbal
transducer increased from 0.18 to 0.28 [Tressler, 1997]. The increase in TVR and FFVS was
mainly due to the increase in electromechanical coupling coefficient of the cymbal
transducer.
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Fig. 3.17 The effect of cavity depth on the (a) TVR (b) FFVS of cymbal transducer.
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3.6.4 Effect of PZT materials
In the cymbal structure, the only active element was the PZT, while the epoxy layer and
metal caps served as mechanical transformers. Therefore, the underwater characteristics of a
cymbal were mainly determined by the PZT driving element, more specifically by the
piezoelectric coefficients of the radial motion (d31). Fig.3.18 (a) shows the calculated TVR
of cymbals using different PZTs. The resonance frequencies were the same for different
PZT materials because the resonance was governed by the mechanical resonance of the caps
and depended mainly on the cap material and geometry. It is expected that cymbals driven
by PKI552 have higher TVR value than its counterpart driven with hard PZTs like PKI402
and PKI802.
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Fig. 3.18 The effect of different PZTs on the (a) TVR (b) FFVS of a cymbal.

60
The calculated FFVS of cymbals with different PZTs are shown in Fig.3.18 (b). There
was not much increase in sensitivity in using soft PZT with larger d coefficients. Since the
FFVS is the open-circuit voltage output of the hydrophone, it can be understood by
examining the figure of merit of the material:
dh gh
(3.3)
tan δ
where dh is the hydrostatic piezoelectric strain constant, tanδ is the electrical dissipation
FOM =

factor and gh is the hydrostatic piezoelectric voltage constant ( g h =

dh

ε T33

). Although soft PZTs

have higher d coefficients, they have higher dielectric loss and dielectric constants which
reduce their figure of merit according to Eq.3.3. Therefore, soft PZT does not necessarily
have higher voltage sensitivity as shown in the calculation. On the other hand, the
capacitance of a hydrophone is important in that a high capacitance of a hydrophone permits
a lower limit to the operating frequency band, for a given input resistance to the amplifier.
That is the reason soft PZT such as PKI552 is preferred in hydrophone applications. Some
trade-off has to be made between output voltage sensitivity and capacitance. Since we are
intending to use the cymbal transducer as both a projector and receiver, they must be driven
hard at resonance and thus soft PZTs are rejected because of their high dielectric loss. As a
trade-off, PZT4 was chosen over PZT 8 for its higher capacitance and sensitivity. For a half
inch cymbal transducer made of PZT4, the capacitance is around 1.5nF and a satisfactory
electrical impedance match can be obtained.

3.6.5 Scaling of a cymbal transducer
The frequency of the cymbal transducer can be adjusted by changing cap material and
symmetry as discussed above, but only to a small extent. If we wish to make a larger
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change in the first resonance frequency, the only option is to increase or decrease the overall
size of the cymbal transducer. There is practical interest in using cymbal transducers at very
low frequencies for the oil industry and in very small sizes for hearing aid devices.
Preliminary work was carried out using ATILA to calculate the underwater response of
different sizes of cymbal transducers. Fig.3.19 shows the calculated TVR of cymbal
transducers of different sizes by scaling the geometry in proportion. For a one-inch (25.4
mm) cymbal, the first resonance frequency is about 2kHz. The calculated 3dB Q factor is
around 20. There are almost no practical applications for transducers of this high Q, so
arrays of these transducers must be used to increase the radiation resistance and to lower Q.
At this size, the structure becomes very compliant and (0,1) and (0,2) modes approach one
another closely. To avoid the interference of higher frequency vibration modes, a cymbal of
this size must be used near the first flextensional resonance mode.
As size decreases the resonance frequency in water increases and the Q factor
decreases. For a one-quarter inch (6.35 mm) cymbal the resonance frequency increases to
around 63kHz and Q factor decreases to around 6. With a bandwidth such as this, a single
one-quarter inch size cymbal may find some practical applications.
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Fig. 3.19 The calculated TVR of cymbal as a function of size.

3.7 Chapter summary
The behavior of the cymbal transducer was strongly affected by the boundary
conditions imposed by the testing fixtures. To properly characterize the cymbal transducer,
care must be taken not to introduce additional boundary conditions through the use of test
fixtures. Very good agreement between the calculated and experimentally measured
transmitting voltage response and directivity patterns were obtained after the proper
experimental setup was applied. Finite element analysis code ATILA could be used to
predict, and therefore guide, the design of the experimental arrangements.
The epoxy bonding layer in the cymbal structure increased the effective compliance of
the cymbal structure and reduced its resonance frequency significantly. The effect of PZT
and cap material and dimension was also investigated using finite element modeling. Of all
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the parameters, PZT material and Cap cavity depth were found to have the largest effect on
the TVR and FFVS of the cymbal transducer. Soft PZTs tended to give higher TVR values
but were not used in building cymbal arrays due to their high dielectric loss and heat
generation. A large cap cavity depth was preferred in terms of depth capability, TVR and
FFVS, but a large cavity depth also meant high resonance frequency. Trade-off has to be
made for practical applications.
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CHAPTER 4
UNDERWATER CHARACTERIZATION OF CYMBAL ARRAYS

4.0 Chapter overview
As discussed previously, single cymbal transducers are not well suited for most
underwater applications because of their high Q and extremely low efficiency. It is
necessary to assemble them into arrays to obtain an improved efficiency and higher source
level. Therefore, cymbal transducer elements were built into 3x3 arrays to evaluate their
underwater characteristics. The effect of driver materials and cap geometry on the array
performance was studied using a PC board array assembling technique. The PC boards were
later found to alter the mechanical boundary conditions of the cymbal transducer and
deteriorated the array performance. A potting technique was then designed to minimize the
clamping effect of the fixtures in assembling the array. Since the radial motion and the
flexural motion of the caps move out of phase, two other techniques, the copaco ring and the
corprene sheet, were proposed to improve the pressure output of the array by shielding the
negative contribution of the radial motion. These different array mounting techniques were
compared in terms of transmitting voltage response and beam patterns.
A prototype 5x20 array was built with the potting technique and was characterized
for its underwater performance. The conformability of this array was demonstrated by
mounting it on a 21 inch diameter aluminum shell. The conformal array with rigid backing
was also characterized.

65
4.1 Array fabrication
Single element cymbal transducers were incorporated into a 3x3 square planar array.
Each element had a center-to-center spacing of 15 mm. All the cymbals used in the arrays
have the standard geometry with PKI552 as the driving elements and brass as the cap
material unless otherwise specified. Four different assembling schemes were explored.
4.1.1 PC board technique
The nine cymbals were sandwiched between two copper-clad PC boards each 1.5
mm thick. Holes 11 mm in diameter were drilled equidistant from one another through the
boards. Plastic posts 1.5 mm thick were used to maintain a uniform distance between the
upper and lower panels, which were screwed together tightly to keep the transducers in
place. The elements were electrically in parallel due to the PC board configuration. A
picture of a finished array is shown in Fig.4.1.

Fig.4.1 Photograph of a 3x3 array assembled using the PC board technique.
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4.1.2 Potting technique
The elements in the array were connected electrically in parallel using fine electrical
wire. Conductive epoxy was used to bond the wire to the flange of the metal caps. The
assembled cymbal transducer array was then potted in polyurethane (hardness Shore-A90).
A picture of a potted array is shown in Fig.4.2.

Fig.4.2 Photograph of a potted 3x3 array.

4.1.3 Pressure release materials
For the vibration modes of the cymbal transducer, the radial motion of the PZT disk
and the flexural motion of the caps moved out of phase. Since the major contribution comes
from the flexural motion of the caps, the radial motion of the ceramic makes a negative
contribution to the net pressure. Shielding the contribution of the radial motion of the disk
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would therefore improve the net pressure output from the cymbal transducer and array. As a
result, two other mounting schemes were proposed, the copaco ring and the corprene sheet.
Both copaco and corprene are pressure release materials and were used to absorb and shield
the radial motion. The two techniques were quite similar to the potting technique. The only
difference was we use pressure release material to shield the negative contribution of the
radial motion of the PZT disks.
The copaco ring was first wrapped around the circumference of the PZT disks of the
cymbal transducers. Then the individual cymbals were wired in parallel as in the potting
technique. After wiring, the whole assembly was potted in polyurethane. The picture of the
finished array is shown in Fig.4.3.

Fig.4.3 Photograph of a 3x3 array with the cymbals wrapped with copaco ring.
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Half inch diameter holes were drilled equidistant from one another in the corprene
sheet. The holes were positioned the same distance as in the other cases. The cymbals were
then embedded in the holes, wired in parallel and potted in polyurethane. Fig.4.4 shows the
array built with this technique.

Fig.4.4 Photograph of a 3x3 array with the cymbals embedded in a corprene sheet.

4.2 Calculation of beam patterns for an array of point sources
For an array of N sources with source strength Qn and phase angle θn, located at
positions given by the radius vector rn , the sound pressure normalized to the acoustic axis
along the direction determined by unit vector l1 is given by:

[

p = ∑ Qn exp j (k (l1 • rn ) + θ n )

]

where k =

2π
λ

(4.1)
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From Eq.4.1, it is clear that the beam pattern is determined by several independent
parameters:
a. The relative strength and phases of the sources. If they are driven with the same voltage
amplitude and phase, the relative strength and phases of each individual element in the
array can be calculated by taking into account acoustic interactions.
b. The geometric configuration of the array as determined by the number of elements and
the relative spacing measured in terms of acoustic wavelengths.
The beam patterns were calculated by the program “XBEAM” developed at Image
Acoustics, Inc [Image, 1988]. In calculating the beam patterns of the cymbal array, cymbal
transducers are assumed to be point sources. This assumption was valid since a single
cymbal transducer under free conditions is omnidirectional up to 60kHz.

4.3 Effect of material and geometry on array performance
The PC board technique was originally developed to easily assemble arrays. With
this technique individual elements could be re-used and easily interchanged if necessary.
Several arrays were built from cymbals of different material and geometry to investigate the
effect on the output of the arrays. The cymbal transducers used in these tests were bonded
with insulating epoxy, the measured sensitivity was not representative of the real
performance as discussed in the previous chapters. Therefore, the measured sensitivity of
these arrays is not presented here.
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4.3.1 Effect of cavity depth
Fig.4.5 shows the effect of the cymbal's cap cavity depth on the TVR of a 3x3 array.
The array made of cymbals with a larger cavity depth has a higher TVR. This was in
agreement with the ATILA prediction for a single cymbal. The measured TVRs of the arrays
as a function of frequency were irregular with several prominent dips. The two major peaks
at 61kHz and 80kHz were believed to be associated with PC boards. The modeling predicts
a dip for a single element in the TVR curve around 66kHz (Chapter 3, Fig. 22(a)) under free
conditions. The fact that there are two peaks around this frequency indicates that the PC
boards may have altered the boundary conditions of the transducers in the array and have
modified their behavior in the array.
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Fig.4.5 TVR measurement showing the effect of cap cavity depth on the array performance
(PKI552, brass caps with thickness 0.25mm).
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4.3.2 Effect of cap material
Three different cap materials were investigated to determine their effect on array
performance and the results are shown in Fig.4.6. Titanium seemed to be the best cap
material for sound transmission applications. It gave a higher and flatter TVR than the brass
and steel capped cymbal arrays. Therefore titanium was selected as the standard cap material
for the 5x20 array. Titanium also possesses a higher Young’s modulus than brass. Therefore,
the titanium-capped cymbal can withstand higher pressure.
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Fig.4.6 The effect of cap material on the TVR of the 3x3 array (PKI552, cavity depth
0.32mm, cap thickness 0.25mm).
4.3.3 Choice of PZT material
Fig.4.7 shows the effect of PZT material on the TVR of the array. The cymbal array
with soft PZT had a higher TVR than the array with hard PZT because of its higher
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piezoelectric coefficients. As discussed earlier, the TVR curves were irregular as a result of
PC board clamping. Both TVR curves show two major dips around 80kHz, which may be
associated with the (0,2) mode of the caps. However, according to ATILA prediction, there
is supposed to be only a single dip associated with (0,2) mode of the metal caps. It suggests
that the (0,2) mode of the caps is strongly affected by the PC boards.
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Fig.4.7 Effect of different PZT materials on array performance (Titanium-capped).

Although soft PZT gives a higher TVR, it has a higher dielectric loss and can not be
driven as hard as hard PZTs. Therefore, the actual source level obtained from the cymbal
with soft PZT would be lower. For this reason, PKI402 was chosen as the standard driving
element for future cymbal fabrication.
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4.4 Comparison between array mounting techniques
4.4.1 The PC board technique vs. the potting technique
The TVRs of the two 3x3 arrays with different mounting schemes, the direct potting
and PC board case, are shown in Fig.4.8. The potted array possesses a significantly higher
TVR than its counterpart made using PC boards. The transmit response was also flatter over
the frequency range of interest because the PC boards imposed an anisotropic stress on the
flange of the cymbal transducers and partially clamp the array, as it did for the single
cymbal. This clamping resulted in lowered TVR and spurious peaks in the transmit
response.
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Fig.4.8 Measured transmitting voltage response of 3x3 arrays assembled in two different
mounting schemes (Ti-capped, PZT4, standard cap geometry).
The measured impedance of the two 3x3 arrays with different assembling techniques
is shown in Fig.4.9. The potted array had a lowered electrical impedance than its
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counterpart. As discussed previously, the electrical contact between the metal caps and the
electrode of the ceramic was very sensitive to the stress applied on the caps. In the PC board
technique, the stress was applied through the use of plastic screws and good electrical
contact was maintained between the caps and the ceramic electrodes. Therefore the PC
board technique is good in terms of maintaining good electrical contact. Unfortunately, the
applied stress through the PC boards was anisotropic and not controllable. This led to many
other problems including lower TVR and distorted beam patterns.
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Fig.4.9 Measured impedance and phase of two 3x3 arrays with different mounting
techniques.
Fig.4.10 and Fig.4.11 show the measured beam patterns of the two arrays along with
the predicted beam patterns. At low frequencies, 15kHz for example, both arrays showed
nearly omnidirectional beam patterns and agreed well with the calculation. As the frequency
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was increased, the detrimental effect of the PC board was seen clearly as low as 30kHz. The
beam patterns of the array using PC board showed distorted asymmetric beam patterns at
30kHz and above. On the other hand, the beam patterns of the potted array were symmetric
and agreed well with the calculation, particularly for the principal lobes. As no substantial
clamping conditions were imposed on the transducers in assembling of the potted array, the
beam patterns were predictable, which is s great advantage in the design of large transducer
arrays.
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Fig. 4.10 Measured beam patterns of the 3x3 array using PC boards.
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The introduction of a polyurethane coating along with the thin profile and small size
of the cymbal transducer also made it possible to build a flexible array from the cymbal
transducers. It could then be bent to make a conformal cylindrical array which can be
wrapped around the shell of underwater vehicles.
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4.4.2 Use of pressure release material
Fig.4.12 (a) compares the measured TVR of the 3x3 arrays using four different
assembling techniques. When compared to the direct potted array, the expected increase in
TVR for the corpaco ring and corprene sheet array was not observed. Between 5kHz and
100kHz the measured TVRs of these two arrays were at least 5dB lower than the TVR of the
potted array, and their TVR curves were not as flat as that of the potted array. Below
resonance the FFVS of these two arrays were about 3dB higher than the potted array as
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Fig. 4.12 Measured (a) TVR, (b) FFVS of 3x3 arrays with different mounting techniques
(PKI402, Ti caps and standard cap geometry).
At this point, it is not very clear why pressure release materials around the ceramic
ring increase the sensitivity while at the same time they reduce the pressure output. It is
probably due to the fact that they modified the boundary conditions of the transducers in the
array. In the direct potted array, the polymer can be considered to be a homogeneous fluid.
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For the copaco ring and corprene sheet array, it is more rigid in the axial direction than the
radial direction because of the use of pressure release material around the ceramic disk. The
forces acting on the cymbal are therefore anisotropic and more work needs to be done to
resolve this problem.
Since the copaco ring and corprene sheet did not impose any clamping effects on the
single elements, the measured beam patterns were very similar to the patterns of the potted
array and compared well with the calculation.
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4.5 Underwater characteristics of the 5x20 array
4.5.1 The planar 5x20 array
Y

X

(a)

Z

(b)

(b)
Fig.4.13 The potted 5x20 rectangular array with electrical connections (a) the front side (b)
the back side. The cymbals used in the array have PKI402 disks, titanium caps and standard
geometry.
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A 5x20 prototype array was built using the direct potting technique. Fig.13 shows the
completed 5x20 array with its electrical connections. The cymbals were connected in
parallel in rows of five, with electrical wires of red and white on both sides of the caps. The
inter-element spacing in the line was 15mm. Each line of five cymbals was placed in a
specially designed container with a width of 15mm. It was then potted in polyurethane.
The array measured 28 cm in length, 7.5 cm in width and 1.1 cm in thickness. It
weighed 390 grams. For the underwater test, the array was fixed at the end of a long plastic
tube, as shown in Fig.4.13 (b). The electrical lead wires pass through the plastic tube and
were connected to the measurement system at the other end of the tube. The diameter of the
tube is small compared to the wavelength in water, so it does not interfere with the acoustic
field generated by the array.
Fig.4.14 shows the measured TVR of the 5x20 array compared with that of a 3x3
array and a single element. As a consequence of strong acoustic interaction around
resonance in the array, the peaks associated with resonances were damped, resulting in a flat
frequency response for the arrays. Compared to a 3x3 array, the TVR of the 5x20 array is
about 15dB higher for frequencies above the fundamental resonance.
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Fig.4.14 Measured TVR of the planar 5x20 array (PKI402, titanium caps, standard cap
geometry).
The measured FFVS of the same 5x20 array is shown in Fig.4.15. It had a value of
around –200dB below the first resonance frequency. Since the cymbals in the array were all
connected in parallel, the sensitivity was expected to be similar to the single element, while
the capacitance was about 100 times higher and the impedance was accordingly lower.
Depending on the applications the sensitivity of the array could be increased by connecting
the cymbal transducers in series, at the expense of lowering the capacitance.
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Fig.4.15 Measured FFVS of the 5x20 planar array without backing.
It needs to be pointed out that the transducers in the array were bonded with
insulating epoxy. Hence, the sensitivity was reduced by about 10dB as discussed for the
single element. If conductive epoxy was used to build transducers for the array, the
measured sensitivity would have been around -190 dB.
Fig.4.16 shows the impedance and phase of the 5x20 array. There was no phase
change associated with the resonance of cymbal transducer. The resonance was completely
suppressed in the array because of array interaction discussed extensively in the chapter of
array modeling.
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Fig.4.16 Impedance and phase of the 5x20 planar array without backing.
The measured and calculated beam patterns of the 5x20 array without baffles are
shown in Fig.4.17 and Fig.4.18. The Z direction is the acoustic axis, as designated in
Fig.4.13 (a). The X direction is the length direction and Y the width direction of the array.
Beam patterns in the X-Z plane and X-Y planes are shown. The measured patterns were
symmetric even at higher frequencies, showing again the advantages of the potting
technique to assemble arrays. Very good agreement was obtained between the measured
patterns and the calculated beam patterns using a simple point source model.
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Fig.4.17 Measured and calculated beam patterns of the 5x20 array in the X-Z plane.
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Fig.4.18 Measured and calculated beam patterns of the 5x20 array in the X-Y plane.
There were fewer side lobes in the X-Y plane than in the X-Z plane at the same
frequency. This was because the array had fewer elements in the Y direction and the
dimension of the array in this plane was small compared to the wavelength of water at these
frequencies.
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4.5.2 The 5x20 conformal array with rigid baffle
To demonstrate its conformable capability, the array was bent and bonded to a 21 inch
diameter aluminum shell using epoxy, as shown in Fig.4.19.

Fig.4.19 Photograph of the 5x20 array mounted on a 21 inch diameter aluminum shell.
Fig.4.20 compares the measured TVR of the conformal array mounted on the
aluminum shell with the TVR of the planar array with no backing. When the dimension of
the array is much smaller than a wavelength, the acoustic field does not see the curvature
and therefore the measured TVR of the conformal array was essentially the same as that of
the planar array. However, at frequencies above resonance the TVR of the backed conformal
array was considerably lower than that of the planar array. The difference in most part could
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be ascribed to the curved geometry of the conformal array. At these frequencies, the
conformal array projects energy in a larger angle around acoustic axis than the planar array,
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Fig.4.20 Measured (a) TVR (b) FFVS of the conformal array mounted on a 21 inch
diameter shell.
The measured FFVS of the conformal array mounted on the aluminum shell is also
shown in Fig.4.20 (b). Below resonance it is about the same as that of the planar array.
Above resonance it is considerably lower than its planar counterpart and the difference is a
result of the geometry effect.
The measured beam patterns of the conformal array on the 21-inch diameter
aluminum shell are shown in Fig.4.21. As a result of the curved geometry, the curved array
possessed a higher directivity index. As the frequency increased and the wavelength
approached the diameter of the shell, a higher front-to-back pressure ratio is obtained. The
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pattern was also broader in the forward direction compared to the planar array due to the
geometry.
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Fig.4.21 Measured beam patterns of the 5x20 array mounted on a 21 inch diameter shell.
The measured beam patterns of the array with backing were not very symmetric.
This was caused by anisotropic clamping on the array. In mounting the array, it was shaped
and glued to the aluminum shell and we were not able to control the thickness and
uniformity of the glue in the first try. Further study will be required to solve these problems.
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4.6 Comparison between cymbal array and other transducers
Table 4.1 A comparison of three different types of underwater transducers that operate in the
frequency range of 1-100kHz.
Tonpilz

1-3 Composite

Cymbal array

Vibration

longitudinal

longitudinal

flextensional

Operation frequency
range
Size

over 10kHz

over 50kHz

1-100kHz

large in thickness

medium

thin profile

high

medium

Manufacture

hand-made

automated

can be automated

Source level

high, over 200dB

Bandwidth

limited

medium,
over 200 dB
limited

medium, over
200dB in arrays
flat

Receive response

high

high

good

Conformability

poor

good

good

Cost

low

The characteristics of the cymbal array are compared with state-of-art transducers,
the tonpilz and 1-3 composite as tabulated in Table 4.1. The main advantages of the cymbal
array over the other two types transducers are its thin profile, low cost and wider bandwidth.
Due to lack of data, the quantitative comparison is not easily obtainable.

4.7 Chapter summary
The effects of cap material, geometry and PZT material on the characteristics of 3x3
arrays were investigated. Among the parameters studied, cap cavity depth and the type of
PZT had the strongest influence. A deeper cavity depth provided higher TVR for the 3x3
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array. Soft PZT had larger piezoelectric coefficients and can provide the array with higher
TVR, but its high loss make it less suitable for high power sound transmission applications.
This study resulted in standard geometry and material specifications for the manufacture of
larger cymbal arrays: titanium caps, PZT4, and a cavity depth of 0.32mm.
In assembling arrays care must be taken not to introduce additional mechanical
boundary conditions. Four different mounting techniques, including the PC board technique,
the potting technique, the copaco ring and the corprene sheet technique, were devised and
compared. The direct potting technique of mounting cymbal transducers in the array did not
complicate the mechanical boundary conditions of the transducer in the array and gave more
predictable beam patterns. The TVR for the direct potted array exceeded 134 dB re 1µPa/V
@1m and was flat over the frequency range between resonance and 100kHz.
A 5x20 prototype array was built and tested using the potting technique. The potted
5x20 array had a flat TVR response above 146dB re 1 µ Pa/V @1m over over 17-100kHz.
The array was conformable due to the use of the polymer matrix. The conformability of the
array was demonstrated by bending and mounting the 5x20 array on a curved aluminum
shell. The conformal array with rigid backing had a lower TVR value and broader beam
width along the acoustic axis than the planar array due to geometrical effects.
The standard cymbal array compared favorably with the state-of-art 1-3 composite
transducer in terms of cost and bandwidth. Its thin profile, low weight and cost make it a
competitive technology with the tonpilz transducers.
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CHAPTER 5
ARRAY MODELING USING EQUIVALENT CIRCUIT

5.0 Chapter overview
A general equivalent circuit of an underwater transducer was employed to explain the
characteristics of the cymbal transducer. Because of the large wavelength to size ratio, the
cymbal transducer generally has a small electrical-acoustic efficiency and a high mechanical
Qm.
The so-called ABCD transfer matrix, which relates input voltage and current to the
output force and velocity was derived from the equivalent circuit parameters of the cymbal
transducer. This chapter presents the detailed derivation of these relationships and
summarizes the calculation of mutual impedance of elements in the array. Array modeling
was carried out using the calculated ABCD parameters and compared with the experimental
results of a 3x3 planar cymbal array.

5.1 Theoretical background for the equivalent circuit of transducer
5.1.1 Introduction to impedance analog

Fig.5.1 Mass-spring system representing a mechanical resonator.
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For a simple mechanical system consisting of a mass m, damping constant r and spring
with force constant K shown in Fig.5.1, the motion of the system can be represented by the
following equation:

m

du
+ ru + K ∫ udt = F0 exp( jωt )
dt

(5.1)

Where u is the velocity of the mass m, t represents the time, and ω is the angular frequency
of the applied force F0.

Fig.5.2 Electrical series resonant circuit.

Now let us consider the series-resonant electrical circuit shown in Fig.5.2. If a
sinusoidal voltage V = V0exp(jωt) is applied to the circuit, we have,
L

1
di
+ Ri + ∫ idt = V0 exp( jωt )
dt
C

(5.2)

The similarity in form between Eq.5.1 and Eq.5.2 suggests that there is an analogy
between the electrical and mechanical systems. Therefore the piezoelectric transducer as a
mechanical system can be represented by an equivalent electrical circuit. In this example,
the applied force is analogous to the voltage, the current to velocity, and the capacitance to
compliance, as indicated in the Table 5.1.
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Table 5.1 The impedance Analogy
Mechanical

Electrical

Mass

Inductance

Compliance

Capacitance

Mechanical

Electrical

Resistance

Resistance

Velocity

Current

Force

Voltage

Displacement

Charge

Mechanical

Electrical

Impedance

Impedance

This relationship is called the impedance analog and is well established and commonly used.

5.1.2 Equivalent circuit of an unloaded transducer [Stansfield, 1990]
A typical equivalent circuit for a low frequency piezoelectric ceramic transducer is
shown in Fig.5.3. R1 represents the internal mechanical loss, C1 the motional capacitance,
and L1 the inductance, respectively. R1L1C1 is the motional arm and determines the
mechanical frequency of the system. Re is related to the dielectric loss and is in parallel
connection with the clamped capacitance C0.

94

Fig.5.3 Equivalent circuit of an unloaded transducer near resonance, where Re is related to
the dielectric loss, R1 represents the internal mechanical loss, C0 the clamped capacitance,
C1 the motional capacitance, and L1 the inductance.
The equivalent circuit representation is valid only if the circuit elements can produce a
reasonably accurate approximation to the transducer behavior over a significant frequency
range and the circuit parameters are independent of frequency. This is generally true for
piezoceramic or piezoelectric composite transducers having a single, well-defined
resonance. The circuit shown above provides a good approximation to the variation of input
admittance for frequencies around resonance.
The resonance frequency fr of the LCR arm is given by:

ω r2 =

1
L1C1

(5.3)

in which ωr = 2πfr, and the mechanical Q-factor is given by
QM =

ω r L1
1
=
ω r C1 R1
R1

(5.4)

Re is related to the dielectric loss by the following equation:
tan δ =

1
ω (C 0 + C1 ) Re

(5.5)
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The coupling coefficient (squared) is defined as the ratio of the mechanical energy
resulting from the applied drive voltage V0 to the electrical energy input. At resonance, the
energy stored in the mechanical form is:
1
C1V 02
2
While the total input electrical energy is:
1
(C1 + C 0 )V 02
2
Therefore, the coupling coefficient k is related to the circuit parameters by:
k2 =

C1
C 0 + C1

(5.6)

The input admittance of the circuit represents that of the transducer, and its variation
with frequency can be readily calculated. The impedance of the series LCR motion arm is
given by:
Z 1 = R1 + jωL1 +

1
jωC1

(5.7)

 ω2 
= R1 + jωL1 1 − r2 
 ω 


 ω ωr 

= R1 + jω r L1 
−
ωr ω 
Letting Ω =

ω ωr
and substituting in Eq.5.7 we have
−
ωr ω
Z1 = R1 (1 + jQM Ω)

(5.8)

Since the input impedance (Zin) is that of the parallel combination of Re, C0 and Z1, the
input admittance (Yin) is given by
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1
1
1
=
+ jω C 0 +
Z in Re
R1 (1 + jQm Ω)

Yin =

=

jωC 0 R1 (1 + jQ M Ω) + 1
1
(1 − jQ M Ω)
+
Re
R1 (1 + QM2 Ω 2 )

=


ω r C1QM2 Ω 
1
1
j
C
+
+
−
ω
 0

Re R1 (1 + Q M2 Ω 2 )
ω (1 + QM2 Ω 2 ) 


=


ω r C1QM2 Ω 
1
1
ω
j
C
+
+
−
 0

Re R1 (1 + Q M2 Ω 2 )
ω (1 + QM2 Ω 2 ) 


(5.9)

The second and third term represent the motional conductance and susceptance of the
transducer, while the first term represents the clamped conductance.
At resonance, ω = ωr, Ω = 0, Gm =

1
, B = ωr C0.
R1

At off resonance frequencies, B = ω C,

ω s C1QM2 Ω
B
C = = C0 −
ω
ω (1 + QM2 Ω 2 )

(5.10)

From Eq.5.10, we have:
At low frequencies Ω approaches −

ωr
, the capacitance at low frequency CLF approaches C0
ω

+ C1 .
At frequencies well above resonance, Ω →

ω
, the capacitance C → C0.
ωr

The above expressions are derived under the assumption that the equivalent circuit is an
accurate representation of the transducer over the frequency range of interest and the
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parameters of the circuit remain independent of frequency. This assumption is often accurate
enough for frequencies at or below resonance, but is less reliable above resonance.
The mechanical power dissipated by the device is represented by the power in the series
LCR arm, and is given by V2Gm. The power consumed on the resistor Re due to electrical
loss is usually dissipated as heat and is given by:
V2
Re
Therefore, the electrical-to-mechanical efficiency ηem is:

η em =

Using tan δ =

1

ωC LF Re

and

Gm =

Gm
1
Gm +
Re

(5.11)

1
R1 (1 + Q M2 Ω 2 )

We have:

η em =

with QM =

1 + ωC LF

1
tan δR1 (1 + Qm2 Ω 2 )

(5.12)

C
1
and k 2 = 1 . Rearranging the equation we have:
ω r C1 R1
C LF

η em =

1

ω tan δ
1+
1 + QM2 Ω 2 )
(
2
ω r k QM

(5.13)

Fig.5.4 shows the frequency dependence of the electrical-mechanical efficiency for
typical tanδ, k and QM values. In all cases a very high electromechanical efficiency is
indicated in the curve at resonance. The main difference is the broadness of the efficiency
curve with frequency. It is shown that the electrical-mechanical efficiency is a little higher
for a high k (electromechanical coefficient) transducer and the efficiency curve is much
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broader than for low k transducers. A high coupling coefficient is therefore preferred to
achieve broader bandwidth. It is also shown in Fig.5.4 that a high Q transducer has a higher
peak value in the electrical-mechanical efficiency curve, but it should be noted that the
efficiency falls off faster on either side of the resonance, which is an indication of small
bandwidth. It is dangerous to come to the conclusion that a low Q transducer is always better
because low Q may sometimes be a result of a mechanically lossy structure.

loss=0.01, Q=10, k=0.3
loss=0.01, Q=10, k=0.5
loss=0.01, Q=2.5, k=0.5
1

Electrical-to-mechanical efficiency

0.8

0.6

0.4

0.2

0
0

0.5

1

1.5

2

2.5

Frequency ( f/f r )

Fig. 5.4 Frequency dependence of electrical-mechanical efficiency.
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5.1.3 Equivalent circuit of a loaded transducer
When the transducer is immersed in water, the radiation impedance of water has to be
added to the motional arm. The equivalent circuit of a loaded transducer can be represented
by Fig.5.5.

Fig.5.5 Equivalent circuit of a loaded transducer around resonance. Rr and Xr are the
radiation resistance and reactance of the water load, Ri is the internal mechanical losses, and
Lw the inductance, respectively.
The motional resonance is determined by

ω s Lw −

1
+ Xr = 0
ω s C1

(5.14)

Here the radiation reactance of water comes into the expression for the resonance
frequency of the loaded transducer. The radiation reactance Xr can be regarded as an
additional vibrating mass (Mr) on the transducer given by:
Mr =

Xr
ω

Since the radiation reactance of the cymbal transducer is quite large compared to the
mass of the cymbal transducer, this “additional mass” has a very significant effect on the
cymbal transducer and reduces the underwater resonance frequency of the cymbal
transducer significantly.
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The mechanical Q of the water-loaded system is:
QM =

1
ω s C1 ( Ri + Rr )

The mechanical-acoustic efficiency, ηma, is:

η ma =

Rr
=
Rr + Ri

1
R
1+ i
Rr

(5.15)

The overall electrical-acoustic efficiency of the transducer is then given by:

η ea = η emη ma =

1

ω tan δ
1+
1 + QM2 Ω 2 )
(
2
ω r k QM

Rr
Rr + Ri

(5.16)

In most cases, the mechanical-acoustic efficiency is independent of frequency and can
be assumed to be a constant in a small frequency range. The frequency dependence of the
overall efficiency is therefore mainly controlled by the electrical-mechanical efficiency
around resonance.
For transducers much smaller than the wavelength, the radiation resistance is given by:

ρck12 2
S
Rr =
S = 2πρc 
2π
λ 
where ρc is the acoustic impedance of water, k1 =

2

(5.17)

2π
, and S is the radiating surface area of
λ

the transducer.
As shown in Eq.5.17, when the size of the transducer (radiating surface) is small
compared to the wavelength, the radiation resistance is small. In most cases the radiation
resistance is small compared to the internal mechanical loss, resulting in small mechanicalacoustical efficiency. Since the electroacoustic efficiency is a product of electromechanical

101
and mechanical-acoustic efficiency, the overall efficiency of the flextensional transducers
whose sizes are much smaller than the wavelength in water, is small, and its frequency
dependence is mainly decided by the electrical-mechanical efficiency.
We can conclude from the above discussion that the cymbal transducer inevitably has a
small electrical-acoustic efficiency due to its small size. Since the internal mechanical losses
are predetermined by the materials and its structure, only one way remains to improve the
overall efficiency. That is, to improve the radiation resistance by placing the transducers in
arrays.

5.1.4 Calculation of ABCD parameters
A piezoelectric transducer can be represented in general terms by a 4-terminal network
as shown in Fig.5.6, with two electrical input terminals (A, C) and two mechanical output
terminals (B, D) [Linsler, 1962]. If an alternating voltage, V, is applied to the input electrical
terminals, the piezoelectric action of the transducer generates an alternating force, F, at the
output and a velocity, u, of the radiating face, where it is radiating into an impedance, Zr.
The “black box” denoting the transducer represents an idealized transformer which converts
electrical quantities into mechanical quantities and vice versa with a transformation ratio N.
By analogy with the more common electrical transformers, N is the factor relating the
piezoelectrically generated force, F, to the applied voltage V, when the motion of the face is
blocked (u=0). Thus, N has the units of Newtons/Volt. Alternatively, N is the factor relating
the piezoelectrically generated current ( i ) between the electrical terminals when they are
short-circuited (V = 0 ) to an applied velocity u at the mechanical side.
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Fig.5.6 A general ABCD representation of transducer as a 4-terminal network.

The ABCD parameters are defined by the equation set
V = AF + Bu

i = CF + Du

(5.18)

where, V and i are the voltage and current at the electrical terminals and F and u are the
force and velocity at the mechanical or acoustical terminals, respectively.
With the mechanical terminals clamped (u = 0, open circuit velocity),
V 
A= 
 F  u =0

(5.19)

I 
C= 
 F  u =0

(5.20)

With the electrical terminals short circuit and open circuit,
F
B = − A 
 u V =0

(5.21)

F
D = −C  
 u  i =0

(5.22)
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According to the definition of turns ratio, A =

1
N

(5.23)

Fig.5.7 Generalized equivalent circuit of a piezoelectric transducer. Zm and Zr are the
mechanical impedance and radiation impedance of a resonant transducer, respectively. Ye
represents the “blocked” electrical admittance.
Fig.5.7 shows a generalized equivalent circuit of piezoelectric transducer. When the
transducer radiates into an impedance Zr, the input current i is related to the applied voltage
V by
i = Ye V – N u

(5.24)

In this expression Ye is the blocked electrical input admittance, the ratio of input current
I to the applied voltage V when the motion is blocked. Ye can be derived from the equivalent
circuit in Fig.5.5:
Ye = ω (C 0 + C1 ) tan δ + jωC 0

(5.25)

The second term N u represents the reaction at the input due to the piezoelectric effect.
Alternatively, if an alternating force F is applied to the mechanical terminals,
F = N V + Zm u

(5.26)

where Zm is the mechanical impedance at the output terminals when the electrical terminals
are short-circuited ( V=0).
When the mechanical terminals are clamped, we have
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Ye
I 
  =
 F  u =0 N
Therefore, C =

(5.27)

Ye
N

(5.28)

Similarly, for the network in Fig.5.6, we have
V = Z e I + Nu

(5.29)

F = NI + Z m u

(5.30)

where, Ze and Zm represent, respectively, the input electrical impedance with the mechanical
terminals blocked and the input mechanical impedance with the electrical terminals opencircuited.
From Eq.5.29 and Eq.5.30, we have
F
  = Zm
 u  i =0

(5.31)

N2
F
= Zm −
 
Ze
 u V = 0

(5.32)

Ze is the blocked electrical input impedance and is given by:
Z e = 1 / Ye =

1
ω (C 0 + C1 ) tan δ + jωC 0

(5.33)

The mechanical impedance, Zm, of a resonant transducer can be represented by a
mechanical system with lumped elements such as,
Z m = rm + j (ωm −

1
)
sω

(5.34)

where m is the effective vibrating mass, s is the effective compliance, and rm the resistance
component associated with the mechanical losses in the transducer itself.
Combining Eq.5.21 and Eq.5.32, we have
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N2 

B = − A Z m −
Z e 


(5.35)

Similarly, we can obtain the equation to calculate D by combining Eq.21 and Eq.28
D = −CZ m

(5.36)

The mechanical impedances are converted to their electrical equivalents by the
hypothetical transformer in Fig.5.6, for which the impedance transformation ratio N2
includes conversion from mechanical to electrical units. The representation of a transducer
working into its radiation load in water may thus be converted to its electrical circuit, giving
a circuit as in Fig.5.7 with the relationships:
R1 =

rm
N2

(5.37)

L1 =

m
N2

(5.38)

N2
C1 =
s

(5.39)

Rr =

rr
N2

(5.40)

Xr =

xr
N2

(5.41)

where the radiation impedance in mechanical terms is expressed as Z r = rr + jx Zr.

5.1.5 Array analysis using ABCD parameters
As is demonstrated before, a transducer can be represented by an ABCD transfer matrix
relating the input voltage and current, and the output force and velocity,
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V = AF + Bu

i = CF + Du

(5.42)

If the input of the transducer is a prescribed voltage Vj, we have
V j = Aj Fj + B ju j

(5.43)

By definition, the force on piston (transducer) j is
n

F j = Z j u j = ∑ Z jmVm

(5.44)

m =1

where Zjm is the mutual radiation impedance in the array due to the acoustic effect.
Substituting Eq.5.44 into Eq.5.43, we have
n

V j = ∑ (Z jm A j + δ jm B j )u m

(5.45)

m =1

where,
1,
δ jm = 
0,

if
if

j=m
j≠m

For an array with n transducers, there will be n equations from Eq.5.45. Solving the
linear systems gives the velocities of each transducer in the array.

5.2 Mutual radiation impedance in the transducer array
5.2.1 Definition of mutual radiation impedance
Sound is produced by vibrating surfaces of the transducer. In addition to the energy
required to move the vibrating surface itself, energy is radiated into the medium by the
vibrating face. Part of the radiated energy is useful and represents the power output of the
transducer. The remainder is stored (reactive) energy which is returned to the generator.
Radiation impedance is a quantitative statement of the manner in which the medium reacts
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against the motion of a vibrating surface. It has a real part, accounting for the radiated
power, and an imaginary part, accounting for the reactive power [Beranek, L. L., 1993].
A piston vibrating with a normal velocity u1 in a fluid medium gives rise to a reactive
force on its own surface which is denoted by F11. Its radiation impedance is then given by
Z 11 =

F11
. Suppose we have a second piston, near the first, that vibrates with a velocity u2
u1

and produces a force on the first piston F12. Using a similar notation, the mutual impedance
can be defined as
Z 12 =

F12
u2

(5.46)

hence, we have F12 = Z 12 u 2 . Z12 is the mutual radiation impedance between the two
transducers.
In general, for an array of n transducers, the total force on the ith piston is given by the
general expression
n

Fi = ∑ Z ij u j

(5.47)

j =1

and the total impedance of the ith piston given by
Zi =

1
ui

n

∑Z

ij

uj

(5.48)

j =1

Here Zij is the mutual radiation impedance between the ith and the jth radiator, while Zii
denotes the self-radiation impedance of the ith radiator. For the most general type of array,
the value of each Zij will depend on the presence and location of each of the radiators. On
the other hand, if each of the radiators normally operates with a baffle, the surface of which
also contains each of the other radiators, then the mutual radiation impedance Zij will be a
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function only of the two elements i and j, independent of the others. This is the case for any
number of radiators mounted in an infinite rigid plane, in which case the plane is the baffle
for each of the elements and for the case of the cylinder considered by Rlbey [Rlbey, 1955].
It is also true for radiators of dimensions small relative to a wavelength, so that Zij is only a
function of the two elements, i and j, as considered for the small spherical radiators by
Karnovsky [Karnovsky, 1941].
Accordingly, in the above-mentioned cases it is sufficient to calculate the mutual
impedance between only two radiators at a time. The results are general and may be used to
calculate the acoustic interaction between any number of units, by means of Eq.5.48.

5.2.2 Calculation of mutual radiation impedance between two identical radiators
For two identical radiators of area S1, the net radiation impedance Z1 = Z2 of each can
be calculated from Eq.5.48 with N = 2. Since the radiators are identical Z11 = Z22 and Z12 =
Z21,
Z1 =

u
F1
F
= Z 2 = 2 = Z 11 + Z 12 2
u1
u2
u1

(5.49)

This two-element array can be considered as comprising a single, overall plane radiator
having radiating surface area S = 2S1. The total force due to acoustic radiation acting on the
overall radiator is F0 = F1+F2 = 2F1. Hence from Eq.5.49 the net radiation impedance Z0 =
F0/u0 of the overall radiator is
Z 0 = 2 Z 1 = 2( Z 11 + Z 12 )

(5.50)

The net radiation impedance Z0 can be calculated from Bouwkamp’s method
[Bouwkamp, 1946]. If the self-radiation impedance Z11 is known, as in the well-known case
of a rigid circular disk [Linsler, 1962], Z12 can be calculated from Eq.5.50. If Z11 is not
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known, it can be calculated by applying Bouwkamp’s method directly to the single isolated
radiator.

5.3 Modeling of the cymbal array
It is well known that in closely packed arrays, acoustic interactions occur that lead to
different acoustic loading on each transducer element, depending on its position in the array.
This, then, can result in significant variations in the volume velocity of each array element.
In some extreme cases, a transducer element may have a negative radiation resistance and
absorb acoustic power. The acoustic interactions are especially serious when the transducer
elements are small compared to the wavelength and if they have a high efficiency. It is thus
important to do array analysis to avoid the occurrence of negative radiation resistance.
The objectives of this chapter were to model and understand the array element
interaction in order to optimize the array performance. The information gathered here will
be used to design larger conformal arrays for underwater vehicle applications.

5.3.1 Measurement of equivalent circuit parameters of the cymbal transducer
The equivalent circuit parameters of the cymbal transducer were measured on HP4194.
First the impedance spectrum of the cymbal transducer was measured using the Impedance
Measurement function. Then the equivalent circuit mode E, which is shown below in
Fig.5.8, is selected to calculate the equivalent circuit parameters from the impedance
measurements. The center frequency was chosen as the resonance frequency of the cymbal
transducer in water, the sweep span frequency was 1kHz.
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Fig.5.8 The circuit used in the measurement of equivalent circuit parameters of the cymbal
transducer on a HP4194A.
The measured equivalent circuit parameters of the cymbal transducer are shown below.
Though R can be measured experimentally, it was not used as an input in the program.
Alternatively it was calculated as well as the radiation impedance.
Cb: clamped capacitance, 2.02nF
Ca: motional capacitance, 9.9nF
L: inductance, 8.25mH
R: 829.6 Ω
The electrical parameters were transformed into mechanical parameters using Eq.5.37
through Eq.5.41. The ABCD parameters for different frequencies were then calculated using
the equations derived in this chapter. In calculating the ABCD parameters, an effective
radiating area is required and was taken as the surface area of the two caps. The dielectric
loss was taken as that of the ceramic, which is 0.01. From the measurement, the cymbal
transducer has a very low electroacoustic efficiency, which means it has a low mechanicalacoustic efficiency. We assumed the mechanical-acoustic to be 20%. The turns ratio was
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calculated from ATILA, and was in the range of 0.1-0.4 for a cymbal transducer at different
frequencies.

5.3.2 Array interaction analysis
After the ABCD parameters were calculated, the program “ARRAY”[Butler, 1990] was
used to calculate the velocity and radiation impedance of the transducer in the array taking
the calculated ABCD parameters as inputs. A dual-piston model was adopted since the
cymbal transducer has two vibrating caps.
Fig.5.9 shows the calculated TVR of a single cymbal transducer using the measured
equivalent circuit parameters. Good agreement between the measurement and calculation
was obtained around resonance, validating the use of these equivalent circuit parameters.
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Fig.5.9 Calculated transmitting voltage response of a single cymbal transducer from the
equivalent circuit model compared with the measurement.

112
The cymbal transducer satisfies the requirements of a reciprocal transducer [Bobber,
1970], therefore the free field voltage sensitivity can also be calculated from the transmit
response using the reciprocity relationship, which has the form:
M = JS I

(5.51)

where M is the transducer’s hydrophone sensitivity in linear form, SI is its projector
sensitivity referred to its input current, and J is the “reciprocity parameter”.
If the separation d between the projector and receiver is large enough, the reciprocity
parameter is
J=

2λd 2d
=
ρc
ρf

(5.52)

where ρc is the acoustic impedance of water and f is the frequency.
Although the measurements are taken well above 1 meters in most cases, the projector
sensitivity (TVR) is referred to a nominal distance of 1 meter, therefore a nominal value of d
= 1 m is assumed. Converting the sensitivity to the more commonly used logarithmic form
and referring to 1 Pa, Eq.5.51 becomes
S I = FFVS + 20 log f + 354

(5.53)

where SI is the projector sensitivity in dB re 1µPa/A @1m, M is the free field voltage
sensitivity in dB re 1V/µPa, and f is the frequency in kHz.
If the transducer’s electrical input impedance is Z, we can convert the current projector
sensitivity SI into a voltage projector sensitivity, and Eq.5.53 then takes the form
TVR = FFVS + 20 log f − 20 log Z + 354

(5.54)

Using the above equation, we can calculate the free field voltage sensitivity from TVR
and impedance. Fig.5.10 shows the calculated Free Field Voltage Sensitivity from the
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equivalent circuit using the reciprocity principle. It agrees quite well with the measured
value of a cymbal transducer with conductive bonding material.
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Fig.5.10 The calculated Free Field Voltage Sensitivity from equivalent circuit using the
reciprocity principle.
Fig.5.11 shows the calculated radiation impedance of a single cymbal transducer. In this
frequency range, the radiation reactance is much larger than the radiation resistance. The
reactance acts like an additional mass on the transducer, leading to a reduced resonance
frequency of the transducer.
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Fig.5.11 Calculated radiation impedance of a single cymbal transducer in water.

When the transducers are assembled in an array, the radiation loading on each
individual source is different depending on its position in the array. The individual
transducers adjust by changing their velocity. In the 3x3 array, the transducers were grouped
into three categories because of the symmetry of the array, as shown in Fig.5.12.

Fig.5.12 Configuration of the 3x3 array in the modeling, A represents the center transducer,
B is the transducer on the corner and C on the edge.
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The normalized radiation resistance (relative to that of a single element) of each group
of transducers in the array is shown in Fig.5.13. As a result of array interaction the
normalized radiation resistance of all three groups of transducers is greater than unity.
Furthermore, the radiation resistance of the transducer oscillates with frequency, particularly
for the group A transducer. With quite a low radiation resistance just below resonance, the
radiation resistance increases drastically at resonance, indicating strong interactions for the
center transducer in the array.
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Fig.5.13 Calculated normalized radiation resistance of the transducers in the 3x3 array.
Fig.5.14 shows the velocities of the three types of transducers near the resonance
frequency. The velocities are normalized relative to v11, the velocity of a separate, single
cymbal transducer. Corresponding to the radiation resistance shown in Fig.5.13, just below
resonance the normalized velocities of the transducers in the array are bigger than unity,
with the center transducer being the largest. The increased motion of the center transducer
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may cause mechanical failure of the transducer and is a potential problem in array operation.
Due to the increase in radiation resistance at resonance, the velocities of all three groups
were smaller than that of a single cymbal transducer with no acoustic loading. The Group A
transducer has the smallest velocity since it has more surrounding transducers than the other
groups and “feels more acoustic loading”. As the frequency moves away from resonance,
the radiation resistance of the transducers decreases and approaches that of a single
individual cymbal, indicating less array interaction at these frequencies.
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Fig.5.14 Normalized velocity of transducers in the array depending on their surroundings.
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Since the cymbal transducer is small compared to the wavelength in water around
resonance, it has a very low radiation resistance and relatively high radiation reactance
which means the transfer of radiated acoustic power from the surface of the radiator to the
water is very inefficient. Since the overall efficiency is the product of the radiation and
mechanical transduction efficiencies, the cymbal’s overall efficiency would also be low
even if the mechanical transduction rate is high. Fig.5.15 shows the measured electricalacoustic efficiency of a single cymbal transducer and the 3x3 array. The overall efficiency of
a lone cymbal transducer is less than 5% even at resonance, and it decreases quickly away
from the resonance. As a result of the increase in mutual radiation resistance in the array due
to mutual interaction, the array has a much higher efficiency than an individual cymbal
transducer. This is shown in Fig.5.15. The array has an efficiency over 30%, compared to
the very small efficiency of the single cymbal transducer.
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Fig.5.15 Measured efficiency of a single cymbal transducer and of the potted 3x3 array.

Fig.5.16 shows the calculated TVR for the 3x3 planar array; reasonable agreement was
obtained between the calculation and the experiments near resonance. The 3x3 array does
not have an obvious resonance, mainly due to the array interaction effect. As discussed
previously, the radiation resistance is greatly enhanced by mutual radiation caused by the
acoustic loading effect, and therefore the velocity of each transducer is only a fraction of the
value of a single, separate transducer. The result is a lowered TVR value and Q.
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Fig.5.16 The calculated TVR of the potted 3x3 array compared with measurements.

Although the strong interaction at this spacing results in small TVR values around
resonance, it flattens the transmit response of the array as shown in Fig.5.16. As the spacing
increases, the normalized velocity variations among the three group transducers decrease
and approach the single element value, indicating less array interaction. As a result of this,
the predicted peak value of the 3x3 array increases at the cost of losing the flat TVR
response shown in Fig.5.17.
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Fig. 5.17 Calculated transmit voltage response of a 3x3 array as a function of center to
center spacing.
5.4 Chapter summary
The behavior of single cymbal transducer was explained using an equivalent circuit
model. Single elements have a very low electro-acoustic efficiency and high mechanical Qm
because of its small radiation resistance which is an inherent consequence of its small size to
wavelength ratio. Single cymbal elements must be assembled into arrays to achieve higher
efficiency and source level as well as directivity.
Array analysis was carried out using a generalized 4-terminal network. The ABCD
parameters were derived from the measured equivalent circuit parameters. Mutual radiation
impedance due to acoustic loading was key to the understanding of array interaction.
Acoustic loading effects were studied using a 3x3 array as an example and was found to
have a profound impact on the array performance. The velocities of the transducer change
drastically with frequency due to array interaction. The extent in change of velocities
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strongly depends on the spacing between the elements and their surroundings. At resonance,
the reduced velocities of each transducer in the array damps out the peak of the TVR curve
of the array. Array interaction in the 3x3 array works to its advantage in the sense that it
flattens the transmit response around resonance and, more importantly, it enhances the
electrical-acoustic efficiency of the array.
It must be emphasized that the array interaction analysis in this chapter is based on the
simplified dual-piston model and the calculation of mutual radiation impedance does not
take into account the shape of the transducer. Therefore the calculation is approximate and
may involve considerable errors in predicting the actual array behavior. Numerical method
which takes into account the shape of the transducer should be considered when a more
accurate analysis is required.
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CHAPTER 6
MODELING OF CYMBAL TRANSDUCERS AND ARRAYS BY
COUPLING FINITE ELEMENT ANALYSIS (ATILA) WITH
INTEGRAL EQUATION METHOD (EQI)

6.0 Chapter overview
In this chapter three dimensional modeling of single element and transducer arrays was
carried out by coupling finite element analysis (ATILA) and the Integral Equation
formulation (EQI). The pressure and velocity distributions on the surface elements are first
calculated by the finite element method and later used with the integral equation method to
calculate the far field properties of the transducer element and arrays. It eliminates the mesh
of the fluid domain and makes the three-dimensional model of a transducer possible. Three
dimensional models of a cymbal transducer and a 3x3 cymbal array were developed in the
modeling. Very good agreement was obtained between modeling and measurement for
single element transducers. By coupling finite element analysis with the integral equation
method using boundary elements, acoustic interaction effects are taken into account. It was
found that array interaction was a very serious problem at resonance in the 3x3 array. The
vibration displacement and phase of the transducers in the array strongly depend on their
location and also was affected by the polymer matrix used in assembling the array.
Reasonable agreement was obtained between calculation and measurement for the 3x3
array.
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6.1 Modeling procedure
In the modeling, the solid structure of the transducer was first modeled and meshed with
special surface elements. The surface elements cover the entire structure of the transducer.
In the case of the array, all transducers are modeled with surface elements. Using 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 kinematic and dynamic continuity conditions at the interface, the far field and near
field pressures in the fluid domain are calculated with the Integral Equation code EQI. The
general procedures are shown in the flowing flowchart.

ATILA

ATILA

Generation of nodes and

Definition of the model
Generation of the mesh
Definition of material
properties and surface
elements

Postprocessing

elements on the surface
for EQI by viewing the
mesh (MDES)

ATILA and EQI
Execution

Preparation of data file
for EQI

Fig. 6.1 Procedures of the modeling by coupling ATILA and EQI
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The program ATILA (version 5.2.1) and EQI (version 6.0.2) used in this work was
leased from Magsoft, New York. The calculation was done on a Gateway GP6-450 personal
computer with operation system Windows 95. For a single element modeling, it took about
15 minutes to calculate the beam pattern/TVR at one frequency. Due to the large mesh size
of the array, the computation time was enormous. It took about ten hours to calculate the far
field properties at one frequency.

6.2 Modeling of single element
Due to symmetry, only a quarter of the transducer structure is modeled. There are
symmetry planes across XOY and XOZ. In the symmetry planes the corresponding
displacement is clamped, Uz in the XOY plane and Uy in the XOZ plane. Fig.6.2 shows one
quarter of the cymbal transducer.
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Fig.6.2 Three-dimensional model of a cymbal transducer. Due to symmetry only a quarter of
the cymbal structure is modeled.

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 illustrated in Fig.6.3 (in this case,
the glue layer is not included). The symmetry plane XOY is grounded and 1V was applied to
the upper side of the ceramic. Since 1V is applied to a thickness of 0.5 mm, which is half of
the thickness of the ceramic, the electric field is actually 1V/0.5mm = 2V/mm. It is
equivalent to an applied voltage of 2 volts for a 1mm thick ceramic. Therefore what the
program calculates is source level (SL). To obtain the TVR, the following equation is used:
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SL = TVR + 20 log V

(6.1)

Here 20 log V = 6. Thus we have to subtract 6dB from the calculated source level to get
TVR. For the same reason, the calculated impedance was multiplied by 2 to get TVR for a
1mm thick ceramic disk.

Fig.6.3 Mesh of the surface elements of a single element

Since the epoxy thickness is very small compared to 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.6.4 shows the calculated TVR of a cymbal transducer compared
with measurement. Without modeling the glue layer, the calculated resonance frequency was
around 20kHz compared to the measured resonance frequency of 16.6 kHz. The
considerable difference in resonance frequency suggests that the epoxy layer increases the
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effective compliance of the cymbal structure substantially. Therefore the epoxy layer must
be included in the model even at the cost of a more detailed mesh and considerably
increased computation time.
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Fig.6.4 Comparison of experimental and calculated TVR of a single element. Computation
did not include the epoxy bonding layer.

In the next step, the epoxy layer was included in the modeling. Its thickness was
assumed to be 50 µm. The calculated TVR is shown in Fig.6.5 and compared with the
measured values. A nearly perfect match was obtained over a wide frequency range from
10kHz to 80kHz. The three peaks in the measured spectrum at 20kHz, 34kHz, 53kHz and
62kHz come from the resonance of the air bubbles in the cured polyurethane and will be
ignored in the discussion. The major peak at 17kHz in the TVR curve corresponds to the
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first flextensional mode of the caps, which is illustrated in Fig.6.6. There is a sharp dip
around 68kHz, which originates from the second flextensional mode of the metal caps. As
seen from the vibration mode in Fig.6.6 (b) at this frequency, two portions of the cap vibrate
out of phase. The pressures from different portions of the metal caps cancel out, leading to a
sharp drop in transmit response

.
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Fig.6.5 Calculated and measured TVR of single cymbal modeled more accurately with the
bonding layer.
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(a) 17k Hz

(b) 68kHz
Fig.6.6 Displaced shape of the cymbal transducer at (a) 17kHz (b) 68 kHz.

The calculated impedance of a cymbal transducer is shown in Fig.6.7 and compared
with the measured impedance. There is a significant difference between the measurement
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and modeling at low frequencies. The predicted impedance is about an order higher than the
measurement and decreases gradually as frequency increases. It also predicts a peak
associated with the resonance. The measured impedance, on the other hand, is pretty flat
over the frequency range.
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Fig.6.7 The calculated and measured impedance of a cymbal transducer.

Based on reciprocity, the receive response of the cymbal transducer was calculated
from the calculated TVR and impedance using the following equation:
TVR = FFVS + 20 log f − 20 log Z + 354

(6.2)

Fig.6.8 shows the calculated FFVS of a cymbal transducer using Eq.6.2 taking the
calculated impedance. A difference of around 10 dB exists between the calculation and
measurement. To explain the discrepancies, it is necessary to examine the experimental
conditions. In the modeling, the electric field was applied directly to the face of the PZT
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disk and it does not “see” the epoxy layer. In the measurement, the leads were connected to
the cap, instead of the PZT disk for convenience. The insulating epoxy layer adds a
capacitance in series with the ceramic, thus creates a voltage divider which lowers the
FFVS. This loss can be corrected by making a good electrical contact between the cap and
the electrode. To verify this idea, another cymbal transducer of the same material and cap
geometry was assembled with conductive epoxy. The electrical leads were connected to the
flange of the cap in the usual way.
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Fig. 6.8 Calculated FFVS of cymbal transducer based on reciprocity. The impedance used
in the calculation is the calculated impedance shown in Fig.6.7.

The measured impedance and FFVS of the modified cymbal with conductive epoxy
are shown in Fig.6.9 (a) and (b) respectively. In both cases, the modeling and measurement
agree very well.
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(b)
Fig.6.9 Measured (a) impedance (b) FFVS of the modified cymbal (conductive epoxy)
compared with ATILA-EQI calculation.
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The FFVS recalculated from the measured impedance of cymbal transducer with
insulating epoxy is shown in Fig.6.10. Interestingly, they agree pretty well. It provides more
evidence that the loss in sensitivity of a cymbal is caused by the capacitance of the dielectric
epoxy and the fact that no direct electrical contact was present.
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Fig.6.10 Calculated FFVS of cymbal transducer based on reciprocity. The impedance used
in the calculation is measured from the cymbal transducer assembled with insulating epoxy.
The effect of the insulating epoxy layer can be explained using the simple equivalent
circuit shown in Fig.6.11. Re is related to the dielectric loss, R1 represents the internal
mechanical loss, C0 the clamped capacitance, C1 the motional capacitance, and L1 the
inductance. Zb is the additional impedance caused by the poor electrical contact between the
caps and the electrodes of the ceramic.
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Fig. 6.11 Equivalent circuit of a cymbal transducer as a hydrophone.

The voltage generated in the ceramic by the incident pressure is represented by Vp, and
measured output voltage from the hydrophone is the voltage V across the resistor Re
The impedance of the R1L1C1 combination is:
Z 1 = R1 + jωL1 +

1
jωC1

(6.3)

For the ReC0 combination, the impedance is given by:
1
1
=
+ j ωC 0
Z 0 Re

(6.4)

The voltage output across Re is:
Z0
V
=
V p Z 0 + Z1

(6.5)

When insulating epoxy is used, an additional impedance Zb is introduced, which is in
series connection with R1L1C1. The voltage output becomes:
Z0
V
=
V p Z 0 + Z1 + Z b

(6.6)
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Comparing Eq.6.5 and Eq.6.6 and we can conclude that the additional impedance
caused by the insulating epoxy layer reduces the voltage output of the cymbal transducer.
This explains why cymbal transducer with insulating epoxy bonding has lower voltage
sensitivity than predicted.
To substantiate our explanation, the resistance of different epoxy systems were
measured as follows. A regular Ti cap used with the half inch cymbal was first polished to
remove the oxide layer and then bonded to the silver electrode of a one inch PZT disk using
two different epoxies: the insulating epoxy regularly used in the fabrication of cymbals and
conductive epoxy. Electrical wires were connected to the silver electrode of the PZT disk
and the cap of the Ti cap as shown in Fig.6.12. Three samples were made for each case. A
Hewlett Packard 971A multimeter was used to measure the DC resistance between the cap
and the silver electrode of the PZT. In the case of conductive epoxy, the measured resistance
was about 5 ohms for all three samples. While for the insulating epoxy, the measured
resistances were 56, 570 and 418 ohms. They varied markedly from sample to sample. In
both cases, the measured resistance was very sensitive to applied force on the caps. By
pushing on the cap with a small force the resistance dropped to around 1 ohm. It is
becoming evident that poor electrical contact between the cap and ceramic is a weak point in
the manufacture of cymbal transducer. The use of conductive epoxy can alleviate the
problem by an order of magnitude, but usually the conductive epoxies have lower bonding
strength and are not good for high power transmission. This is a materials problem requiring
further attention.
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Fig.6.12 The setup used to measure the DC capacitance of the epoxy bonding layer

6.3 Modeling of a 3x3 rectangular array
Three symmetry planes exist for the 3x3 array, and therefore only one eighth of the
array is modeled. As in the single element case, it is necessary to include the glue layer in
the modeling. Its thickness is taken to be 50 µm. Fig.6.13 shows the configuration of the
array. In the standard array geometry, the element center to center spacing is 15mm. The
single element mesh used in the previous study was duplicated to obtain the mesh for the
3x3 array. Therefore the mesh for the array is essentially multiple copy of a single element.
Fig.6.14 displays the mesh of the surface elements.
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Fig.6.13 The three dimensional model of the 3x3 array.

Fig.6.14 Surface elements mesh of the 3x3 array. The center cymbal is in the lower left.
The predicted TVR of a 3x3 array with a center to center spacing of 15mm is shown in
Fig.6.15 and compared with the measured TVR of the array. In both modeling and
measurement the peaks associated with the resonance have disappeared because of the
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damping associated with acoustic loading. This is a result of strong acoustic interaction
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.6.16 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, however, the
displacement of the center transducer in the array is almost twice as large as that of a single,
individual element at this frequency. Because of this enhanced motion, the stress in the
ceramic may exceed the fracture strength and destroy the ceramic. In addition to the
mechanical problem, the heat generated in the ceramic due to mechanical and dielectric loss
may depole the ceramic or loose the bonding layer, leading to a thermal failure.
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Fig. 6.15 Predicted TVR of a 3x3 cymbal array compared with measurement.
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Fig.6.16 Calculated displacement of transducers in the array and of a single, individual
transducer.
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Fig.6.17 shows the calculated displacement field of transducers in the array at the
nominal resonance frequency (17kHz). The corner transducers actually vibrate out of phase
with the other transducers in the array. The pressures from different transducers partially
cancel as a result of out of phase vibration. The net effect is that the resulting TVR curves
are flattened around the nominal resonance frequency and appear to possess a broad band
response.
.

Fig.6.17 The displacement fields of the transducer in the 3x3 array at 17kHz (nominal
resonance). The center cymbal is in the lower right.
As shown in Fig.6.15, the predicted TVR is 2 to 4 dB lower than the measured value
above the nominal resonance frequency. 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 composite and has a similar decoupling effect [Klicker, 1981]
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caused by the polymer matrix. As in the 1-3 composite, the radial motion of the ceramic disk
is partially suppressed by the polymer matrix, while the axial motion of the caps is not. The
negative contribution of the radial motion to the sound pressure is therefore reduced. Since
the metal caps of the cymbal have an amplified motion in the axial direction, the effective
acoustic impedance in the axial direction is reduced and the polymer may further serve as a
matching layer between 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 ceramic from the axial motion together with the improved acoustic matching
layer increases the output pressure of the array.
The modeling predicts a sharp dip in the TVR curve for a 3x3 array at 68kHz, as shown
in Fig.6.15. 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.6.18. 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 measured TVR. Again the discrepancy may be ascribed to the polymer matrix
which alters the boundary conditions of the transducer elements in the array. Since the metal
caps are in close contact with the polymer matrix, the two-nodal point line mode shown in
Fig.15 tends to be suppressed by the polymer matrix. As a result, the TVR is improved in
this frequency range.
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Fig.6.18 Displacement field of transducers in the array at 68kHz.

The vibration mode of transducers in the array at 80kHz is shown in Fig.19. The
displacement magnitude and phase for each transducer in the array are essentially the same,
suggesting little array interaction at this frequency as a result of large spacing to acoustic
wavelength ratio.
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Fig. 6.19 Displacement field of transducers in the array at 80kHz.

The calculated beam patterns of the 3x3 array in XOZ plane at various frequencies are
shown in Fig.6.20. The acoustic axis is the OZ direction. At low frequencies when the array
size is much smaller than the wavelength, and the beam patterns tend to be omnidirectional.
As frequency increases, side lobes begin to appear at 40kHz and additional lobes are
observed at 80kHz. At all frequencies, the modeling predicts successfully the main lobes and
the side lobes as well as the nulls in the beam pattern.
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Fig.6.20 Predicted beam patterns of the 3x3 array compared with the measured beam
patterns (a) 20kHz (b) 40kHz (c) 60kHz (d) 80kHz (  Measured
----- ATILAEQI).
Fig.6.21 shows the calculated and measured impedances of the 3x3 array. As a result of
acoustic loading the peak associated with the resonance of individual transducers is not
observed. Since insulating epoxy was used in assembling transducers for the array for use as
a projector, a discrepancy exists between measurement and calculation.
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Fig.6.21 Calculated and measured impedance of the 3x3 array with a center to center
spacing of 15mm.
6.4 Minimization of array interaction effect around resonance
Previous calculations indicate that array interaction might be disastrous for the closely
packed cymbal array at the nominal resonance, but there is a simple way to avoid this
problem. Instead of having identical transducers in the array, we slightly varied the cavity
depth of the transducers in the array so that the resonance frequencies of the transducers are
slightly different. The cavity depth of the center transducer was maintained at 0.32mm
(approximately 17kHz), while the cavity depths for the corner and edge transducers were
0.28mm (approximately 16kHz) and 0.36mm (approximately 18kHz), respectively.
Fig.6.22(a) shows the calculated displacement of the dome area of the transducers in the
array. At nominal resonance the displacement of the center transducer in the array is greatly
damped compared to its displacement in an array of identical transducers. It is also much
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smaller than that of a single, individual cymbal. This suggests a reduced mechanical Q and
less interaction from the surrounding transducers for the center transducer. Therefore by
slightly varying the resonance frequencies of the transducers in the array, the vibration
velocities of the transducers in the array become more uniform at resonance, making the
array less subject to the aforementioned mechanical and thermal failure. Fig.22 (b) shows
the displacement of the transducers in the array. It is clearly seen that the center transducer
has approximately the same vibration magnitude as the edge transducers and they vibrate in
phase. Due to array interaction the corner transducers vibrate out of phase with other
transducers, reducing the pressure output at this frequency. The predicted TVR of this array
is nearly identical to the identical-transducer array shown in Fig.6.23. Therefore to avoid
transducer failure associated with array interaction, we can slightly vary the mechanical
characteristics of individual transducers in the array without compromising the acoustic
output. Fortunately, in building the cymbal transducers, it is not easy to control the geometry
and resonance frequency precisely. There is always a small variation in resonance. As
discussed here, this manufacturing problem helps alleviate the array interaction problem at
resonance while maintaining the far field pressure of the arrays.
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Fig.6.22 The reduced motion of the center transducer (lower right) in the array at resonance
as a result of varying the cap geometry.
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Fig. 6.23 Predicted TVR of a 3x3 array of transducers with identical and slightly different
resonance frequencies.
The calculated beam patterns around resonance of the two arrays are also shown in
Fig.6.24. At 20kHz where acoustic interaction is less severe, the beam patterns are very
similar. At resonance, 17kHz, the varied resonance array gives a good beamwidth. The array
of identical transducers has two side lobes because of phase variations. It is caused by the
strong acoustic interaction which leads to different vibration velocity and phase depending
on their location in the array.
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Fig.6.24 Calculated beam patterns of two 3x3 arrays: one array has identical transducers, the
geometry of the transducers in the other array are slightly varied to keep resonance apart.
6.5 Effect of element center to center spacing on array response
It has been shown that array interaction is severe around resonance, which is geometry
dependent and may lead to transducer failure. It is important to take a look at the effect of
array spacing on array interaction. The effect of element center to center spacing in the array
is shown in Fig.6.25. At low frequencies where array interaction is severe, the predicted
TVR is very sensitive to the element spacing. At the nominal resonance frequency of 17kHz,
the TVR of the array increases from 124dB to 133dB when the element spacing is increased
from 13.5mm to 16mm. The difference is 9dB when there is a change in spacing of only
2.5mm. At higher frequencies, where the wavelength is of the same order of the size of the
array (40kHz), the predicted TVR is less dependent on the spacing.
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Fig. 6.25 Effect of element center to center spacing on the predicted TVR of a 3x3 array.

The beam patterns are also very sensitive to the element spacing which is
demonstrated in Fig.6.26. At a spacing of 13.5mm, the acoustic interaction is very severe
and much of the pressure is cancelled along the acoustic axis, leading to a lower TVR in the
supposedly acoustic axis direction. The acoustic axis is actually reversed. As spacing
increases and array interaction becomes less severe, the pressure in the acoustic axis
increases.
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Fig.6.26 Beam patterns of the array at resonance as a function of element spacing in the
array.
6.6 Chapter summary
The coupling of finite element analysis and boundary element method provides an
efficient way of modeling underwater transducers and arrays. For a single cymbal
transducer, excellent agreement was obtained between calculation and measurement using
this technique. Contrary to previous belief, the thin epoxy layer used to glue the caps to the
ceramic disk has a tremendous effect on the transducer resonance and sensitivity. It 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, individual
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transducer at low frequencies where acoustic interaction is important. The vibration
magnitude and phase of the transducers are strongly affected by the mutual radiation
impedance which is dependent on their location in the array. For the 3x3 array studied here,
the motion of the center transducer may be one order bigger than other transducers and may
lead to mechanical and thermal failure of the transducer. As the frequency increases,
acoustic interaction becomes less severe and transducers in the array behave more like a
single, individual element. A simple method was proposed to minimize the danger of strong
acoustic interaction effect at resonance. By varying the resonance of individual transducer in
the array, acoustic interaction can be greatly reduced. The motion of the transducers in the
array is less dependent on location and tends to be in phase.
Near resonance the element center-to-center spacing was found to have a strong effect
on the array behavior. Strong acoustic interaction at small spacing damps the resonance and
leads to a lowered TVR along the acoustic axis. In addition to mutual radiation impedance,
the vibration of the transducers in the array is also affected by the polymer matrix used in
assembling 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 integral equation method appears to be an
effective way of modeling both single element transducers and arrays. Compared with an
equivalent circuit model, it provides more accurate and detailed description of array
interaction at all frequencies. The ATILA-EQI approach is capable of analyzing complex
transducer structures, like the flextensional cymbal array while the equivalent circuit model
involves many approximations and assumptions which are difficult to justify.
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CHAPTER 7
MODIFIED MINIATURIZED FLEXTENSIONAL TRANSDUCERS:
THE “DOUBLE-DIPPER” AND THE “DOUBLE-DRIVER”

7.0 Chapter overview
Two miniaturized flextensional transducers, the “double-dipper” and the “doubledriver” were developed with the aid of finite element analysis. The double-dipper can
significantly increase the pressure tolerance and reliability of the cymbal-type transducer.
Several configurations of the double-dipper were investigated using the finite element
analysis code ATILATM.
By exciting the bending mode of the driving element, the double-driver can
manipulate the beam patterns, directing the sound projection in only one direction. A 3x3
double-driver array was built and tested at different frequencies. It has been demonstrated
that a front to back ratio of over 20dB can be obtained without a baffle.

7.1 A miniaturized deep submergence flextensional transducer: the double-dipper
7.1.1 Introduction
The standard cymbal is intended for shallow water use (no deeper than 200 m) due to
its convex structure and thin caps. If the hydrostatic pressure exceeds a certain threshold, the
metal caps deform permanently and the cavity collapses, thus destroying the amplification
effect [Tressler, 1997]. A new type of cymbal transducer, which is called the concave
cymbal or double-dipper cymbal, was developed to improve the pressure tolerance. In this
new design, a ceramic ring is used instead of a disk. The ring is sandwiched between two
inverted cymbal caps. An advantage of this design is that the ceramic and the metal caps
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vibrate in phase, eliminating any out-of-phase component of the radiating field. Schematic
drawings of the double-dipper is shown in Fig.1. The fabrication procedure is very similar to
that of the standard cymbal except that the metal caps are inverted. The brass caps have the
same geometry as the standard cymbal described in Chapter 3. The piezoelectric ceramic
rings had a thickness of 1mm, an outer diameter of 12.7 mm, and an inner diameter of 9.0
mm.

Fig.7.1 Cross-sectional view of the double-dipper cymbal transducers.
7.1.2 The double-dipper
Fig.7.2 shows a comparison of the pressure dependence of the effective dh for the
double-dipper and the standard cymbal. The effective dh for bulk PZT is also shown as a
function of pressure. Both standard and concave cymbals have effective dh values over fifty
times larger than that of the bulk piezoelectric material. The standard cymbal can withstand
2 MPa but when the pressure increases over 2 MPa, it fails catastrophically. In the case of
the concave cymbal, it has a slightly lower dh than the standard cymbal transducer but it
survives up to 6 MPa without significant degradation in its properties. The concave cymbal
exhibits much improved pressure tolerance under hydrostatic loading. At higher pressures,
the concave cymbal will probably fail when the metal caps meet and cause an electrical
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short circuit. This can be avoided by applying a thin insulating layer between the brass caps
to further improve the pressure tolerance.
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Figure 7.2 Pressure dependence of the effective dh coefficients for the standard and concave
cymbal transducers.
It has previously been shown for standard cymbals that the flextensional resonance
frequency can be tailored by changing the cap material and geometry[Tressler, 1999]. The
concave cymbal utilizes the same amplification mechanism as the standard cymbal, but its
flextensional resonance frequency is slightly lower than the standard cymbal as shown in
Table 7.1. Other characteristics of concave cymbal transducers are also compared with
standard cymbal transducers in Table 7.1. The effective d33 and capacitance of concave
cymbal transducers are smaller than those of the standard cymbal transducers because less
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piezoelectric material is used in the device. The vibration modes of the metal caps of
double-dipper, are quite similar to those of the standard cymbal, as shown in Fig. 7.3.

(1) 23186Hz, (0,1) mode

(2) 77551Hz, (0,2) mode

(3) 142181Hz, (0,3) mode
Fig.7.3 Vibration modes of the double-dipper.
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Table 7.1 Typical in-air characteristics of standard and concave cymbal transducers (half
inch diameter)

flextensional frequency
coupling coefficient

standard cymbal

double-dipper

24 kHz

23 kHz

20%

15%

effective d33

12000 pC/N

4000 pC/N

capacitance

2.9 nF

1.2 nF

submergence limit

250 m

>600 m

7.1.3 Effect of mechanical boundary conditions on the underwater response of the doubledipper
It was demonstrated in the previous chapter that mechanical boundary conditions have a
dramatic effect on the underwater performance of the standard cymbal transducer. The same
argument applies to the double-dipper. In the following section, two experimental fixtures
which correspond to two different mechanical boundary conditions will be discussed.

7.1.3.1 Free mechanical boundary condition
When the transducer is potted in polyurethane, the polymer can be considered as high
viscosity liquid, and therefore the cymbal transducer is under mechanically free condition.
The measured and predicted TVR of a single double-dipper are shown in Fig.7.4 (a). Like
the standard cymbal, the concave cymbal showed narrow band characteristics with a
mechanical Q around 10. Very good agreement was obtained between the measurement and
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the FEA calculation. This suggested that a “free” mechanical boundary condition was
maintained in the potted cymbal. The small discrepancies between the calculated and the
experimental results may have arisen from imperfections in the ring, or from stresses in the
metal caps. The calculated FFVS, shown in Fig.7.4 (b), followed the main features of the
measured FFVS, but its amplitude was about 10dB higher than the measurement. This was
because of the poor electrical contact between the ceramic electrode and the metal caps.
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Fig.7.4 The measured and calculated underwater characteristics of a double-dipper under
mechanical free conditions: (a) TVR (b) FFVS. In the measurement, the transducer was
potted in polyurethane to maintain the mechanically “free” condition.
7.1.3.2 Inner circumference of the ceramic ring clamped
In this experiment, the old PC board technique was used in the underwater
measurement. It imposed additional boundary conditions on the transducer as discussed in
the modeling of the standard cymbal. In the FEA modeling, the inner circumference of the
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ceramic ring was clamped. Fig.7.5 shows the measured and calculated TVR and FFVS
under these conditions.
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Fig.7.5 Measured and calculated (a)TVR and (b) FFVS of a concave cymbal transducer. In
the modeling, the inner circumference of the ceramic ring was clamped.
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In both TVR and FFVS, the modeling predicted the main features of the curves,
including the dip at around 24kHz. This suggested that the PC boards clamped the
transducer in a way that the inner circumference of the ceramic ring was clamped. The
clamping of the PC boards is anisotropic and difficult to control, making the performance of
the transducer unpredictable.

7.1.4 Double-dipper array
Since individual concave cymbals are not powerful enough and are not sufficiently
broad-band for practical use, the incorporation of single elements into arrays is necessary to
improve underwater performance. A 3x3 double-dipper array was assembled using the PC
board technique as described in Chapter 4. The element center-to-center spacing was 15mm.
The TVR and FFVS of the 3x3 double-dipper array are illustrated in Fig.7.6 and compared
with a 3x3 standard cymbal array. The double-dipper array shows broader band
characteristics in both TVR and FFVS. It has a TVR of around 125 dB re 1µPa/V @ 1m and
is rather flat over the frequency range from 20-50 kHz. Its FFVS is slightly higher than the
standard cymbal array, due to the fact that it has a lower capacitance. Around resonance,
both TVR and FFVS are irregular with several peaks and dips showing the clamping effect
of the PC boards.
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Fig.7.6 Measured (a) TVR (b) FFVS of a 3x3 double-dipper array.
As discussed previously, the PC boards impose an anisotropic stress on the flange of
the cymbal transducer since they partially clamp the inner circumference of the double-
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dipper. An increase in TVR for the 3x3 array is expected if the potting technique were used
in assembling the arrays. The anisotropic clamping effect also leads to the distorted beam
patterns of the array shown in Fig.7.7.
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Fig.7.7 Measured beam patterns of the 3x3 double-dipper array at (a) 30kHz (b) 50kHz.
7.1.5 Other configurations of the double-dipper
The use of PZT rings allows the ceramic elements to be poled through its thickness
or poled radially. It can then be driven in such a way that d33 or d15 could be used. The d33,
d15 and the corresponding electromechanical coupling coefficients are higher than d31 and
k31. There is a good possibility of improving the sensitivity of the double-dipper by using d33
and d15. Since ATILA can predict the underwater performance of the cymbal type
transducer, different configurations of the double-dipper were examined using ATILA.
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7.1.5.1 d33 mode double-dipper
When the ceramic is poled radially through the wall and driven with an electric field
through the wall, the d33 mode of the ceramic can then be used to drive the caps. This is
attractive because the piezoelectric coefficients and coupling coefficients of the d33 mode are
much higher than the d31 mode. Fig.7.8 shows the calculated TVR and FFVS of a doubledipper driven with the d33 mode. The FFVS sensitivity is 6dB higher than that of a standard
double-dipper at resonance as a result of the higher piezoelectric coefficients and
electromechanical coupling constants. The TVR is smaller than the d31 mode double-dipper
because the wall dimension of the ceramic ring (1.85mm) is bigger than its thickness
(1.0mm). Because of the large wall thickness, the d33 mode double-dipper can be driven
much harder (higher drive voltage) than the standard d31 mode double-dipper. It should also
be emphasized that it has a lower Q than the standard cymbal because of the higher coupling
coefficients.
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Fig.7.8 The predicted a) TVR and b) FFVS of a d33 mode double-dipper compared with the
d31 mode.
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The predicted in-water admittance of the d33 mode double-dipper is displayed in
Fig.7.9. The admittance is lower than the standard double-dipper due to the larger wall
thickness.
Since the two caps vibrate in phase, the resulting beam patterns are omnidirectioal
and essentially the same as the standard double-dipper.
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Fig.7.9 The predicted in –water admittance of a double-dipper driven with d33 mode.
7.1.5.2 d15 mode double-dipper
If the ceramic ring is poled through the wall and electric field applied through the
thickness, the shear mode of the ceramic ring was excited and d15 can be used. Fig.7.10
shows the vibration mode of the double-dipper using the d15 mode. Due to the shear motion
of the ceramic ring, the motion of the two caps had a phase difference of 180 degrees.
Therefore, it is a dipole type transducer. The resulting beam pattern is shown in Fig.10. For
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all dipole type underwater transducers, part of the pressure is cancelled due to the out-ofphase vibration, therefore a lower TVR is expected. The predicted TVR of the d15 mode
double-dipper is shown in Fig.7.11. It is lower than the standard double-dipper and has a
higher Q. It is also a concern that the ceramic is weak under shear stress. Generally
speaking, the d15 mode double-dipper is not promising as an underwater transducer in terms
of performance, reliability and cost.

Fig.7.10 Vibration mode of the d15 mode double-dipper at the first flextensional resonance
frequency.
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Fig.7.11 Beam pattern of the d15 mode double-dipper at 20kHz. A dipole beam pattern was
predicted as a result of the out of phase vibration of the two metal caps.
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Fig.7.12 The predicted TVR of a d15 mode double-dipper.

7.1.5.3 Asymmetric caps
It is also interesting to take a look at the double-dipper configurations with
asymmetric caps, in the hope of obtaining unidirectionality. As an example, the d31 mode of
the ceramic ring was used with a convex cap on one side and a concave cap on the other. It
is obvious that the two caps vibrate out of phase with this configuration. Fig.7.13 shows the
calculated beam patterns at two different frequencies. At 20kHz, the beam pattern showed a
little directivity. When the frequency was increased to 50kHz, we began to see a dipole
beam pattern. The predicted TVR is shown in Fig.7.14. The two peaks near 17kHz are
associated with the two asymmetric caps. The TVR value for the first peak was considerably
lower than that of a standard double-dipper. The second peak, though having a high TVR
value, occurred at a high frequency with a rather high Q.
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Generally speaking, it is not possible to obtain unidirectionality from a cymbal
transducer by using asymmetric caps because of the large wavelength to size ratio. The out
of phase vibration of the two caps cancels out part of the pressure resulting in a lower TVR
and high Q.
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Fig.7.13 Predicted beam patterns of the double-dipper with asymmetric caps.
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Fig.7.14 Predicted TVR of the double-dipper with asymmetric caps.
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7.1.6 Summary of double-dipper and array
The concave, or double-dipper cymbal, was shown to have a much higher pressure
tolerance than the standard cymbal. In addition to that, it has the following advantages: 1) it
has a large area to dissipate heat and therefore it has the potential to be driven harder; 2) the
ring and cap vibrate in phase; and 3) its weight and thickness are further reduced. The use of
PZT rings allows the drive elements to be poled through its thickness, or it can also be poled
radially, allowing d33 and d15 of the ceramic to be used in the double-dipper design. Several
configurations of the double-dipper were investigated using the finite element analysis code
ATILA. Among all the configurations considered, the d33 mode double-dipper appears to
have a higher free field sensitivity and is a good candidate for hydrophone applications. Due
to the large wavelength to size ratio, we are not able to obtain unidirectionality from
asymmetric caps.
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7.2 A miniaturized unidirectional flextensional transducer: the double-driver
7.2.1 Introduction
The standard moonie and cymbal transducers, along with most other types of
flextensional transducers, are generally small compared to the wavelength of sound in the
usable frequency range (usually near the first resonance frequency). In addition, most of the
radiating surface area of the shells moves in phase. The resulting acoustic radiation pattern is
nearly

omnidirectional,

resembling

an

acoustic

monopole.

The

omnidirectional

characteristics of flextensional transducers create significant problems in designing
projection transducers and arrays that transmit in one direction. At the present time, large
baffles are used or rows of transducers are spaced and phased to produce the desired beam
patterns. This can be expensive and cumbersome. To overcome this problem, a method has
been proposed to achieve a directional pattern from a class IV flextensional transducer by
exciting both the extensional mode and the bending mode simultaneously [Butler, 1997].
This same idea has been incorporated in the Class V double driver cymbal described
in this chapter. A prototype transducer was constructed from two PZT disks poled through
the thickness and bonded together with opposite polarization to form a common ground.
Then the back-to-back transducers were sandwiched between two metal caps. To shape the
beam pattern, the two PZT disks are driven with different voltages and phases.

7.2.2 Principle of operation and computer simulation
A directional beam pattern was achieved through the addition of sound pressure in
one direction
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(front side) and the cancellation in the opposite direction (back side). This was accomplished
by exciting the double-driver in a combined flexural and bending motion.
Fig.7.15 shows the calculated modes of the double-driver cymbal transducer under
different driving conditions. When the two sides of the double disk were driven in phase
with the same electric field (Vb = Vf) shown in Fig.15 (a), the in-phase motion of the two
disks lead to an in-phase flexural mode of the caps. An omnidirectional beam pattern
(monopole) is therefore obtained, as predicted by ATILA.
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Figure 7.15. The vibration modes and predicted beam patterns calculated using ATILA for a
double driver cymbal transducer.
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To excite the dipole mode, an out-of-phase vibration of the two caps was necessary.
This was achieved by driving the two PZT disks with the same electric field but with a phase
difference of 180 degrees as shown in Fig.7.15 (b). In this case, the bending motion of the
two PZT disks excited the out-of-phase flexural motion of the two caps. A dipole mode was
predicted by ATILA. In the dipole mode, the TVR showed two maxima in opposite
directions (front and back) but the phase of the TVR output from one lobe was opposite to
that from the other. If the output from the dipole mode was added to the output from a
monopole of equal transmitting voltage response, the resultant beam pattern is a cardioid
curve with a single maxima [Stansfield, 1990]. The cancellation procedure followed the
method outlined for a Class IV flextensional transducer [Butler, 1997].
The complex drive conditions shown in Fig.7.15(c) combined the two modes to
obtain the directional mode. Vf is the electric voltage on the front side and Vb represents the
electric voltage on the back side. Vm and Vd are the driving fields associated with monopole
and dipole drive conditions.

V f = Vm + V d

(7.1)

Vb = V m − V d

(7.2)

Vb
Vf

=

1− r
1+ r

(7.3)

V

d
where r = V .
m

TVR is related to the voltage by TVR b =

pb
Vb

and TVR f =

pf
Vf

, where p is the measured

sound pressure. To cancel the sound pressure completely in the back side, the pressure
amplitudes should be equal, leading to:
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Vb
Vf
where

R=

=

1− R
1+ R

(7.4)

TVRm
TVRd .

The complex ratio R is determined from the measured monopole and dipole transmit
voltage responses. The equation gives the ratio of the voltages and the phase lag ϕ on each
side of the double-driver cymbal.
As an example, the driving conditions for the cardioid mode at 20kHz were
calculated using Eq.7.4 from the TVR amplitudes and phases for the monopole and dipole
mode at the same frequency. The calculated driving voltages and phases for the cardioid
mode are listed in Table I and the corresponding vibration mode is shown in Fig. 7.15(c).
The two caps vibrate with a phase difference, which adds the sound pressure in the forward
direction and subtracts in the back direction, thereby producing the desired cardioid beam
pattern shown in Fig. 7.15(c).
Table 7.2 Driving voltages and phases for the directional mode at 20kHz

Vf

Vb

amplitude

phase

amplitude

phase

ATILA

100

0

73.8

51o

Experimental

100

164

78

0o

100

166

72

0o

(calculated)
Experimental
(adjusted)
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7.2.3 Experimental Results and Discussion
7.2.3.1 Single element
The double-driver cymbal was potted in polyurethane and tested in the monopole
and dipole modes. The measured TVRs, including amplitude and phase under the two
conditions, are shown in Fig.7.16.
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Fig.7.16 Measured TVR and phase of the double-driver at (a) monopolar mode (b) dipolar
mode.
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As an example, the measured beam patterns at 20kHz are shown in Fig.7.17. A
nearly omnidirectional and a dipolar beam pattern were obtained for the monopole and the
dipole mode. The driving voltages and phases for the cardioid mode at 20kHz were
calculated from the measured TVR amplitudes and phases for the monopole and dipole case
according to Eq.7.4. They are listed in Table 7.2. The resulting experimental beam pattern is
shown in Fig.7.18 (a). It is not a perfect cardioid pattern but shows a directional beam shape
with a front-to-back ratio over 20dB. Then the driving amplitude and the phase of the back
side were adjusted slightly, resulting in a nearly perfect cardioid beam pattern shown in Fig.
7.18 (b).
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Figure 7.17 Measured beam pattern of a) monopolar mode (Vf = Vb, ϕ = 0), b) dipolar
mode (Vf = Vb, ϕ = π).
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Figure 7.18 Measured Cardioid Pattern: (a) Driving voltage calculated according to
Equation (1), Vf =100 V, Vb = 78 V, ϕ =164 o; (b) Driving voltage adjusted to: Vf = 100V,
Vb = 72V, ϕ =166o.
The experimentally obtained driving conditions for the cardioid pattern is shown in
Table 2 and compared with ATILA computation. The voltage amplitude calculated from
ATILA agrees well with the experimental data. However, the calculated phase is
significantly different from experimentally obtained values. It is obvious that ATILA can
predict the TVR amplitude of the double-driver very well. But the phase of the TVR is
complicated by many experimental factors and therefore difficult to predict. Hence, the
driving conditions to achieve unidirectional beam patterns must be obtained experimentally.
We have demonstrated that a directional beam pattern can be obtained from a
double-dipper which is much smaller than a wavelength. With this method, a directional
pattern can be obtained at virtually any frequency. However, as seen from Fig.15 and Fig.16,
the amplitude and phases of the double-dipper fluctuates drastically with frequency. As a
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consequence, the calculated voltage ratios (amplitude and phase) at different frequencies are
drastically different, suggesting unique driving conditions at each frequency or a narrow
working bandwidth. This may complicate the driving electronic circuits if the double-dipper
is used over a wide frequency range.

7.2.3.2 3x3 array of double-driver
A 3x3 planar array of the double-driver was built using the potting technique and
tested without a baffle. It was found that Eq.7.4 can not be used for predicting the driving
conditions for the array. The difficulty is most probably caused by array interaction. Because
of array interaction, the vibration velocity and phase vary for individual transducers in the
array, which complicates the driving conditions. Therefore, the driving voltage and phases
for the array were adjusted manually to obtain the desired directivities. The resulting beam
patterns of the arrays at 15kHz, 20kHz and 80kHz are shown in Fig.7.19. In all cases, a front
to back ratio of above 20dB is obtained.
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Fig.7.19 Measured directional beam patterns of the 3x3 double-dipper array at (a) 15kHz (b)
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The measured TVRs of the 3x3 array driven in-phase and out-of-phase is shown in
Fig.19. Like the single element, the phase of the array drastically fluctuated with frequency.
Therefore, the driving conditions to obtain unidirectionality for the array are strongly
frequency dependent.
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The double-driving principle may prove to be useful for air transducers as well as
underwater applications. This can also be applied to other structures where double drive is
possible, for example, in bimorph-type and uncapped bilaminar-type transducers. Various
schemes involving amplitude-, frequency-, and phase-modulation will be considered for
future work.

7.2.4 Summary of double-driver and array
It is challenging to achieve a directed beam pattern for an underwater transducer that
is much smaller in size than the wavelength. A directional class V flextensional transducer is
proposed which makes use of the bending mode of a bilaminar ceramic plate. It maintains
the advantageous features of conventional cymbal transducers, including thin profile, small
size and low cost, while introducing a new mechanism to project sound in one direction. The
driving conditions required to achieve the unidirectional beam patterns can be calculated
from measured TVRs of the double-dipper working in monopole and dipole modes. Due to
the drastic change of phase with frequency, the working bandwidth is small for the doubledipper design.
A 3x3 double-driver array was built and it was demonstrated that under optimal
conditions the array can provide a directional beam pattern with a front to back ratio of more
than 20dB.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Underwater characterization of cymbal transducers
It has been shown theoretically and experimentally that the cymbal transducer has a
low electrical-acoustic efficiency and high mechanical Qm because of its small size with
respect to the resonant wavelength. As a consequence, the single cymbal transducer will find
only very limited applications as an underwater sound projector.
However, most hydrophones operate over a wide frequency band below resonance.
Efficiency is less important for a hydrophone than for a projector. Single cymbal transducers
have high sensitivity and capacitance and are good candidates as receiving hydrophones. It
has been found that the electrical contact between the metal caps and the electrodes of the
PZT is crucial in receiving response. By making a good electrical contact, an increase of
10dB in Free Field Voltage Sensitivity was achieved.
The underwater performance of the cymbal transducer is strongly affected by the
mechanical boundary conditions. The polymer potting technique maintains a free
mechanical boundary condition and provides predictable behavior of the cymbal transducer.
Both soft and hard PZTs were evaluated as driving elements. Though soft PZT
provides a higher TVR value, its large loss and heat generation limits its use in high power
sonar applications. Also, the open-circuit voltage sensitivity is not necessarily high for soft
PZT. Therefore, a trade-off must be made in choosing the drive element. If the cymbal were
to be used as both sound projector and receiver, as in this project, PZT4 is preferred as a
trade-off.
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8.2 Cymbal arrays
Several array assembly techniques were proposed and tested. Of the four tested, the
potting technique appears to be the best technology in terms of power output and
predictability. The effect of cap materials and geometry on the array performance was also
investigated. It was concluded that titanium caps provide a higher TVR value and a flatter
frequency response. Higher cavity depth for the caps results in a higher TVR for the 3x3
array. The work leads to a standard material and geometry for the cymbal transducer and I
would like to emphasize this is a compromise. For the 12.6 mm cymbal, the best choices are:
PZT4, titanium caps, and a cavity depth of 0.32 mm.
A prototype 5x20 array was built using the polymer potting technique. It has a flat
TVR response above 146dB re 1 µ Pa/V @1m over the frequency range 17-100kHz. The
conformability of the array is demonstrated by curving and mounting it on a twenty-one inch
diameter aluminum shell.

8.3 Transducer and array modeling
The finite element analysis code ATILA was used successfully in modeling and
predicting the underwater behavior of cymbal transducers. The effect of materials and
geometry on the underwater performance of cymbal transducer was also studied using
ATILA. It was found that the cap cavity depth is the most crucial parameter in determining
the resonance and underwater response of the cymbal.
Two different methods, the equivalent circuit method and the coupled finite element
analysis (FEA) - boundary element method (BE), were employed to study the array
interaction effect and model arrays. The equivalent circuit method is simple and can provide
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some basic insight into the understanding of transducer behavior and array interaction. Due
to the many assumptions used in the model, the accuracy is rather limited. The coupled
FEA-BE method proved to be more useful and gives more accurate predictions. It provides a
vivid description of the array interaction effect with the aid of animation. The calculation
suggests that the detrimental effects of the array interactions can be avoided by slightly
adjusting the resonance frequencies of the transducers. The drawback of the FEA-BE
method is the time and cost of computation which limit the size of the arrays that can be
modeled.

8.4 Modified cymbal-type flextensional transducers
By using a ceramic ring and inverting the metal end caps, the double-dipper extends
the pressure limit of the cymbal-type transducer from 2MPa (approximately 200 meters) to 6
MPa (approximately 600 meters) without losing sensitivity. Several configurations of the
double-dipper were studied using ATILA. The d33 mode double-dipper provides the highest
free field voltage sensitivity and has the greatest potential as a receiver.
The drive element of the double-driver consists of two electroactive ceramic disk
bonded back to back. It can be driven in such a way that sound pressure adds in one
direction and cancells in the opposite direction. A directional beam pattern with a front to
back ratio of 20dB can be obtained with the double-driver and array. It has the potential to
eliminate the expensive baffles in transducer assembling.
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8.5 Suggestions for future work
Up to now, the single transducer element and array has not yet been placed into a
system in which impedance matching and phase matching becomes important issues.
Therefore it may be unfair to compare different transducer arrays without taking into
account impedance matching. Therefore, the next stage should involve the incorporation of
the cymbal and array into a system. Field tests are also recommended.
It has been shown that the use of an insulating bonding layer between the metal caps
and the ceramic electrode degrades the free field voltage sensitivity of the transducer by a
factor of 6dB. Though commercially available silver conductive epoxy can alleviate the
problem to some extent, the mechanical strength of silver epoxy is rather poor. The silver
epoxy bonded cymbal can’t be used in high power applications. A mechanically strong,
electrically conductive bonding system is desired and more study is needed. Another way to
bypass this problem is to connect the lead wires directly to the electrode of the ceramic.
Further studies on transducer array modeling using the coupled FEA-BE method are
also recommended. By including the polymer matrix in the model, better agreement between
calculation and experiment is expected. We may also be able to gain a better understanding
of the decoupling effect of the polymer matrix in 1-3 composites and potted cymbal arrays.
Aother important aspect of modeling is to expand the modeling capacity to bigger arrays.
Currently the double-driver can work only in an active mode for projector use. It
may be interesting to look at the possibility of directional receive response with this design.
Since the double-driver is not a reciprocal transducer, an external electric circuit is needed to
perform the phase shift and amplitude modulation.
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