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ABSTRACT

This paper concerns the optimization problem for multilayered ultrasonic transducer with active porous piezoelectric
layer. The dependences of the effective moduli for porous piezoelectric material on porosity have been previously ob-
tained and allowed to decrease the number of design variables. The multiobjective optimization problem based on the
Pareto-frontier calculation has been solved using the live-link of finite-element (FE) package Comsol Multiphysics with

MATLAB.
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1. Introduction

Porous piezoceramic materials are widely used in medi-
cal imaging, ultrasonic transducers, hydrophones and
other piezoelectric devices. A large number of investiga-
tions are referred to the development of effective struc-
tures for acoustic transducers based on the porous pie-
zoelectric materials due to their high piezoelectric sensi-
tivity, extended frequency bandwidth and better match-
ing to the acoustic medium. The aim of presented work is
the developing of methods for synthesizing the optimal
structures of the transducers for underwater applications.
On the base of developed numerical method for the por-
ous materials effective moduli determine the optimiza-
tion problem statement and solving for whole device
structure have been implemented. Hydrophones, projec-
tors and combined devices—transceivers are the general
types of modern devices used for sonar and underwater
transmission. A projector is a transducer used for gene-
rating sound and transmitting it to the acoustic medium.
In order to effectively fulfill its purpose, underwater
acoustic transducers have to meet many requirements,
including: low impedance for better acoustic matching
with water, durability; high sensitivity; ability to take
high mechanical load and hydrostatic pressure. The most
widely used devices in underwater acoustics are the de-
vices based on the piezoelectric effect. The expansion of
their effective applications caused by both the success of
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the piezoelectric materials science and the developing of
the micro-electromechanical systems (MEMS), technol-
ogies to create devices based on nanoscale multilayer
active hydrophones and projectors, arrays of transducers
for receiving and radiation of directed sound [1]. One of
the problems at realizing such structures is the imped-
ance matching. The use of intermediate layers allows to
overcoming this difficulty. However in case of active
element made of dense piezoelectric ceramics a number
of layers are needed; and this involves big energy losses
of the whole structure. The effective method for getting
over this difficulty is the use of porous piezoelectric ce-
ramics. This entails both decreased number of interme-
diate layers and better acoustic agreement between the
transducer and medium. Various experimental [2,3] and
theoretical [4,5] investigations show, that porous piezoe-
lectric ceramics may significantly improve the desired
properties of transducers and expand the use of piezoe-
lectric materials. Porous piezocomposite materials are
characterized by lower values of the transverse piezoe-
lectric modulus d,, at almost the same values of the
thickness piezoelectric modulus d,; [6,7] responsible
for the efficient conversion of electrical and mechanical
energy. Therefore, the use of porous materials in piezoe-
lectric ultrasonic transducers, hydrophone structures and
other piezoelectric devices is very promising today.

In previous works [6,7] it was investigated how the
properties of piezoelectric materials depend on porosity
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for the ceramics of different connectivity and ferroelec-
tric hardness. Such dependencies have been obtained for
the full set of material constants.

The aim of presented research is a structural optimiza-
tion of multilayered transducer with the porous piezoe-
lectric active element which all material’s parameter are
expressed through the value of porosity. The previously
obtained dependencies of effective moduli allow to suffi-
ciently decrease the number of design variables. For the
underwater acoustic projector which structure contains
such layers as: an acoustic window, matching, piezoelec-
tric, backing plate and protective foam layers (see Figure
1) we formulate the coupled problem of acoustics and
electroelasticity in axial-symmetric formulation. As the
optimized objectives we introduce averaged sound pres-
sure level (SPL), transmitting current response (TCR)
and the mean-square value of the SPL irregularity in
frequency range from 100 to 400 kHz. The design va-
riables are: Young’s modules of an acoustic window
layer, protective foam layer, and matching layer; mass
damping parameter and stiffness damping parameter of
layers; porosity of an active piezoelectric layer. In this
investigation we use the approach based on the Pare-
to-frontier calculation, i.e. building the set of points in
the 6D space of design variables where all the objectives
are feasible.

The coupled problem is numerically implemented by
the live-link of the FE package Comsol Multiphysics
with MATLAB. The best results have been obtained at
about 30% - 40% of porosity for piezoelectric layer and
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Figure 1. The scheme of multilayered transducer placed in
acoustic medium: 1—acoustic window layer, 2—matching
layer, 3—active porous piezoelectric layer, 4—backing plate,
5—protective foam layer.
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mechanical and damping parameters of intermediate lay-
ers that may characterize a wide range of polymeric ma-
terials. Electro-acoustic efficiency, defined by the TCR
parameter, is significantly higher for porous material
than for the dense ceramics. Obtained data and proposed
methods might be effectively used for the structural op-
timization of enough wide range of transducers.

2. Dependencies of the Effective Moduli on
Porosity

For the effective properties determination we used an
approach presented in details in [6,7] and based on the
effective moduli methods [2,6-8], modeling of represent-
ative volumes for porous piezoelectric materials and the
use of the FE technologies. There are several methods to
obtain the structure of a two-phase cubic piezoelectric
composite material. At low percent of porosity a simple
but an adequate microstructure of porous material is a
model of the piezoceramic cubic lattice consisting of unit
cells—cubes, some of which are randomly declared to be
pores [2]. However, this model may lose connectivity of
a skeleton at a large number of pores. In order to over-
come this problem the algorithms based on the percola-
tion theory can be used. In case of low porosity the clus-
ters can be built from pores, while at high porosity—
from piezoelectric material. One of such methods is Wit-
ten-Sander’s method [9] has been analyzed in [8]. In
presented work both methods: random method and Wit-
ten-Sander’s method were used.

The experimental data [2,4,10-12] were compared
with the obtained results for a porous material with me-
dium ferroelectric hardness PZT-4. For all the figures,
presented below, the curves, related to the random me-
thod, marked by circles, and the Witten-Sander method,
by triangles. The dependences, obtained without taking
into account the inhomogeneity of the polarization field,
correspond to dotted lines; dash-dot lines correspond to
calculations performed at taking into account the non-
uniform polarization; and the dashed lines indicate the
experimental data.

Figure 2 shows the relative electric permittivity
r(es) =5,(p)/£5(0) on porosity p in comparison
with the experimental data [10,11]. One can conclude that
the dependencies are linear for both random and Witten-
Sander methods. The results obtained with the hypothesis
of polarization field’s inhomogeneity differ from those
obtained without this hypothesis less than 1% - 2%. It
also can be seen that all four dependencies are very close,
and numerical results are in better agreement with the
data from [10]. The values of electric permittivity ob-
tained in [11] strongly decrease with increasing porosity
and give about 35% discrepancy with the calculated data
and the results from [9].
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Figure 2. The dependency of relative electric permittivity on
porosity.

After the calculation the full set of the effective moduli
cfﬁ(p), e, (p), & (p), we obtained such important
characteristics of piezoelectric ceramics as piezoelectric
coefficients d;; and d, (dia:dia(p):ei/}(p)sfﬂ(p):
where so'f;“ are the components of the compliance ma-
trix). The comparison of the obtained dependencies with
the experimental data [2,4,13] are performed for both
longitudinal (Figure 3(a)) and transversal (Figure 3(b))
piezoelectric moduli.

As can be seen the dependency for d,, coefficient,
related to the Witten-Sander method, significantly de-
creases with increasing porosity compared to the random
method. It is obvious that the relationship obtained at the
assuming of polarization field’s inhomogeneity is in a
better agreement with the experimental data (Figure
3(a)). At the same time, the dependencies for the piezoe-
lectric modulus d,, are essentially independent of po-
rosity for both methods (Figure 3(b)). It should be noted
that the maximum error is still quite significant and is
approximately 10% - 15% for the data from [13], and
about 3% - 5% for the data [2,4].

At the second stage of the presented investigation,
during the simulation of a multilayer transducer’s struc-
ture, the obtained dependencies at the assuming of the
polarization field’s inhomogeneity and related to the
Witten-Sander method have been accepted as material
properties for the active element.

3. Coupled Problem of Acoustics and
Electroelasticity for a Multilayered
Piezoelectric Transducer

In presented investigation, we consider a model of an
ultrasound piezoelectric transducer for underwater appli-
cations in its axial-symmetric formulation. Cylindrical
surface and the bottom of a transducer are covered with a
protective layer made of foam. Transducer consists of
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Figure 3. The dependencies of relative piezoelectric coeffi-
cients on porosity.

four layers, such as: backing plate, piezoelectric active
layer, matching layer and acoustic window. The whole
construction is surrounded with an acoustic medium. On
the boundary of an acoustic medium the perfectly
matched layer (PML) is placed so that the waves, inci-
dent upon the PML from a non-PML medium, do not
reflect at the interface (Figure 1). The thicknesses of the
piezoelectric layer, protective and backing plate layers
have been chosen to be approximately a half length of
the longitudinal wave at thickness vibration mode; an
acoustic window thickness—approximately 3/4, and
matching layer—1/4 of the longitudinal waves at the
same frequency of about 300 kHz. We formulate the
coupled problem of acoustics and electroelasticity using
the FE package COMSOL Multiphysics and its two ap-
plication modes: Pressure Acoustics mode (time-har-
monic analysis) and Piezo Axial Symmetry mode (fre-
quency response analysis). Sound waves are governed by
the inhomogeneous Helmholtz equation for the acoustic

pressure p:
2
v.(—in]— “P o, M
Po PoCs

where po = 1000 kg/m? is a fluid density, c, =1500 m/s
is a speed of sound, w=27f (rad/s) is the angular
frequency with f (Hz) denoting the frequency. The
boundary conditions are following: sound hard wall (the
boundary between an acoustic medium and the PML)
and axial symmetry (on the left boundary), (see Figure
1).
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The constitutive relations for the piezoelectric active

layer are taken in the stress-charge form as follows:
c=ct-g—e*E @)
D=e-¢+& E

where g is the strain tensor, ¢ is the stress tensor, E
is the electric field vector, D is the electric displace-
ment vector; ¢& is the tensor of elastic stiffness moduli
at constant electric field; e is the tensor of piezoelectric
moduli (stress coefficients); &° is the tensor of electric
permittivity moduli at constant mechanical stress.

Coupling between solid end acoustic media is pro-
vided by the boundary conditions: the top and the sides
of a transducer undergo both an acoustic pressure and the
inward accelerations. The bottom of a transducer is fixed;
on the left boundary we consider an axial symmetry con-
dition; on the top of piezoelectric layer the constant elec-
tric potential with amplitude 100 V in whole studied fre-
quency band is applied, when the bottom is grounded.

Since the dimensions of the investigated transducer are
quite small, this type of projector cannot be used to gen-
erate directional sound and therefore we will consider the
sound pressure level only in a direct ray. When the
transducer is placed into acoustic medium the thickness
vibration mode is excited at frequencies from approx-
imately 100 to 400 kHz. This frequency range was used
during the following optimization of transducer’s para-
meters.

4. Multiobjective Optimization of the
Piezoelectric Transducer

There is a wide range of materials that can be used as the
constituent layers of a transducer; this proves the possi-
bility to vary their mechanical properties within the wide
scope. It should be noted that we chose tungsten as a
backing plate material to generate the thickness vibration
mode of a PZT layer because of its large mechanical
stiffness and high acoustic impedance. In order to for-
mulate the optimization problem let us introduce six de-
sign variables: porosity of an active layer (por), Young’s
modules of an acoustic window layer (E,,), matching
layer (E, ), and protective foam layer ( E; ); mass
damping parameter (R,) and stiffness damping parame-
ter (R,) of layers. In our investigation we considered
three objectives: sound pressure level (SPL) in direct ray
measured at the 1m distance from the sound source and
transmitting current response (TCR) to be maximized,;
the deviation of SPL is to be minimized. SPL is repre-
sented in decibels as follows

p=201g(|p,|/prer ). (3)

where p, is the sound pressure at the measurement
point; and p,; =2x10° Pa is the threshold of sound
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pressure. TCR is the ratio of an absolute value of sound
pressure p,, to the amplitude of electric current |
through the active element:

SI :|p1|/| . (4)

There is a wide range of approaches to structural opti-
mization. In the framework of multi-criteria optimization
problem (MOO) when several objective functions exist,
there is no unique solution, but a number of optimum
solutions exist. In this situation the most suitable way to
optimization is a calculation of a so-called Pareto opti-
mum or Pareto-frontier. Using the Pareto approach we
suppose the assignment of a set of choices for all objec-
tive components that are Pareto efficient. By confining
the set of choices to only the Pareto-efficients instead of
considering the full range for each parameter, it is possi-
ble to make trade-offs within this set. During the solving
of considered optimization problem the three integrals
were assumed to be optimized:

fa

<P>=Ip(f)df/(fz—f1), (5)

fi

, (6)

(TCR) = j() /f—fl), (7

f

where (p), (Ap) and (TCR) represent an averaged
SPL, deviation of SPL and TCR, respectively; f, and
f, are the boundaries of the frequency range.

Obviously the construction of a Pareto-frontier was
complicated for the three-dimensional space of objective
functions. In order to overcome this difficulty the illu-
stration of a Pareto-frontier has been represented using
the level lines. At the numerical problem solving MAT-
LAB varies design parameters for the transducer, calls
the FE model simulated by Comsol Multiphysics, and is
carry out the multiple computations of the objectives.
Then obtained data are being analyzed and illustrated
using the set of complimentary procedures, written in
MATLAB (see Figures 4(a), (b)).

5. Numerical Results and Discussion

At the analysis of the simulation results it was founded
that the influence of both damping designs variables on
the objectives are negligible. So only two obtained pro-
jections of the criteria points set on the spaces of other
design variables are presented in Figure 4. Figure 4(a)
corresponds to the projection on subspace of two design
variables: porosity of active layer and Young’s modulus
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Figure 4. Projections of the criteria set presented as the
contour lines of objectives levels on the subspaces of design
variables.

of matching layer; Figure 4(b) for Young’s modulus of
side protective layer and Young’s modulus of acoustic
window. For the studied objectives we used the follow-
ing bounds for the feasible values: > 150 dB for the SPL,
> 1500 dB/A - for TCR, and <2.5 dB for the deviation
of SPL. On the presented figures the areas between solid
and dashed lines are the projections of Pareto frontier on
the 2D subspaces of the design variables. Green areas
represent the intersections of optimum areas. It can be
seen from Figure 4(a) that the energetic efficiency, cha-
racterized by TCR, reaches desirable values when the
porosity of active layer is greater than 0.3. However, the
maximum values of SPL are reached at a considerable
variation of porosity. One can observe that the optimum
SPL value shifts with the growth of Young’s modulus of
matching layer from about 1.6 GPa till 2.2 GPa at higher
porosity; on the other hand the lower Young’s modulus
corresponds to lower porosity. The most uniform fre-
quency response of SPL are reached when the percent of
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porosity is greater than 0.25. It’s obvious (Figure 4(b))
that the Young’s modulus of acoustic window signifi-
cantly influences on the uniformity of the SPL’s fre-
quency response; the optimum quantities correspond to
the values greater than or equal to 2 GPa. At the same
time the Young’s moduli of a protective and acoustic
window layers does not impact on TCR in optimum
areas.

For clarity, we present below three groups of frequen-
cy responses obtained for the three sets of values of the
design variables that is contained in Table 1.

For the first set all the design variables were taken
from the obtained optimum areas. The second set con-
tains parameters being outside the Pareto frontier. The
last set corresponds to a transducer with an active layer
made of dense piezoelectric ceramics; the first parameter
(Young’s modulus of acoustic window) was taken out-
side the optimum area, the other four variables belong to
the Pareto frontier.

For each set of design variables the frequency res-
ponses for SPL and TCR are calculated and plotted on
the Figures 5(a) and 5(b), respectively.

The graphs shown in Figure 5, a clearly shows that the
optimal set of design parameters provides a much less
unevenness of sound pressure level as comparing to the
cases of active element with dense ceramics (3) and 20%
porosity. The maximum deviation of the sound pressure
level in the investigated frequency range for the designs
(1), (2), and (3) are 8.5 dB/21 dB/12 dB, respectively.
The sound pressure level inside the whole frequency
range is the best. It exceeds the SPL of projector on the
base of dense ceramics on 5%, and SPL for design (2)—
on 10%. The peak observed in the TCR graph (see Fig-
ure 5(b)) shows that a transducer (1) demonstrates the
utmost resonance properties when the design variables
are taken from the optimal area. If the electronic exciting
device has a sufficient performance that allows to main-
taining a constant amplitude of the applied potential in
the whole frequency range, the resonance features of
TCR does not worsen the uniformity of the frequency
response for the sound pressure.

6. Conclusion

Ten dependencies of material constants on porosity were

Table 1. Design variables for the three examples of simu-
lated projectors.

Studied E.. E. E. R R por
design GPa MPa GPa 107 x107'
Inside the
optimumarea 25 %016 15 06 04
Ousidethe 5 5 55 53 12 02
Optlmum area
DensePZT 05 30 16 15 06 0
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Figure 5. The frequency responses of SPL (a) and TCR (b).

successfully obtained for the porous piezocomposite ma-
terials of different connectivity in order to optimize the
hydroacoustic performance of multilayered projector
based on the active PZT layer with varied porosity.
These effective modules were calculated using the FE
method at the assumption of homogeneous and inhomo-
geneous polarization field. The last dependencies were
used at the statement and solving the optimization prob-
lem due to the best agreement with the experimental data.
Obtained dependencies allowed to reduce the number of
design variables to six (porosity of an active layer;
Young’s modules of an acoustic window layer, protec-
tive and matching layers; mass and stiffness damping
parameters of layers). On the base of the Pareto optimal-
ity the set of feasible designs in a six dimensional design
space was reconstructed using three objectives: averaged
sound pressure level, transmitting current response and
the standard deviation of the SPL in a frequency range
from 100 to 400 kHz. A comparative analysis of three
examples of the simulated designs has been performed. It
showed the best performance of a projector with porosity
near 40% and elastic modules of intermediate layers
tuned to achieve the best acoustic impedances matching
between the structure and acoustic medium.
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