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Biomedical transducers widely employ piezoceramic polymer composites with 1-3 connectivity. The research
is aimed at determining the effective material properties of these composites in the micrometer scale by
simulation. Volume fraction of piezoceramic in the composite plays an important role in composite material
properties as studied by several researchers. It is also noted that the fiber aspect ratio (a/l) also affects the
composite material properties. Therefore it is intended to determine the effective material properties both
analytically and by simulation using computer simulation software program ANSYS which implements finite
element method (FEM). In the present work piezoelectric fiber composites are modeled, analyzed and then
the results are verified by using analytical equations. Important conclusions are drawn to select the piezocom-
posite materials for transducer applications.
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1. Introduction

Piezoelectric composites have attracted the attention of many researchers for the past several
decades due to their striking features in practical applications in ultrasonic transducers. Piezoelec-
tric transducers convert electrical signals into mechanical signals and vice versa. Piezocomposites
are widely used in many fields such as ultrasonic transducers, biomedical sensors, MEMS such as
water purity detection sensors etc. Ferroelectric ceramics have been extensively employed in a verity
of such sensors and actuators [1]. They serve as transmitters and receivers in the imaging systems
for sonar, medical, and NDE (nondestructive evaluation) applications, as well as in non-imaging ap-
plications like SAW (surface acoustic wave) devices in signal processing. In such applications, bulk
ferroelectric ceramic materials have certain shortcomings. Piezoceramics have very high electrome-
chanical coupling coefficient (k). However, they have very high acoustic impedance and they are
very brittle which affects fabrication. For this reason fiber piezocomposites are developed by combi-
nation of piezoceramics and polymers from the piezocomposites. These composites have shown re-
markable improvement in the performance of ultrasonic devices over their counterparts like piezoce-
ramics and piezopolymers with their tailor-made properties. They have suitable material properties
for transducer applications such as moderate electromechanical coefficients, low acoustic impedance
and low density, wide range of dielectric constants, low dielectric loss and low mechanical loss [2].

Variety of piezocomposite materials can be made by combining a piezoceramic with a passive
polymer such as epoxy or active polymer such as PVDF [3]. The piezocomposites are classified
according to their connectivity (such as 2-2, 1-3, 0-3 etc.,). Connectivity is defined as the number
of dimensions through which the material is continuous [4]. It is conventional for the first digit to
refer to the piezoelectrically active phase. These achievements are made possible with enormous
research in the design and investigation of the piezocomposite materials. Experimental work done
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in the fabrication of piezocomposites, with 2-2 and 1-3 connectivity, lead to ultra-fine technologies
in their manufacturing process ﬂa@] Presently, piezocomposites in the form of layers of a few
micrometers thick and fibers of a few a micrometers diameter are fabricated with the advancement
in the manufacturing technologies. The field of MEMS (Micro-Electro-Mechanical Systems) has
grown in leaps and bounds with this advent. The study of micromechanics of piezocomposites,
with their effective material properties in focus, resulted in more careful choice of materials for
specific purposes ﬂﬁ] Optimization of the device performance is achieved by both simulation and
experimental evaluation methods m] The most commonly used method for designing composite
transducer devices is the effective medium model proposed by Smith ﬂﬂ—lﬁ] The effective medium
theory predicts the material properties of the composites based on the volume fraction of the
piezoceramic enclosed in the soft matrix medium. However, the aspect ratio of the fibers (aspect
ratio is defined as a/l, where a is the diameter and [ is the length of fibers) is not included in the
analytical equations derived by Smith et.al. For this reason FEM is adopted to study the effect of
aspect ratio on the material properties of composite which can be used in transducer design.

A brief description of piezocomposites is presented in the first section. The constitutive equati-
ons related to piezoelectric materials are discussed in the second section. Details of finite element
modeling are then presented in the third section. In the present study an attempt is made to
determine the material coefficients which are important in biomedical transducers. A step by step
approach is presented and discussed in the fourth section. The important conclusions drawn are
presented in the last section.

2. Piezoelectric 1-3 composites

Composite materials have applications in transducers for pulse echo medical ultrasonic imag-
ing. There are several requirements for piezoelectric used in these transducers. First, for sensitive
transducers, the piezoelectric should convert between electric and mechanical energy. Second, the
piezoelectric should be acoustically matched to tissue so that acoustic waves couple well in the
transducer and tissue both during transmission and reception. Third, the electric properties should
be compatible with the driving and receiving electronics. The requirement of relevant parameters on
high electromechanical coupling coefficient (k; — 1), acoustic impedance close to tissue (Z — 1.5
Mrayls), large dielectric constant (> 100), low dielectric loss (tand < 0.05) and low mechanical
loss (Q > 10) [13].

Polymer piezoelectric composites with 1-3 connectivity can meet many of these stringent re-
quirements. In this paper we report a detailed finite element analysis using a unit cell model for
thickness mode vibrations. The results obtained are compared with the analytical and experimental
results. The agreement between the results better proves the validity of the method of simulation.

Figure 1. Rectangular piezoceramic fibers in Figure 2. Cylindrical piezoceramic fibers in
square arrangement ﬂl__éll] hexagonal arrangement ﬂ]

Piezoelectric 1-3 composites are formed by embedding piezoelectric ceramic fibers in a passive
polymer medium. The ceramic fibers may have a square or circular cross section. They may be
arranged in square or hexagonal arrangement as shown in figures [I] and 2l The rod composite ge-
ometry provides materials with enhanced electromechanical coupling and with acoustic impedance

13703-2



Characterization of 1-3 piezoelectric polymer composites

close to that of biological tissue; these advantages yield transducers for medical ultrasonic imag-
ing with high sensitivity and compact impulse response. Proper design of the rod spacing (lateral
fine scale spacing) yields materials which exhibit low cross-talk between array elements formed by
patterning the electrode alone, without cutting between the elements. Keeping this in view, fiber
composites having very fine fiber diameter (~ 40 micrometer) are analyzed.

3. Piezoelectric constitutive equations

Piezoelectricity is a coupling between a material’s mechanical and electrical behavior, which
can be represented by the following constitutive equations in tensor notation. T;; Stress, Si; strain,
electric field Ej and electric displacement D; are related by equation ()

E t
Tij = ¢ijp1 Skl — €1 Bk s
S
D; = ekij Sk + €5, Bk » (1)

where 051@1 is a fourth-order elasticity tensor under short circuit boundary conditions. Ef’k is a

second-order free body dielectric tensor and ey;; is a third-order piezoelectric strain tensor. Due
to symmetry of the tensors Tj;, Sk, cﬁkl and sf’k, the above equation () can be written in the
matrix notation as equation ([2) as follows.

o]=[% FE] @

where t denotes a transposed matrix.

For a transversely isotropic piezoelectric material, the stiffness matrix, the piezoelectric matrix
and the dielectric matrix simplify so that 7 of the orthotropic constants depend on the others as
given below and only 11 independent coefficients are to be determined.

Co2 = C11, Co3 = C13, C55 = C44 ce6 = (c11 —c12)/2,

€21 = €15, €32 = €31, €29 = €11 . (3)

Therefore, the constitutive equation () can be written as follows.

F T cddi ol ol o 0 0 0 0 —e 5.,
ml| el el 0o 0 0 0 0 ||
Ts3 Cfgf Cfgf C:ze:{f 0 0 0 0 0 _eggf Ss3
Tos 0 0 0o cdloo 0 0 el o Sos
Ty |=| 0 0 0 0o cdr o0 =t o 0 Sa1
Ty, 0 0 0 0 o cfooo 0 0 S1a
Dy 0 0 0 0 e 0 o 0 b
Dy 0 0 0 e 0 0 o Yo Es

LDs b efr et b 0 0 0 0 0o et | LB

(4)
A baron T, S, E and D indicates average values and the piezoelectric coeflicients are the effective
properties of the composite structure as indicated by the superscript. These equations are further
used in numerical evaluation process.

4. Analytical equations

The effective properties of the piezocomposite which are more relevant in thickness mode vi-
brations are given by below equations (B)—(I7) where all the parameters are represented by IEEE
standard notations [13]. The volume fraction of the inclusion piezoceramic fiber material in the
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composite is represented by v and the volume fraction of the matrix material is represented by 7,
where

v=>01-v). (5)

The mean elastic constants are given by:

_E veb (e +ern) +vern(cl + k)
€13 = — E E ) (6)
v(crr +cr2) +(cf) + oph)
20(cy — ¢19)? }
_E E 13 — C12 _
Can = U |Csh— — +7Tecrn. 7
5 [ B y(en +ci2) +7(cf) +cfy) H @)

The average electromechanical coefficients are given by:

vesi(ci1+ci2)

e31 = 8
o v(c1r +c12) +0(cE + k)7 ®

_ 20 ez1(ci3 — ¢19) ]
€33 = UV |e33 — — 9
[ v(en +ci2) + T ef) +cfy ©)

The average static dielectric constant is:

- 2
B =1 [€§3+y(011 +6122”)(f1;(cﬁ +c{52)] +Ten. (10)
From the above, one can calculate:
el =l + (€33)2/25; . (11)
Piezoelectric h constant is given by:
has = % . (12)
€33

The dielectric susceptibility is inverse of permittivity and given by:
=S 1
Baz = =5 - (13)
€33

The average density of composite depends on densities of polymer (pp) and density of ceramic (pc)
by:

p=vp°+7p". (14)
The average electromechanical coupling coefficient is given by:
— J— _ —S _ _ _

ke = has/(€3033)"% = €aa/ (€53255) /. (15)

Acoustic impedance is given by
z=(e5n)'/?. (16)

Longitudinal acoustic velocity is given by:
u = (e3/p)"*. (17)

Using the above equations and the values of component phase parameters, average values of com-
posite parameters are calculated and plotted.
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5. Numerical evaluation — implementation of finite element method

A full model of composite is difficult to analyze because of the constraints such as limited
processing speed and memory available for computation of computing devices. Therefore, for sim-
plicity, a periodic array of cylindrical fibers with square arrangement is considered as shown in
figure[3l This periodic nature of fibers in the composite allows us to select a simple volume element
which represents the general characteristics of the whole composite. This volume element is also
called a unit cell as shown in figure Ml It is this volume element that we consider for analysis
by applying periodic boundary conditions. The complete description of the evaluation of effective
material properties by simulation can be found in [15].

The boundary conditions that are applied to the unit cell to evaluate various effective material
properties are briefly described as follows.

e To apply strain in X3_ direction, predefined displacements are applied perpendicularly on
C™ plane on all nodes. At the same time, zero displacements are applied on C~ plane.

e To apply pure shear stress in X;Xs-plane, tangential forces are applied on all nodes on A™
and BT planes while constraining the displacement of nodes along Xs-direction.

e To apply electric field along X3-direction, C~ plane is kept at zero potential while a non-zero
potential is applied on CT plane.

¥,
- surface BT surface C~ #
0 e e X

- . surface A~ X5
‘ 0 ’G| o 'O T surace AT

. 0 ‘ . - & surface B~
surface C
Figure 3. Unit cells for square arrangement of Figure 4. Notations for identifying surfaces of

fibers. the unit cell.

The effective properties of the piezocomposite can be extracted by solving the matrix equations
given by equation [{]). We solve these equations simultaneously by applying appropriate boundary
conditions so that only one equation is set to give a non-zero result while all others vanish. For
example to evaluate e, the following boundary conditions are applied.

e Apply zero normal displacements to all surfaces so that all the strain terms become zero.

e Apply zero potential at C~ plane and a non-zero potential on C* plane so that an electric
field exists along Z-direction.

e Apply zero potential at all other planes so that no electric field exists along X and Y-
directions.

After the above boundary conditions are applied, eggf is calculated as eggf = —Ts3/E33. All
the other effective properties are extracted by applying suitable boundary conditions.

Following Smith’s analytical model as given in [11], Chan et. al. [12] derived the analytical
equations for the effective material properties of 1-3 piezocomposites. They also experimentally
checked the validity of their equations for various physical quantities for different volume fracti-
ons of piezoceramic in the composite material. The coincidence between the theoretical and the
reported experimental values is quite appreciable. Analytical, numerical and experimental values
are compared for PZT 7TA — Araldite D composites. Model’s predictions and their implications for
transducer applications are considered.

As a part of the analysis, the unit cell of 1-3 piezocomposite is modeled with the fiber mate-
rial made of PZT 7A which is included in an Araldite D matrix. The effective properties of the
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piezocomposite which are more relevant in thickness mode vibrations are extracted by simulating
the unit cell of the 1-3 composite and performing the static analysis by ANSYS software and they
are compared with the analytical and experimental results following Smith’s equations HE] The
material properties of PZT 7A and Araldite D are taken from [ﬂ] To check the correctness of the
model, the effective material properties of the composite, namely, cs3, ez3 and €33 are determined
for different volume fractions of fiber material in the composite by simulation.
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Figure 5. Variation of Acoustic Impedance with volume fraction.
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Figure 6. Variation of k; with volume fraction.

It is found that the effective properties cs3, e33 and £33 linearly vary with volume fraction. From
these values the effective transducer parameters, namely, the electromechanical coupling coefficient,
ks, the acoustic impedance Z and the longitudinal velocity V; are determined using equations given
in section 3. These simulation results are shown graphically in figures BHI along with the analytical
results following Smith’s model. Experimental values are provided for comparison wherever they
are available. The experimental values are taken from ﬂﬁ] Evidently the simulation results are in
close agreement with the analytical and experimental values. In the graphs, the results obtained by
simulation are indicated by the label FEM and the values that are calculated by using the analytical
equation presented in section 3 are indicated by the label ANALYTICAL. The experimental values
are indicated by the label EXPT.

In figure [l it can be noted that the acoustic impedance increases linearly with the increase of
volume fraction. At lower volume fractions, the variation is almost linear but at higher volume
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fractions the variation shows non-linear behavior as we observe the numerical results while the
analytical solution predicts completely linear behavior.

In figure [f] it can be noted that the thickness mode electromechanical coupling coefficient, k;
increases with the volume fraction because the electrical energy is more efficiently converted into
mechanical energy. There is a close agreement between the simulated and analytical results at all
volume fractions.
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Figure 7. Variation of Relative permittivity with volume fraction.
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Figure 8. Variation of Longitudinal velocity with volume fraction.

In figure [1l two types of the relative permittivity values are shown. The values obtained by
simulation and by analytical equations are of type € and the experimental values are of type e”.
The effect of internal field modifications is not taken into considerations resulting in the deviation
of simulated and experimental values of dielectric constant. However, the dielectric constant values
obtained from analytical and numerical methods agree very well.

As the volume fraction becomes larger, the subsequent clamping of fibers by polymer has an
appreciable effect on the elastic and piezoelectric behavior; the elastic stiffness ¢33 is expected to
increase and piezoelectric strain constant ess decreases. However, in the present work this kind of
clamping is not observed even up to 0.70 volume fraction. As the volume fraction increases, the
stiffening effect of adding more ceramic is mass loading (increased density) and this is responsible
for saturation effects observed in k; (figure ) and V; (figure [7).

The structural dimensions of a composite depend on the operating frequencies of the transducer.
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Figure 9. Variation of k; with aspect ratio.

The height of individual fiber is proportional to the ratio of the operating frequency and the
frequency constant of the ceramic. Hence, aspect ratio (height/width) is an important parameter
to be considered.

The dependence of k; on the aspect ratio of the piezoceramic fibers is also studied by simulation
for various volume fractions of piezoceramic fibers in the composite and the results are shown
graphically in figure

Table 1. Comparison of Analytical and FEM results for a/l = 0.2.

v Cis Css e31 €33 €33 €r33 ki Vi Z
(GPa) | (GPa) | (C/m2) | (C/m2) | (nF/m) (m/s) | (Mrayl)
0.1 | A | 490 13.2 -0.0364 1.854 0.796 89.9425 0.4963 3150 5.56
F 5.15 13.9 -0.0690 2.0142 0.869 98.1364 0.5014 3240 5.72
02 | A 5.51 18.5 -0.0813 3.7016 1.55 175.6275 | 0.5679 3350 8.15
F 5.99 19.8 -0.1509 3.9747 1.68 190.3059 | 0.5675 3470 8.42
03 | A | 6.27 23.9 -0.1378 5.5401 2.31 261.2375 | 0.5972 3470 10.7
F 7.02 25.8 -0.2508 5.9402 2.50 282.8398 | 0.5947 3590 11.1
04 | A 7.27 29.5 -0.2113 7.3655 3.07 346.7387 | 0.6118 3540 13.3
F 8.40 32.0 -0.3793 7.8511 3.31 374.0547 | 0.6065 3670 13.8
05 | A 8.62 35.4 -0.3106 9.1709 3.82 432.0735 | 0.6189 3600 15.9
F 10.5 39.0 -0.5746 9.7955 4.14 467.9055 | 0.6105 3750 16.6
06 | A 10.6 41.7 -0.4524 10.9435 | 4.58 517.1354 | 0.6207 3650 18.6
F 13.1 44.9 -0.7723 11.067 4.71 532.5207 | 0.6065 4370 16.4
0.7 | A 13.5 48.9 -0.6713 12.6564 | 5.33 601.7016 | 0.6172 3700 21.3
F 18.6 53.5 —1.2282 12.4977 | 5.40 610.2610 | 0.5924 4680 17.6

A: Analytical values; F: Finite Element values.

From figure [@ it can be noted that, for a fixed volume fraction of the ceramic, the electro-
mechanical coupling coefficient (k;) decreases with the increase of the aspect ratio of the fiber.
Therefore, it can be noted that for higher values of k;, higher volume fraction of fiber material
is required and at the same time the aspect ratio of the fibers should be small. This behavior is
useful in optimizing the transducer performance. This result follows from the fact that the effective
elastic coeflicient (c33) of the composite increased with the increase in the aspect ratio of the fibers,
although the other two quantities (c33 and £33) remain almost unchanged.

To make sensitive transducers, an essential requirement is low Z and high k;. The present
calculations show that 1-3 composites can be superior in both respects; trade off being between
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minimizing impedance and maximizing coupling. This is because the lowering volume fraction
lowers not only Z but also the coupling.

For comparison of simulation results with analytical results for a/l = 0.2, the results are given
in table 1.

From the graphs, it can be observed that the analytical results obtained from effective medium
theory and the results obtained from FEM are in close agreement at all volume fractions. The
thickness mode electromechanical coupling coefficient (k) is a very important transducer parameter
which we seek to be as high as possible. From figure [f] it can be observed that for v = 0.6, k;
almost reaches its maximum possible value. That means we can achieve the same value of k; even
by reducing the content of piezoceramic by 40 percent. This effort results in lower density of the
composite material.

Another important requirement of a piezocomposite to be used in a transducer is the low
acoustic impedance (Z). From figure [l it is noted that the acoustic impedance can be reduced by
reducing the volume content of piezoceramic (i.e. by reducing the volume fraction of piezoceramic,
v) in the piezocomposite. At the same time, k; decreases with the decrease in v, which we do
not need. Therefore, a tradeoff should be made between k; and Z for optimal performance of
transducer.

For better performance of a 1-3 composite transducer, there should be an effective transfer of
stress between the fiber material and the matrix material for which the surface area of interaction
should be made as large as possible [16]. This can be achieved by selecting long narrow fibers which
has lower aspect ratio (a/l) of fiber. We have also shown by the simulation results how the aspect
ratio of fibers affects the effective elastic coefficients and hence k;. These results prompt us to select
piezoceramic fibers with lower aspect ratio for higher k; values. By these trends the demand for
narrow fiber diameters increases which require high end technologies in the manufacturing process
of 1-3 piezocomposites [1, [17-21].

6. Conclusions

A framework has been worked out for simulation of essential ultrasonic transducer parameters
required for the composite transducer in medical or biological applications. The variations of these
parameters with aspect ratio are also worked out. The results are compared with experimental and
analytical values.

The effect of aspect ratio (a/l) on the effective properties of the 1-3 composite is not included
in the Smith’s analytical equation. However, when we analyzed the effect of (a/l) by simulation, it
turned out that the effective properties are more sensitive to (a/l) only at higher volume fractions.
It can also be noted that the relative permittivity is almost independent of (a/l) at all volume
fractions.

In the present work, piezoelectric fiber composites are modeled and analyzed by ANSYS soft-
ware by performing static analysis. The effective material properties of piezoceramic polymer com-
posites with 1-3 connectivity are determined. The dependence of the effective material properties
on the volume fraction of piezoceramic in the composite is analyzed by numerical results and then
the results are verified by using analytical equations. It is also noted that the fiber aspect ratio
(a/l) also effects the composite material properties at higher volume fractions. The results are
shown graphically for comparison. These results are useful in characterizing the piezocomposite
materials. The simulation procedure adopted is also useful in optimizing the material properties of
1-3 piezocomposites which are used in biomedical transducer applications. The simulation proce-
dure developed eliminates the trial and error method of optimization of piezocomposite transducer
materials. More importantly, optimization of aspect ratio for better k; is achieved which is not cov-
ered by the Smith’s model. Another advantage of simulation model is that different combinations
of piezoceramic fibers (with different a/l) and polymer matrix (piezo or non-piezo) materials can
be easily worked out without the use of any kind of laborious analytical procedures, the accuracy
being limited to the fineness of the model.
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XapakTtepuctuka 1-3 m’e30eneKTpu4HnX NnoniMmepHnxX
KOMMO3UTIB — YMCJI0BA i aHaniTU4YHa npoueaypa ouiHkv BiOpaui
MopA TOBLLMHU

C.B. MaagrycyaraHna Pao, I lNpacag
YHiBepcuteT OcMmaHia, Mangepaban 500 004 A.P, IHgjs

BiomeanyHi paTinKM LUIMPOKO BMKOPUCTOBYIOTb M'e€30KepaMiyHi noniMepHi komno3uTtn 3 1-3 3B’A3HicTIO.
JlocnifkeHHs HauineHe Ha BU3HAYEHHSA ePEeKTUBHMX MaTepianbHUX BNACTUBOCTEN LIMX KOMMO3UTIB Ha Mi-
KPOMETPUYHMX MacluTabax MeTogamMmu KOMMIOTEPHOr0 MoaesioBaHHs. Sk 6yno Bxe nokasaHo, 06’emMHa
[ons Me30Kepamiku B KOMMNO3UTI Bigirpae BaXMBY POJib Y BAACTMBOCTAX KOMMO3UTHOro Matepiany. No-
TPIBHO TakoX BiA3HAYUTW BNIMB KoedilieHTa BONIOKHUCTOCTI (a/l) Ha MaTepianbHi BNacTMBOCTI KOMMO-
3uTa. OTXe, MeTO € BU3HaYeHHs eEeKTUBHUX MaTepialbHUX BNacTUBOCTEN, BUKOPUCTOBYIOHN SIK aHa-
NiTUYHI MeToau, Tak | KOMM'IOTEPHE MOAENOBaHHS, a came, nporpaMmy ANSYS, aka 6a3yeTbcst Ha MeTogj
ckiHyeHoro enemeHTa (FEM). Y paHin po6oTi MofenioloTbCa Ta aHani3ylTbCs N'e30eN1eKTPUYHI BOTOKHUCTI
KOMTMO3UTU, a OTPUMaHi pPe3ynsTaTn NePEBIPSITLCS 3 BUKOPUCTAHHAM aHaNiTUYHUX PiBHAHb. 3p06neHO
BaX/IMBi BUCHOBKM LLIOAO0 BUAINEHHS N'€30KOMMNO3UTHUX MaTepianiB 419 3aCTOCYBaHHS Y AaT4MKax.

Knio4oBi cnoBa: 11'€30e1eKTpuYHICTb, 1'€30e/1eKTPUYHI MaTtepianu, enekTpoMexaHidHi ecpekTu,
1'€30€1E€KTPUNYHI AaTYNKN, METOAN CKIHYEHOr0 €/1EMEHTY
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