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Abstract
Recently, enhancement of sensitivity of multilayered piezoelectric transducer and reduction in electrical impedance has
gained importance due to development of stacked active element designs. This work presents mathematical optimization
of layer thicknesses for broadband structures using piezo-composite with ceramic and single crystal as active material
for underwater SONAR. The proposed technique employs bio-inspired heuristics-based genetic algorithms by invoking
one-dimensional thickness model. Initially, optimization has been performed for monolithic materials in the stack for var-
ious acoustic media, and then, the results were validated by comparing with the published data. In the proposed scheme,
optimization is carried out for two-phase 1–3 piezo-composite stacks with same active elements for better mechanical out-
put and broadband structure while preserving the minima among first three harmonics under − 3 and − 6dB from the
peaks in the frequency spectrum. The results show that the optimized single-crystal-based transducers have higher mechan-
ical output and lower electrical impedance than their counterparts using piezo-ceramic in single- and two-phase materials.
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1 Introduction

Exploration and exploitation of multilayers transducers for
higher sensitivity and reduced electrical impedance, is the
potential area of research for the development of stacked
structures. Classically, there have been three stages in the
development of piezoelectric materials. In the first phase,
ferroelectric materials including quartz and barium titanate
were used. In the second stage, piezoelectric ceramic materi-
als, e.g., lead zirconate titanate (PZT) were employed. In the
last phase, the most advanced form of piezoelectric mate-
rials composed of single crystals is developed, e.g., lead
magnesium niobate–lead titanate (PMN-PT), for exhaustive
use in ultrasonic transducers. Along with the development
of piezoelectric materials, ultrasonic transducer manufac-
turing has been revolutionized devising broad applications
in various fields including sound navigation and ranging
(SONAR), physical acoustics, medical ultrasonics, nonde-
structive testing and evaluation, sono-chemistry and material
characterization (Soloviev et al. 2016; Mattiat 2013). Piezo-
ceramic- andpiezo-compositematerial-based structures have
been studied for energy harvesting (Soloviev et al. 2016),
nano-positioning devices (Ru et al. 2015), concrete crack
damage location (Xu et al. 2015), medical ultrasound (Mar-
tin et al. 2014), and many others (Mokrý 2016).

For better utilization of transducers, optimization has been
performed for some specific applications for maximizing
sensitivity and coupling constants, and minimizing the input
to the ultrasonic transducer. Constrained and unconstrained
problems are solved by exploiting the competency of evolu-
tionary and swarm optimization techniques in diverse fields
of science and engineering (Abo-Hammour et al. 2013; Liu
et al. 2017; Chen et al. 2017; Jurczuk et al. 2017; Abo-
Hammour et al. 2014a). Specially, in the field of ultrasonics
few significant application of these methodologies include
(Fu et al. 2006); they performedmulti-objective optimization
by using Pareto-based multi-objective evolutionary algo-
rithm tomaximize themechanical output in terms of pressure
amplitude and minimize the input to the ultrasonic trans-
ducer. Ruíz et al. (2004) used genetic algorithms (GAs) to
ascertain the optimum internal design parameters such as
thickness and acoustic impedance for existing piezoelectric
ultrasound transducers. Many researchers have studied uni-
form multiple layers of the active material of a transducer.
The improved design of ultrasonic transducer is developed
in terms of higher sensitivity and electromechanical coupling
constant (Rhim et al. 2004). However, for non-uniform mul-
tiple layers, there are only a few attempts to optimize such
design. Among them, Abrar and Cochran (2007) worked
on non-uniform multiple active layers by using simulated
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annealing (SA) technique. The same stochastic technique has
also been implemented by others for weighting and thinning
of wide-band arrays (Lommi et al. 2002).

The prime purpose of present work is to make use of the
capability of generating output on even harmonics, in the
form of an optimized transducer by varying layer thicknesses
for broadband structures. For such an optimized design
for higher mechanical output and broadband, mathemati-
cal optimization has been conducted by employing genetic
algorithms for single-phase and two-phase transducers, and
results are validated. Materials used for such a design opti-
mization are piezo-ceramic and single crystal alongwith their
composites with polymers. It is worth mentioning here that
single-crystal-based composite transducers have been opti-
mized first time for better mechanical output. Furthermore,
it can be demonstrated that the robustness without trapping
in local minima and parallel search capability make GAs
more attractive and suitable as an optimization mechanism.
For vast range of applications it is required to design such
a transducer that can operate at a relatively smaller value of
operating voltage, low frequency and high sensitivity.

Optimization of multiple layer thicknesses arises from
the fact that by increasing number of active layers to N in
a transducer which is electrically connected in parallel and
mechanically in series, the electrical impedance decreases by
1/N 2 in contrast to single-layered transducer of same total
thickness. Similarly, in case of transmission, mechanical out-
put (in terms of pressure magnitude) increases by a factor of
number of layers (N) for an applied electrical voltage due to
the increase in capacitance of multiple-layered ceramic. Fur-
thermore, the design flexibility is also achieved by employing
more than one active layers (Abrar andCochran 2007). In this
work, piezoelectricmaterials studied includePZT5Hand sin-
gle crystal, PMN-PT and their 1–3 composites with epoxy
CY1301/HY1300 as passive element. Their responses in var-
ious loading media are also analyzed. It is the first time that
optimization is carried out for single-crystal material-based
piezo-composite multilayer transducer design by varying
layer thicknesses using genetic algorithms (GAs). The con-
tribution is summarized in terms of salient features of the
present study as listed below:

• Multiple-layered piezoelectric structures give response
on even harmonics when layer thicknesses are non-
uniform, which are optimized for higher values of the
mechanical output by varying individual layer thick-
nesses exploiting bio-inspired heuristics-based genetic
algorithms and its comparison with particle swarm opti-
mization and the simulated annealing techniques.

• The strength of genetic algorithms evolutionary comput-
ing technique has been utilized for better exploration of
optimized transducer design than its counterparts.

• Provision of flexibility to extend optimization of single-
crystal-based structures effectively by exploiting GAs
result in design of optimized single-crystal-based struc-
ture yields broader values of bandwidth as compared to
piezo-ceramic- and piezo-composite-based materials in
multilayer transducers.

• Smooth trouble-free implementation, simplicity of the
concepts and inherent robust nature of the algorithm lead
to effective and reliable transducer design.

The organization of this paper is as follows: Sect. 2.1 con-
sists of one-dimensional modeling of the transducer. Here,
mathematical expressions, scope and limitations of one-
dimensional model (ODM) are discussed. Methodology of
using genetic algorithms in the present scenario of case study
is also presented. Section 2.2 discusses optimization process
for the design of both piezoelectric ceramic and composite
transducers. Section 3 deals with results and discussion of
optimized designs of single- and two-phase transducers. The
conclusions are presented in Sect. 4.

2 Material andmethods

In this section, the proposedmethodology is presented which
consists of brief overview of system model, ODM and opti-
mization mechanics comprising of formulation of fitness
function, optimization with GAs, procedural steps and com-
putational flow diagram.

2.1 One-dimensional model mathematical
formulation

One-dimensional model of ultrasonic transducer is primar-
ily based on solution of unidimensional wave equation by
exploiting matrix operations. ODM assumes that the lateral
dimensions (width and length) of ultrasonic transducer are
considerably larger than thickness direction and the gener-
ated ultrasound waves are propagating along the thickness
dimension in the form of longitudinal plane waves.

The constitutive equations representing plane compres-
sional waves propagating in the thickness (z-direction) of a
piezoelectric layer are:

S = sE · T + dt · E, (1)

D = d · T + εT · E . (2)

For single layer, Eqs. (1) and (2) can be written in differ-
ential equation form with variable z (indicating transducer
thickness dimension) as:

T = c
∂ψ

∂z
− hD (3)
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Table 1 List of symbols

S Mechanical strain vector

sE Compliance coefficient matrix at constant or zero
electric field

T Mechanical stress vector

dt Strain constants matrix at constant or zero strain

E Electric field vector

εT Relative permittivity at constant or zero strain

D Electric charge density vector

ψ Particle displacement (m)

v Particle velocity (m/s)

ε Relative dielectric constant

ε0 Dielectric constant of free space

A Cross-sectional area of the transducer

t Thickness of piezoelectric material

E = −h
∂ψ

∂z
+ D

ε
(4)

Using Eqs. (3) and (4) along with Newton’s second law of
motion, we get one-dimensional wave equation as:

∂2ψ

∂t2
= v2

∂2ψ

∂z2
(5)

where,

v2 = k

ρ
(6)

The symbols used are defined inTable 1.Theone-dimensional
model (ODM) is mainly developed on solving wave equation
in terms of matrix-based solution. The inverse Fourier trans-
form (IFT) analysis is carried out over a broad frequency

range to execute time-domain analysis (Powell et al. 1998).
ODM is thus analogous to linear systems formulation. A
computer program is developed covering ODM comprises
of following steps:

Step 1 Pre-processing Geometrical forms, materials, phys-
ical and numerical parameters along with equivalent
electric circuitry of transducer are used as input to
the code.

Step 2 ProcessingODMis employed for the solution of 1-D
wave equation through matrix operation and manip-
ulation.

Step 3 Post-processingOutput from the transducer in trans-
mission mode is collected in terms of electrical
impedance and acoustic pressure.

The ODM has already been validated by detailed experi-
mental investigations (Wu et al. 2003; Cochran et al. 2005) as
well as by exploiting PZ Flex (a time-domain finite element
analysis program) by Abrar and Cochran (2007). The ODM
can extensively be used for several active and/or passive lay-
ers, backing layer, matching layer(s), front and back loading,
and external electrical circuit, for piezoelectric transducers.
A quick simulation can be executed to understand the gen-
eral performance of a transducer. ODM is equally efficient
to model transmitters and receivers; however, it does not
consider lateral modes; therefore, it is unable to estimate res-
onance activity in this direction. A diagram of three-layered
stacked transducer is demonstrated in Fig. 1. In this case,
three layers are mechanically connected in series but electri-
cally in parallel. Polarity of consecutive layers is oppositely
directed along thickness.

Present work considers transucer in transmission mode
with the main focus on the study of piezoelectric materi-
als in multilayer transducers keeping rest of components

Back Layer

Middle Layer

Front Layer

Poling Direction

Loading Media

V(t)

Back Layer

Middle Layer

Front Layer

Poling Direction

Loading Media

V(t)

Fig. 1 Schematic representation of a three-layered transducer
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unchanged. Only resistive load of the transducer is con-
sidered, while reactive load (capacitance and inductance) is
typically negligible.

2.2 Proposed GA-based layer thickness optimization
strategy

After the induction of genetic algorithms by Holland in early
1970s with motivation of theory of evolution, bio-inspired
computing framework-based GA has been implemented in
diverse fields of nanotechnology (Raja 2014a), fuel ignition
model (Raja 2014b), electrical conducting solids (Raja et al.
2016a), automatic control (Panda and Yegireddy 2013), thin
film flow (Raja et al. 2015b), digital communications (Dey
et al. 2014), electromagnetic theory (Khan et al. 2015a),
nuclear reload pattern optimization (Zameer et al. 2014),
magneto-hydrodynamics (Raja 2014c), economic and finan-
cial mathematics (Abo-Hammour et al. 2014b), solving
singular differential equations (Hochreiter and Waldhauser
2015), election night forecast (Paul et al. 2015), traveling
salesman problem (Gao and Ovaska 2002), and motor fault
detection (Berlincourt et al. 2000). These factors motivated
authors to select GA as an optimization mechanism to solve
system model. The flow diagram of optimization process is
shown in Fig. 2. The process has the following pseudocode
of GA for optimal transducer design:

Step 1 Initial population Starting with the initial randomly
generated population of chromosomes, a randomly
generated set of three-layered thicknesses is selected
and normalized to the total thickness, which is then
input into ODM.

Step 2 Fitness evaluation The optimization methodology
has been implemented in a MATLAB control pro-
gram. This program extracts figures of interest from
the mechanical output files from ODM (e.g., peak
values of pressure output curve) and then calculates
the fitness function for the current iteration.
Following is the fitness function thatGAuses tomin-
imize it in successive generations.

Ofsp = (P1 − P2)2

(P1 + P2)2
+ (P2 − P3)2

(P2 + p3)2
+ (P3 − P1)2

(P3 + P1)2

(7)

where Ofsp is the fitness function of single-phase
transducer and Pk is the output pressure magni-
tude (Pa) at the kth harmonic frequency. This fitness
function is used to measure the maximized unifor-
mity of initial three harmonics quantitatively for
single-phase transducers. However, for two-phase
transducers, the objective function for the optimiza-
tion of

Oftp = 1

P∗
c BW− 3dB

(8)

whereOftp is thefitness function for two-phase trans-
ducers, Pc is the pressure at central frequency, and
BW− 3dB is the bandwidth relative −3dB band-
width.

Step 3 Reproduction to produce next generation of compet-
itive survivors, GA employs reproduction process,
which comprises of three sub-processes: selec-
tion, crossover and mutation. Graphical overview of
reproduction is presented in Fig. 2b.
Selection It makes fitness base selection of chromo-
somes for the recombination required for producing
a population of next generation. Recombination con-
sists of crossover between the parents and mutation
within a chromosome.
Crossover It selects genes from the pair of current
individuals and combines them to produce new off-
spring (or solution).
Mutation GA makes random changes in the genes
of an individual to make a new child. It avoids to be
trapped in local minima by using mutation.

Step 4 Fitness evaluation the freshly generated population
undergoes evaluation process according to fitness
values computed through Eq. 5, and hence, selec-
tion of individuals takes place on the basis of best
fitness value for next step.

Step 5 Scaling It transforms raw fitness values achieved so
far into values within a range appropriate for the
selection criterion.

Step 6 Termination Once scaling is performed, execution
process between steps 3 and 5 keeps going unless
one of the stopping criteria is met. The algorithm
stops when the maximum number of generations is
met, the fitness achieved in any generation is equal to
or smaller than the required fitness value, or fitness
value does not improve for a prescribed generation
number.

Next generation is selected on the basis of reproduction of
parents with best fitness values along with newly generated
offspring. This iterative process produces successive gener-
ations with enhanced fitness values. Therefore, GA avoids
getting trapped in local minima of the optimization problem
(McCall 2005). The initial assignments and declarations for
the various parameters of GA are illustrated in Table 2.

For effective optimization, independent executions ofGAs
optimizer are carried out with different reproduction opera-
tors. Some variants of GAs are selected as listed in Table 3 as
employed in (Raja et al. 2015a); present optimization prob-
lem has linear constraint as total thickness of transducer is
kept 1mmfor single-phase and 3mmfor two-phase transduc-
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Fig. 2 Design methodology of genetic algorithm-based transducer optimization a overall flow diagram and b graphical overview of reproduction
mechanism of GAs
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Table 2 Parameter settings for GAs in simulations

Parameter Value

Population creation Linear feasible

Population size Various values

Generations 50

Stall generations 20

Scaling fraction Rank

Ratio 1.25

TolFun 10−9

TolCon 10−9

Elite count 2

Crossover fraction 0.8

Table 3 GA variants employed in this work (Hochreiter and Wald-
hauser 2015)

Methods Selection Crossover Mutation

GA1 Stochastic uniform Heuristic Adaptive feasible

GA2 Stochastic uniform Arithmetic Adaptive feasible

GA3 Remainder Heuristic Adaptive feasible

GA4 Remainder Arithmetic Adaptive feasible

GA5 Roulette Heuristic Adaptive feasible

GA6 Roulette Arithmetic Adaptive feasible

ers; therefore, Table 3 is used for the simulations in selecting
the GA variants.

3 Results and discussion

The ultrasonic transducer model developed in this work has
been validated by comparing the currently predicted values
exploiting GAs with the corresponding values found in the
reported data implemented simulated annealing (SA) (Abrar
and Cochran 2007). The optimization code developed with
GAs and making use of ODM for each fitness evaluation has
been executed. Two types of piezoelectric ultrasound trans-
ducers are studied. In the first case, single-phase transducer
with piezo-ceramic (PZT5H) and single-crystal (PMN-PT)
materials is used. In the other case two-phase transducers,
i.e., combination of these piezo-ceramic or single-crystal
materials with polymer making composite transducers, are
employed. In order to study the characteristics of these mate-
rials, simple ODM is used excluding details such as backing
layer, matching layer and bond lines. The corresponding
results are presented in the following subsections.

3.1 Analysis of single-phase transducer

Two different piezoelectric materials have been used: piezo-
ceramic lead zirconate titanate (PZT5H) and single-crystal

Table 4 Material parameters for PZT5H and PMN-PT

Parameters PZT5H PMN-PT

Elastic stiffness, CE
11 (N m−2) 1.26 × 1011 1.14 × 1011

Elastic stiffness, CE
12 (N m−2) 7.95 × 1010 1 × 1011

Elastic stiffness, CE
13 (N m−2) 8.41 × 1010 1.12 × 1011

Elastic stiffness, CE
33 (N m−2) 1.17 × 1011 1.29 × 1011

Piezoelectric stress constant, e31 (cm−1) − 6.5 − 3.4

Piezoelectric stress constant, e33 (cm−1) 23.3 19.6

Relative permittivity, εTR 3400 8266

Relative permittivity, εSR 1470 3026

Density, ρ (kg m−3) 7500 8050

Material attenuation, α (dB cm−1, at 1MHz) 0.08 1

lead magnesium niobate–lead titanate (PMN-PT). PZT5H
has been selected from PZT family because PZT5H has
the highest sensitivity and high permittivity in PZT fam-
ily; it has widely been used in piezoelectric transducers.
The relaxor-based ferroelectricmaterials have revolutionized
the field of piezoelectric transducers. Particularly PMN-PT
has been greatly in use in preparing ultrasonic transducer
due to its enormous piezoelectric properties and ultra-bigger
higher electromechanical coupling factor. Material proper-
ties of PZT5H and PMN-PT are presented in Table 4. The
total thickness of transducer is kept 1mm, and three active
piezoelectric layers are incorporated.

3.1.1 Piezo-ceramic: PZT5H-based multilayer transducer

Simulations have been performed under various acoustic
loading media. For air as acoustic coupling media, the opti-
mization code has been executed and results are shown
in Fig. 3 in the form of evolutionary progress plot from
optimized transducer and output of the optimized forward
transducer model in the form of pressure and impedance.
It depends on the equipment for practical constraints, but
to validate results the truncated values of thickness up to
1µm were provided as input to ODM with the constraint of
manufacturing tolerance of 10 µm. Figure 3a illustrates the
evolution graph of fitness values versus the consecutive gen-
erations. It can be observed that the fitness value declines
with generations. After carrying out 135 iterations while
the six generations have been produced, the fitness value
(3.86 × 10−6) for the transducer design with air as acoustic
media was found to be less than the fitness limit set as one of
the termination criteria. The fitness limit was set as 1×10−5

for both single-phase and two-phase transducers.
The electrical impedance magnitude and phase are pre-

sented in Fig 3b, and pressure magnitude in Pa and dB is
shown in Fig. 3c, d, respectively. The peak pressures of opti-
mized transducer at first three harmonics achieved are closer
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Fig. 3 Optimized three-layered PZT5H transducer results with air–air acoustic loading using GA. a Convergence of fitness function, b magnitude
(Ω) and phase (◦) of electrical impedance, and c output pressure (Pa) and d output pressure (dB)

Fig. 4 a Layer thickness values and b layer thickness ratios of layers 1 and 2 w.r.t. layer 3 of the optimized transducer design by genetic algorithms
(1=back layer, 2=middle layer, and 3= front layer)

to 1105.04, 1105.78 and 1102.41 (all in Pa), respectively. It
can be observed from the figure that the pressure peaks are
quite close and uniform. The transducer thus is optimized

with thickness values of 0.738, 0.186 and 0.075mm, back
to front, and shows maximum pressure magnitude around
frequencies 2.01, 4.33 or 6.59 MHz. As seen from electrical
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Table 5 Optimized results of layer thicknesses with variation of loading

Media (front–back) Fitness value Iteration count Generation count Layer thickness (mm) GA variant

T1 T2 T3

Air–air 9.1 × 10−6 135 6 0.738 0.186 0.075 GA6

Air–water 2.8 × 10−6 476 23 0.553 0.179 0.278 GA4

Water–epoxy 6.7 × 10−6 896 44 0.563 0.184 0.280 GA6

Water–air 1.7 × 10−6 275 13 0.589 0.175 0.238 GA1

Table 6 Comparison of optimization results with GA, PSO and SA

Case Layer thickness (mm) Fitness value Value of pressure (Pa)

Back Middle Front Fundamental frequency Second harmonic Third harmonic

Genetic algorithm

Case I 0.738 0.186 0.075 9.1 × 10−6 1102.46 1107.9 1105.1

Case II 0.737693 0.186199 0.074608 4.6 × 10−6 1108.35 1108.3 1105.32

Particle swarm optimization

Case I 0.738 0.187 0.074 3.2 × 10−6 1103.00 1100.50 1100.03

Case II 0.737506 0.186712 0.074281 6.2 × 10−6 1107.10 1103.65 1102.90

Simulated annealing

Case I 0.726 0.184 0.089 7.6 × 10−4 1142.65 1156.07 1106.97

Case II 0.726434 0.184469 0.089096 1.0 × 10−3 1154.65 1153.55 1102.76

Table 7 Comparison of
computational efficiency of GA
with PSO and SA

Computational technique No. of function calls Fitness value

Tol = 1µm Tol = 1 nm

Genetic algorithms 135 9.1 × 10−6 4.00 × 10−6

Particle swarm optimization 340 3.15 × 10−6 6.16 × 10−6

Simulated annealing 300 7.564 × 10−4 1.035 × 10−6

impedance in Fig. 4b, the series resonance frequency ( fs) at
fundamental frequency is 2.01 MHz. For higher efficiency
of transducers in terms of maximum transmission and emis-
sion of ultrasonic waves, they are mostly operated at their
fs. The electrical impedance of optimized transducer struc-
ture also depicts the uniformity in the first three harmonics.
Moreover, from Fig. 4c, it can be observed that uniformity of
the harmonics is around ± 2.1% as required. Values of layer
thickness are demonstrated graphically in Fig. 4a from back
to front, while Fig. 4b illustrates a 3D view of the overall
fitness values produced during this process against thick-
ness ratios of middle and back layer with respect to front
layer. Optimization of multilayer transducer design for vari-
ous loadingmedia by varying layer thicknesses has also been
studied, and results are presented in Table 5.

GA-based results for optimized design of piezo-ceramic
transducer under air-coupled acoustic loading are compared
with the published results with simulated annealing (Abrar
and Cochran 2007) and recent optimization technique of
particle swarm optimization (PSO) (Raja et al. 2016b), and

presented in Table 6 for comparison. From this table it can
be observed that much improved fitness value is achieved by
employing GA. Furthermore, in terms of computational effi-
ciency of the optimizer, it can be observed from Table 7 that
GA emerges as an optimization technique with faster conver-
gence as it generated results in 135 iterations. PSO algorithm
has been implemented to acquire results for multiple layer
piezoelectric transducer optimization on the similar pattern
as applied in the reported article (Khan et al. 2015b).

The variation of number of layers has also been studied.As
demonstrated in Fig. 5a, b, the mechanical output increases
while electrical impedance decreases when number of layers
is increased from three to five. These graphs are for optimized
transducer designwith 3, 4, and 5 layers independently; these
results of optimization are given in Table 8.

3.1.2 Single crystal: PMN-PT-based multilayer transducer

The characteristics of single-crystal PMN-PT transducer
have been explored by optimizing its design using fitness

123



3458 A. Zameer et al.

Fig. 5 Comparison of output from optimized transducers with three,
four and five layers in terms of a impedance magnitude (Ω) and b
pressure magnitude (kPa)

function as in Eq. 5 under various media. The results of
optimization are given in Table 9. For air as acoustic cou-
pling media, the evolutionary plot between fitness value and
generations is shown in Fig. 8. Here the optimization pro-
cess got terminated due to smaller average change in fitness
value than the tolerance specified inGA.However, the fitness

value has been reduced to such value that can be accepted.
The harmonics were generated at 2.01, 4.16 and 6.25MHz
with peak pressure values of 107.39, 103.78 and 106.24Pa,
respectively, as shown in Fig. 6a. Figure 6b–d shows pressure
in dB units, impedance magnitude and phase, and evolution-
ary plot, respectively. As it can be seen the magnitude of
impedance is lesser than that of PZT5H; hence, PMN-PTpro-
vides improved electrical impedance matching than PZT5H.
The thickness values of layers with precision of 1µm with
tolerance of ± 0.5µm were found to be 0.765, 0.010 and
0.225mm as presented in Fig. 7.

3.2 Analysis of two-phase piezo-composite
transducer

There are different schemes of connectivity of ceramic and
polymer materials in composite transducer; in this paper
1–3 connectivity of composite transducer has been consid-
ered. In such a connectivity, ceramic is self-connected one
dimensionally, while polymer is self-connected three dimen-
sionally (Abrar et al. 2004). The 1–3 piezo connectivity is
selected in this paper because such composites have lower
acoustic impedance from 8 to 26 MRayl, with high values
of coupling coefficient and high bandwidth (Cochran et al.
2011). For piezo-composite structures, the curves between
the peaks of pressure magnitude do not go down toward very
lowamplitude but helps tomaintain a broadband in frequency
spectrum.

In first part of this section the active material used is
PZT5H with passive material CY1301 epoxy. Such com-
posite transducer has been excessively used ranging from
underwater SONAR applications to biomedical diagnostic
techniques. The material properties of PZT5H are given in
Table 4, while the material properties of CY1301/HY1300
epoxy are given in Table 10. In the second part, PMN-PT

Table 8 Results for optimized four-layered and five-layered PZT5H-based transducers

No. of layers Fitness (10−6) GA variant Iteration count Generation count Layer thickness (mm)

(T1) (T2) (T3) (T4) (T5)

4 1.57 GA3 192 9 0.625 0.190 0.047 0.140 –

5 10.8 GA1 153 7 0.597 0.150 0.124 0.022 0.107

Table 9 Optimization data for various loading media

Media (front–back) Fitness values Iteration count Generation count Layer thickness (mm) GA variant

(T1) (T2) (T3)

Air–air 4.6 × 10−4 535 26 0.765 0.010 0.225 GA1

Water–epoxy 4.0 × 10−6 194 9 0.265 0.108 0.628 GA5

Air–water 2.0 × 10−6 135 6 0.261 0.046 0.692 GA5

Water–air 5.6 × 10−6 236 11 0.652 0.113 0.235 GA1
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Fig. 6 Optimized three-layered PMN-PT transducer results with water–epoxy acoustic loading using GA. aOutput pressure (Pa), b output pressure
(dB), c magnitude (Ω) and phase (◦) of electrical impedance, and d convergence of fitness function

is used as active material and CY1301 epoxy is used as
passive material. Such 1–3 composite transducers have vast
applications in ultrasonic imaging. The material properties
of PMN-PT are mentioned in Table 4.

In this section the characteristics of two different piezo-
composite transducerswith 1–3 connectivitywere presented:
PZT5H–epoxy and PMN-PT–epoxy. GAs were used to opti-
mize the design of this transducer. It was found that the
optimized design of composite structure of PMN-PT has
higher pressure magnitude and lesser electrical impedance
than PZT5H composite transducer. Optimization was car-
ried out for both transducers with ceramic volume fraction
varying from 30 to 80%, and again GA has proved to be a
successful tool for optimization. Piezo-composite transduc-
ers have improved sensitivity and bandwidth. This results in
their rapid implementation in medical imaging ultrasounds,
SONAR and NDT.

Fig. 7 Resultant optimized thickness values of layers (1=back layer,
2=middle layer, and 3= front layer) of PMN-PT transducer with water–
epoxy acoustic loading by GA
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Table 10 Summary of physical properties of epoxy

Parameter Values

Elastic stiffness, C33 9.63 × 109 N m−3

Poisson’s ratio 0.35

Relative permittivity at constant strain, εSR 3.5

Density, ρ 1140 kg m−3

5 dB cm−1

Material Attenuation, α at 1MHz

3.2.1 PZT5H–epoxy piezo-composite as active layers
material

Theequivalentmaterial properties havebeen calculatedusing
model given by Smith and Auld (1991). In order to design
low-frequency transducer for applications such as SONAR,
the total thickness of transducer is kept 3 mm. The char-
acteristics of piezo-composite transducer were studied while
varying ceramic volume fraction from 30 to 80%with step of
10%. The simulation results of optimized transducer design
for each volume fraction are shown in Table 11. The relative

performance among the piezo-composite transducerwith dif-
ferent volume fraction was studied by using the following
equation:

Pi (dB) = 20 × log10

(
Pi
Pref

)
(9)

where Pi is the pressure calculated at each iteration, while
Pref is the maximum pressure value among all iterations.
The reference pressure was kept 5920.12, 8389.17, 11504,
13425.8, 15575.8 and 18151.3Pa for transducer design with
ceramic volume fraction as 30, 40, 50, 60, 70 and 80%,
respectively. The resulting pressure in decibels and corre-
sponding impedances are plotted as shown in Fig. 8. It can
be observed from this figure that while keeping the min-
ima among the harmonics under −3dB from the peaks of
frequency, the ceramic volume fraction from 30 to 40%
seems to be appropriate for the broadband transducer design.
By increasing the thickness-mode electromechanical cou-
pling constant increases but as ceramic fraction is increased
beyond 40%, it starts decreasing (Cochran et al. 2011). Sim-
ilar behavior is observed in case of electrical impedance.

Table 11 Optimized thicknesses of piezo-composite transducer using PZT5H with varied volume fraction

Volume fraction (%) Fitness value No. of function calls Generation count Optimized layer thickness (mm) GA Variant

(T1) (T2) (T3)

30 1.05E−03 577 28 1.649 0.596 0.785 GA4

40 4.45E−07 178 8 1.663 0.132 1.206 GA4

50 2.02E−03 439 21 1.742 0.011 1.249 GA6

60 5.76E−09 117 5 1.734 0.037 1.230 GA5

70 5.34E−05 578 28 0.749 0.011 2.180 GA4

80 3.58E−06 158 7 0.724 0.168 2.107 GA2

Fig. 8 Output from piezo-composite transducers with varying volume fraction of ceramic PZT5H; a pressure output (dB), and b magnitude of
electrical impedance (Ω)
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Fig. 9 Comparison of optimized layer thickness values from simulated
annealing (Abrar and Cochran 2007) and genetic algorithms

Validation of results
The results of optimization of piezo-composite transducer
can be validated by comparing it with already published
results (Abrar and Cochran 2007), as well as with PSO and
are shown in Table 12. It can be seen that GA produced better

results than simulated annealing (SA) in terms of efficiency
as fitness value obtained by GA is 1239 times smaller than
given by SA. The optimized results are produced after per-
forming 577 iterations with 28 generations using GA variant
GA4. The optimized thickness values by GA and SA can be
graphically presented in Fig. 9.

Since polymer has lower dielectric constant than ceramic,
by increasing the ceramic volume fraction, the overall dielec-
tric constant of composite material increases and hence
electrical impedance decreases. This also decreases the mis-
match between element and cable and hence increases the
sensitivity of probe. However, the bandwidth decreases
accordingly. From Fig. 6 it can be seen that the optimized
designs of transducer follow this trend.

3.2.2 PMN-PT–epoxy piezo-composite as active layer
material

Transducers with 1–3 piezo-composite which composed of
single-crystal PMN-PT as an active material with epoxy as a
passive material (Cochran et al. 2011) have been optimized,
and the results are presented in the form of pressure and
impedance output from optimized transducers for various
ceramic fractions 30–80% in Fig. 10. Summary of optimized

Table 12 Validation and
comparison of composite
transducer results of GAs with
SA

Case study Fitness value Optimized layer thickness value (mm)

(T1) (T2) (T3)

Simulation results by GAs

C1 1.38 × 10−6 1.626 0.126 1.248

Simulation results by PSO

C1 4.78 × 10−6 1.625 0.129 1.246

Simulation results by SA (Xu et al. 2015)

C1 1.71 × 10−3 1.668 0.584 0.748

Fig. 10 Output from piezo-composite transducers with varying volume fraction of single-crystal PMN-PT; a pressure output (dB), and bmagnitude
of electrical impedance (Ω)
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Table 13 Optimized thicknesses of piezo-composite transducer using PMN-PT with varied volume fraction

Volume fraction (%) Fitness value No. of function calls Generation count Optimized layer thickness (mm) GA variant

(T1) (T2) (T3)

30 5.07 × 10−5 57 2 1.712 0.506 0.781 GA7

40 3.40 × 10−4 857 42 0.510 0.747 10715 GA3

50 8.85 × 10−5 179 13 1.643 0.309 1.037 GA11

60 2.06 × 10−3 1019 50 1.662 0.320 1.048 GA11

70 6.74 × 10−5 698 34 1.634 0.372 0.998 GA7

80 9.71 × 10−9 218 10 1.626 0.791 1.583 GA7

thickness values, fitness values, GA variants, etc., are pre-
sented in Table 13.

The single crystals have been supposed to have better
piezoelectric properties than ceramic materials, and there-
fore, work had been made to develop signal crystals of PZT.
But it was very challenging to grow the crystals and the fab-
ricated crystals were quite small to measure their properties.
However, relaxor-based single-crystal, PMN-PT was found
to have an enormous piezoelectric constant d33, and coupling
factor k33 resulting in composite transducer with greater sen-
sitivity and bandwidth.

4 Conclusions

Three-layered piezoelectric transducer structures with piezo-
ceramic material PZT5H and single-crystal PMN-PT have
been separately optimized. The results of transducer with
piezoelectric material PZT5H have been validated by com-
paring the results with previously published results. This
study shows that the novel use of the standard GA yields
better results than SAwith less computational cost. Addition-
ally, the other contribution of this work is that optimization
of three-layered transducers with single-crystal piezoelectric
material PMN-PT alone and in composite form has also been
carried out employing GAs. Piezo-composite-based three-
layered transducerwithPMN-PT is found to bemore efficient
to convert electrical energy into mechanical (ultrasound) and
vice versa. The present study shows that in order to increase
the bandwidth and mechanical output of composite trans-
ducer, PMN-PT is a preferable piezoelectric material.
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