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Cellular piezoelectret film is actually the voided charged polymer foam that, macroscopi-
cally, shows significant quasi-piezoelectricity in the thickness direction. In this study, cellu-
lar piezoelectret film is viewed as a periodic composite, where the charged microvoids are
taken as piezoelectric inclusions scattered periodically in the host polymer matrix. Based
on the asymptotic homogenization for piezoelectric composite implemented by finite ele-
ment method, the effective electromechanical properties of cellular piezoelectret film are
numerically modeled. Dependence of the overall electromechanical properties on various
material parameters and geometric variables of voids is explored. The inflation experiments
of cellular piezoelectret film published in the literature can also be numerically simulated.
It is shown that the overall properties of cellular piezoelectret film can be effectively simu-
lated by the asymptotic homogenization based on finite element analysis. This approach
can be an efficient mean for the numerical simulation of the overall properties in the opti-
mization design of cellular piezoelectret film with complex microvoid structures.

Keywords: cellular piezoelectret film; periodic composite; overall electromechanical
properties; asymptotic homogenization; finite element analysis

1. Introduction

There has been a resurgence of interests in the effort to develop new piezoelectric materials.
Cellular piezoelectret film is a new member of the functional materials that show remarkable
quasi-piezoelectric effect.[1] Cellular piezoelectret film is actually voided charged polymer
foam. It is generally prepared from polymer, such as polypropylene (PP), by means of biaxial
stretching and electric charging. The action of biaxial stretching on a polymer premixed with
fine mineral particles leads to many lens-like microvoids scattered. Corona charging process
is usually taken to the voided polymer film. Charges of opposite polarities are trapped and
reside separately on the top and bottom part of the void internal surface.[2] Upon external
mechanical pressure, the voided charged polymer film can be piezoelectric and is, therefore,
called cellular piezoelectret. The quasi-piezoelectricity in the film thickness direction can be
comparable with that of the traditional piezoelectric ceramics.[3] In addition, the film also has
the advantage of lightweight, flexibility, easiness to fabricating, no poison pollution,
cost-effectiveness as well as the low impedance matching water and human body. All these
advantages make this material very attractive in the flexible electromechanical sensors and
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transducers. Cellular piezoelectret film now shows great potential in the electro-acoustic appli-
cation, such as in the area of medical diagnostics, surveillance and nondestructive testing in
biological technology, etc.[4]

Understanding of material preparation has been advanced significantly so far.[5] Some
technologies have been proposed to improve the quasi-piezoelectric coefficient. For example,
the piezoelectric activity of cellular piezoelectret PP films can be remarkably increased by
thickness expansion.[6,7] The improvement of d33 coefficient is due to the decrease in
Young’s modulus in the film thickness direction as well as the increase in chargeability owing
to expansion. At the same time, research on improvement in thermal stability has also been
carried out. Cellular piezoelectret with polytetrafluoroethylene and tetrafluoroethylene—hexa-
fluoropropylene copolymer as the host polymer, for example, exhibits a greater stability for
the piezoelectric activity at 90 °C, compared with the traditional PP piezoelectrets.[8]

On the aspect of theoretical model, Paajanen et al. [9,10] simplified the layered piezo-
electret as the one air gap structure. Elementary models were developed to evaluate the sensi-
tivity for the actuator and sensor mode. In terms of the theoretical model, Young’s moduli of
the films can be determined using data from sensor and actuator sensitivity measurements.
Sessler and Hillenbrand [11] and Hillenbrand et al. [12] developed the sandwich model of
alternating parallel plane polymer layers and air layers. Qualitative analysis was provided to
confirm experimental observation that d33 is inversely proportional to the overall modulus in
the thickness direction.[11,12] A more sophisticated model [13] was developed using the cou-
pled mean field micro-electromechanical model to predict the macroscopic piezoelectric
behavior. The differential effective medium model was adopted in approximating the effective
stiffness, dielectric permittivity, and piezoelectric coupling coefficients. This approach
improves the approximation of piezoelectret behavior by capturing the influence of micro-
scopic material structure on macroscopic piezoelectric performance. Wan et al. [14] developed
a micromechanical model using the Eshelby equivalent inclusion method to find the effective
electromechanical properties of cellular piezoelectret polymer foam. In this formulation, the
voids with surplus charge are deemed as ellipsoidal heterogeneous inclusions which show pie-
zoelectric-like effect under deformation and the matrix is the nonpolar polymer. In addition to
the qualitative discussion on the sensitivity of electromechanical properties with respect to
various parameters, quantitative comparison with experiment data was also presented. Further-
more, the authors extended this micromechanical model to viscoelastic matrix to predict the
time-dependent behavior of the overall piezoelectric ds; coefficient of voided charged poly-
mer foam.[15,16]

With regard to numerical simulation of piezoelectret, Tuncer et al. [17] conducted a finite
element analysis on the two- and three-layer piezoelectret systems by using Femlab. The sim-
ulation takes into account the coupling of electrical and mechanical stresses in terms of the
Maxwell stress tensor. Focusing on the cellular piezoelectret films with complex microstruc-
tures where analytical solution is generally unavailable, Wan and Fan [18] modeled the flat
voids by the hollow oblate tetrakaidecahedron scattered periodically in the host polymer.
Charges of opposite polarities are assumed to be distributed on the upper and lower part of
the internal surfaces. The electrostatic field and the deformation are numerically solved. The
piezoelectric ds3 coefficient is defined and obtained in terms of the inverse piezoelectric
effect. Furthermore, by considering the viscoelastic property of the host polymer, they [19]
also extend this finite element method (FEM) to simulate the temporal evolution of the effec-
tive piezoelectric d;; coefficient.

As is known, the quasi-piezoelectric effect of voided charged polymer film is intimately
connected with shape anisotropy of microvoids. Design of cellular piezoelectret polymer film
with more advanced properties generally needs the topology optimization of the internal void
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structures. Powerful analysis tool, such as FEM, is necessary in the optimization design of
cellular piezoelectret films with complex void microstructures. However, since the microvoids
are generally very small compared with the ordinary devices made of cellular piezoelectret
materials, analysis of piezoelectret devices directly using FEM on the microscale level usually
results in huge computer calculation work and sometimes becomes intractable. Asymptotic
homogenization has long been developed to treat the effective properties of composite with
large amount of inhomogeneities.[20] For periodic piezoelectric composites where the electro-
elastic coupling equation with rapidly oscillating coefficients can be established, the asymp-
totic homogenization plus FEM [21-23] has been adopted to find the effective properties. In
this study, the effective electromechanical properties of cellular piezoelectret film are analyzed
by means of the asymptotic homogenization implemented by FEM. Cellular piezoelectret film
is taken as periodic composite. The flat microvoids are modeled by the hollow oblate tetrakai-
decahedron.[18,19] The smallest repetitive cuboid that compactly encloses the tetrakaidecahe-
dron actually serves as the unit cell. The dependence of the overall electromechanical
properties on various material parameters and geometric variables of voids are explored. The
results of inflation experiment of cellular piezoelectret film published in the literature have
been numerically reproduced. It is shown that the overall properties of cellular piezoelectret
film can be effectively simulated by the approach of asymptotic homogenization plus finite
element.

2. Asymptotic homogenization implemented by FEM

The homogenization method has been extensively studied during the past several decades for
periodic composite in the quasi-static application where wavelength is much larger than the
microstructures. Here, we briefly present the theory of asymptotic homogenization applied to
piezoelectricity, with the emphasis on the finite element implementation for the effective elec-
tromechanical coefficients of cellular piezoelectret polymer composite.

2.1. Theory of asymptotic homogenization for piezoelectricity

In a piezoelectric material, the electromechanical fields can be described by the piezoelectric
equations as,

Ojj = CijiUk,1 + €xij P i (1)

D; = egquy; — ko i (2)

where cju, ey, and ky, are the elastic modulus, piezoelectric coefficient and the dielectric per-
mittivity. o; and D, are the elastic stress and the electric displacements. u; and ¢ are the
mechanical displacements and electric potential, which, in the case of piezoelectric composite
with large amount of inhomogeneities, can be asymptotically expanded as

w; = ) () + 0u; (05, ;) + 0%} (x,37) + ... (3)

@ =" (x)) + 60" (x:,) + 5@ (x5, + ... (4)

where x; denote the global coordinate. y; the local coordinate that is defined in the smallest
repeated unit cell, that is, the representative volume element (RVE). They are mutually related
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by y; = x;/J, where J is a small parameter. u° and ¢° are macroscopic displacement and elec-
tric potential, while u!,u?... and ¢!, ¢?... are periodic function with respect to the local
coordinate y;. Usually, only the first terms, that is, ”1] and ¢', are retained in the expansion,
which represent the displacement and electric potential on the microscopic level. The macro-

scopic and microscopic fields are related by

u} (x,y) = 7' V)esu (u]) + TE) by(°) (5)

o' (x,y) = T ()ew(u]) + N () dy(9") (6)

where y¥(y) are the characteristic displacements and A/(y) is the characteristic electrical
potential of the unit cell. TF,(y) and T'¥(y) are the characteristic coupled functions.[21]

1/ou Oul
0y — —( 2k 4 77
eXkl(ui) n 2 <8xl + 8xk> (7)
a 0
Dulo’) = 5 ®)

The characteristic terms should be obtained by solving the local problems, which are
defined on the RVE, and governed by the following equations [21]:

O ) ., armh
o, |:Cl'jk/(Trl;zlh +ew(x™) + ek"fa_yk} =0 (9)
9 (Tkl + ( mh)) k 81"'”” 0 (10)
— | €ix e . — K; =
N K\ L vid \Li k e
0 ON"
e (T) — e 9 — 35— )| =0 11
o, {Cﬂdeﬂd( i) %( b fmﬂ (11)
0 ON"
~—emew(IT]) + kx| O ——=— || =0 12
o [e wey (IT7) + k( " )} (12)
In the above equations, there are
1 axmh 8ymh 1 /011" o1
mhy __ k Ji ny _ 1 k !
ew(y") = 2( o, +—6xk e (IT)) >\ oy, + 3yk (13a,b)

The symbol ‘0’ represents partial differentiation. 7%, is the fourth order unit tensor,
T8 = N0 + 640 14
i —5( Ot + O Oim) (14)

where 0; is the Kronecker delta. Once the characteristic terms in Equations (5) and (6) are
solved, the homogenized coefficients can be found by Ref. [21],
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0 orm
cljmh = _/ |:cljk1 <Tk[ )zlj ) + e ELij ay :|dY (15)
axmh orm
_ kil k
elmh - / |: €ikl (T 8_)/] > ik 8yk :|dY (16)
. 1 oI} ON"
ki Zv/y |:ezkl o ot ki (5kn - 3yk>]dY (17)

where the quantities with an over bar represent the homogenized properties, V' is the volume
of the RVE.

2.2. Geometric model and finite element formulation

Since the microvoids are produced by the biaxial stretching on a polymer premixed with fine
mineral particles, which can be assumed to be homogeneously scattered, cellular piezoelectret
film (Figure 1) can be considered as the periodic composite where the closed flat voids are
aligned periodically in polymer matrix, as was done in previous theoretical treatment.[14—16]
Electric charges are usually assumed to be distributed uniformly on the internal surfaces of
microvoids. The charged voids behave piezoelectric-like under mechanical deformation and
can be regarded as piezoelectric inclusions. With suitable definition, piezoelectric coefficients
can be defined.[14—-16] The microvoid can be geometrically modeled by the hollow oblate tet-
rakaidecahedron.[18,19] It can be verified that the space can be seamlessly filled when the
hollow oblate tetrakaidecahedra are periodically arranged, as shown in Figure 2. The RVE is
selected to be the cuboid which compactly enclose the hollow oblate tetrakaidecahedron,
[18,19] as shown in Figure 3. The in-plane sizes, that is, the lengths in the two orthogonal
directions in the y; — y, plane, are identical and denoted by a, while the height in y; direction
is given by A. The hollow oblate tetrakaidecahedron has the wall thickness of ¢. The aspect
ratio can be defined as [18,19]

k= (h—21)/(a—21) (18)

and the void volume fraction is,

Figure 1. Cellular PP film.
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Figure 2. (a) Periodic composite and (b) sectional view.

Figure 3. The RVE.

f=(h=20)(a—2)"/(h) (19)

The asymptotic homogenization method (AHM) is based on rigorous mathematical deduc-
tion. The calculated effective properties of periodic composite depend on the results of a local
analysis on the RVE, which is usually carried out by FEM. Therefore, this analysis procedure
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is known as AHM plus FEM.[20-23] In this study, the local analysis is carried out in
ANSYS. The SOLIDS element, which is 8-node hexahedron isoparametric coupling element,
is used here to mesh the RVE. The discrete formulation of finite element is as follows,

mh
/ B'DBaY | X, | = - / B'DedY (20a)
Y r Y
/ B'DBdY |, | = — / B'DEdY (20b)
Y A Y
where
T T T T T T T 7
][ (B (8 () () (B (8) (&)
r I I I; Iy I': It e Iy
(21a)
T
]\ N\ e\ o\ ' (21b)
A"\ A] A5 A A Al A A7 Ag
B = [B; B; B{B; B: B; B; B (22)
[ ON? /O, 0 0 0 i
0 ON? /Oy, 0 0
0 0 ON¢ | Dys 0
0 ON/av N/ 0
B = | ONf/0ys 0 ON¢f /Oy 0 (23)
ON? /Oy, ONf /0w 0 0
0 0 0 —ON¢ /O
0 0 0 —ON; /Oy,
| 0 0 0 —ON? [Oys
XTih 1T},
"= s =g T, (24a,b)
Xgnih IT5;
in which, i = 1,2,...,8 are the node number,
Cc —e
D= [e . } (25)

C, e, and k are, respectively, the elastic stiff matrix, the piezoelectric stress coefficient matrix,
and the dielectric matrix. The superscript ‘7" refers to matrix transpose. 36"” the unit initial
strain vector, and E{ the unit initial electric field vector, where the superscript indices, that is,
m, h, and n, value range from 1 to 3. The right-hand side of the Equations (20a) and (20b)
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can be understood as the node force induced, respectively, by the unit initial strain exerted on
the ‘mh’ direction or the unit initial electric field exerted in the ‘n’ direction. After solving
Equations (20a) and (20b), ", I, II", and A" can be obtained, which can further be
inserted into Equations (15)—(17) to find the effective elastic matrix, the effective piezoelectric
coefficient and also the effective dielectric matrix. Generally, there are six different loads in
Equations (20a) as ‘mh’ in turn takes the value of 11, 22, 33, and 12 or 21, 23 or 32, 13 or
31, respectively. Also in Equations (20b), there are three different loads, when ‘n’ equals to
1-3. Therefore, there usually total nine cases of loads in order to completely determine the
effective properties.

2.3. Implementation of finite element (FE) method and the effective elastic and piezoelectric
properties

Due to the isotropy of host polymer and the structure symmetry of the oblate spherical
microvoids, we can judge that the effective property of cellular piezoelectret film is trans-
versely isotropic, as demonstrated in experiments.[2—4] The overall piezoelectric strain coeffi-

cients matrix [d] can be found by,
ld] = [e][S] (26)

where [e] is the piezoelectric stress coefficient matrix, [S] the elastic compliance matrix which

is inverse to the elastic stiffness, [C]. For cellular piezoelectret film, the concerned parameters
are usually the overall ds3 and d3; = d3,, which, in terms of Equation (26), can be given by,

dy1 = Spie31 + Sies + Si3éss (27a)
dyy = S1p&31 + Sneés + Sxéss (27b)
dyy = S13831 + Snén + Sy (27¢)

In order to find the piezoelectric strain coefficients ds1 (or ds) and ds3, the overall elastic
compliance, S;; = Sy, S2, Si3 = S, S33, and the overall piezoelectric stress coefficients,
es3, ey = e3p, should be predetermined. The above-mentioned elastic compliance can be
found once the overall elastic stiff coefficients, that is, Ci; = Cay, Cia, Ci3 = Caz, Cs3, are
solved. This can be accomplished by the analysis of the local problem dictated by Equations
(20a) and (20b) with only two cases of loads, that is, m = 4 =3 and m = h = 1. For the load
case of m = h = 3, a unit initial strain is applied in the y; direction, that is,

£=[0 010000 0 0] (28)

Then, in terms of Equations (15) and (16), the following effective properties can be
obtained,

_ 1 3733 8733 8733 al—-33
Cy3 = — C Cy—2L 4 Cyp22 4 C3-23 — |dY 29
33 V/y ( 33 + (3 o + (3 o + (33 s +es3 s (29a)
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oy 0y} 0y or®
Ci=— C C 1 C 2 C 3 dy 29b
13 / ( 13+ 118 » + Cio—7— B + Ci3—7— s +e—— B (29b)
oy 0y} 0y or®
Cy =— C C L 4 G222 4 023 dY 29
23 / ( 3+ C7— o + 226 + C3—7— s +en—7— s (29¢)
oy 97} 03 or®
=7 — ky3——|dY 29d
€3 <€33 + e — o + epn—4— B + e/ s 33 B (29d)

In a similar way, for the load case of m = h = 1, we apply a unit initial strain in the y; direc-
tion, as given in Equation (30). Then, the overall properties listed in Equation (31) can found.

=1 000000 0 0] (30)
ch _7/ (cn Jrclfg1 +c12%/y2 +C13C{;y;1+e3]aal;:)dY (31a)
Ca :%/ (Cﬂ +C21%71 +C22%’;2 +C23(Zv +e32881;31)dY (31b)
oy :%/Y ((331 +c31%7] +c32%/y2 +c33%7yil +e33%§:>dy (31c¢)

2 =7 <e31 +e3168))(}” +e3286); +e33aa)){}3 k33881;:1>dY (31d)

It is a common practice to apply periodic boundary conditions on the RVE to find the
homogenized coefficients. Therefore, the local displacements and electric potential should be
specified on the opposite boundary surface of the RVE. For example, for the corresponding
node i and j on the opposite surface of RVE, they should be prescribed as

@) = 7", T (D) =T () (k=1,2,3) (32)

To realize the boundary conditions in Equations (32), one of the common measure is to
introduce penalty function in the final assembly stiffness matrix. However, this will be very
time-consuming in numerical calculation. A simple treatment is to adopt 1/8 of the RVE,
where the normal mechanical displacements are constrained on the six surfaces of the hexago-
nal RVE,[21] that is,

7" =0,09 =03 = 0,when y; =0 and y, = a/2 (33a)
,(g’h = 0,01, = 03 = 0,when y, =0 and y, = a/2 (33b)

”’h = 0,013 = 023 = 0 when y; =0 and y; = h/2 (33c¢)
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As to the electrical boundary conditions, vanishing electric potentials are given on the
upper and bottom surfaces,[21] while on the four side-surfaces of the hexagonal RVE, the
electric displacement is prescribed to be continuous along the normal direction.

The local analysis was carried out on 1/8 of the RVE in ANSYS under the loads in Equa-
tions (28) and (30), respectively, from which the electromechanical fields on the microscopic
level can be solved. The overall properties, that is, Ci3 = C»3, Cs3, 33, Cy1, and €31, can be
obtained in terms of the Equations (29) or (31). It should be noted that, in the estimation of
the integrals in Equations (29a)—(29d) or (31a)—(31d), numerical methods should be used.
Here, we adopt the Gauss integral using 2 x 2 x 2 Gauss points.

3. Results and discussion
3.1. Dependence of the effective properties on various parameters

Since cellular piezoelectret film usually exhibits remarkable quasi-piezoelectric effect in the
thickness direction and negligibly small effect in other directions, we here only consider the
piezoelectric stress coefficient in the thickness direction, that is, e33 = q(1 + k + k) /(1 + k),
Where & is the aspect ratio of microvoids given by Equation (18). Other coefficients are
vanishingly small and ignored.[14] The host polymer is chosen as PP, with the Young’s
modulus Y = 1.4 GPa, Poisson’s ratio v =0.34 and the relative dielectric permittivity
& =2.2. In the analysis by AHM plus FEM, the constituents in the periodic composite
should be taken as solid phases with certain elastic moduli. However, the inclusions in cellu-
lar piezoelectret film are actually the charged voids with a vanishing modulus. To carry out
the analysis in finite element program, general practice is to assign a very small modulus
rather than zero modulus. For example, here in this simulation, we choose the Young’s modu-
lus Yyig = 1.4 x 107° GPa, which is six orders of magnitude smaller than the modulus of
polymer matrix. Though this value is arbitrarily given, the variation of the effective properties
using different Yyoiq is usually negligibly small as long as Yy.iq is kept to be several orders of
magnitude smaller than the polymer matrix. The Poisson’s ratio of voids is v = 0 and the rel-
ative dielectric permittivity is ¢. = 1. The electric charge density inside microvoids is gener-
ally chosen g = 0.35 x 1072C/m?.[14] In the simulation, the geometric model of the hollow
oblate tetrakaidecahedron should be pre-established in terms of the void aspect ratio, &, given
in Equation (18) and the void fraction, f, in Equation (19), where the wall thickness is kept
to be unit, that is, t = 1.

In this section, we show the dependence of the effective electromechanical properties on
various parameters. In Figures 4 and 5, the electromechanical properties are shown with

1000
100 A
<
¥
2
O 10 4§
33
void fraction f=0.46
charge density qO:SSOuC/m2
14 . . -

0.0 0.2 0.4 0.6 0.8 1.0
Aspect ratio k

Figure 4. The effective elastic moduli vs. the void aspect ratio.
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Figure 5. The effective piezoelectric coefficient, ds3, vs. the void aspect ratio

respect to the aspect ratio of voids. The overall elastic moduli, including in-plane moduli, Cy;
and C|, and out-of-plane elastic moduli, Cj3 and Cs3, are demonstrated with respect to the
void aspect ratio (Figure 4). The in-plane moduli generally decrease and the out-of-plane
moduli increase as the aspect ratio increases. This coincides with experiments revealing that
as microvoids turn to round shape, the piezoelectret film becomes stiffer in the film thickness
direction. When the aspect ratio equals to unit one, that is, £ = 1, then the shape anisotropy
disappears. The in-plane tensile modulus, C, is identical to the out-of-plane modulus, Cs3,
while the in-plane shear modulus, Cj,, equals to the out-of-plane shear modulus, C;;. The
elastic behavior of cellular piezoelectret film becomes isotropic. From Figure 5, it can be seen
that piezoelectric coefficient d3; decreases as aspect ratio increases. This is in agreement to
the general experimental results as well as theoretical predictions that ds3 varies oppositely to
the Cs3 as the aspect ratio changes.[11-14]

Figures 6 and 7 show the overall elastic moduli and piezoelectric coefficients vs. the void
volume fraction. In Figure 6, it can be seen that the elastic moduli decrease as void volume
fraction increases. This is because cellular piezoelectret film becomes more and more flexible
and the effective elastic moduli decrease as the void volume fraction increases. In Figure 7,
the piezoelectric coefficients in the film thickness direction d33; and also the transverse direc-
tion, d3; = dsp, are plotted against the void volume fraction. Opposite to elastic moduli, the
piezoelectric coefficients increase as the void volume fraction increases. This also coincides
to the general experimental findings and theoretical predictions that the effective piezoelectric
coefficients vary inversely with the elastic moduli.[11-14]

1000 A
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Figure 6. The effective elastic moduli vs. the void volume fraction.
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Figure 7.

Figure 8.
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Figure 10. The effective elastic moduli vs. the perturbation of Young’s modulus of matrix.
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Figure 11. The effective piezoelectric coefficients vs. the perturbation of Young’s modulus of matrix.

In addition, we also investigate the effect of the electric charge density inside microvoids
on overall elastic moduli and piezoelectric coefficients. Figure 8 shows the overall elastic
moduli vs. the charge density of voids. No obvious effect can be detected to the elastic
moduli when the charge density varies. However, as indicated in Figure 9, the piezoelectric
coefficients, both ds; and ds;(ds;), almost increase linearly with respect to the charge density.
Figures 10 and 11 present the dependence of the overall electromechanical properties on the
Young’s modulus of polymer matrix. In Figures 10 and 11, a perturbation is assumed to the
Young’s modulus of the polymer matrix and the overall elastic moduli and piezoelectric coef-
ficients were calculated. It is shown that the overall elastic moduli, both C;; and Cs3, increase
with the Young’s modulus of matrix while the piezoelectric coefficients, that is, ds3 and ds;
indicated in Figure 11, decrease.

3.2.  Simulation of experimental results

Experiments in the literature [6] confirmed that, by adjusting the microvoid structure through
controlled inflation, cellular piezoelectret film can reach the maximum piezoelectric
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coefficients. It was pointed out [13,14,18] that both the void aspect ratio and the void volume
fraction change in the inflation process, which can be correlated by

f+p/pp=1 (34)

where p and ppp are, respectively, the density of cellular piezoelectret film and the density of
polymer matrix, p/ppp is the relative density. To simulate the experimental results of the
overall Cs3 and ds3 at different densities,[6] similar to the previous theoretical analyses, a cer-
tain relation should be given between the void volume fraction and the void aspect ratio.
Though this relation should be basically quantified by experiments, the cubic polynomial
function is usually used.[13,14,18] A similar relation was also adopted in this simulation as
follows:

k = 0.0866f> + 0.1577f% — 0.1747f + 0.0493 (35)

in which & and f are given in Equations (18) and (19), respectively. Other material parameters
and geometric variables are given in subsection 3.1. The simulated results are shown in Fig-
ures 12 and 13. It can be seen that the numerical analysis based on AHM plus FEM is also
capable of simulating the experimental results of cellular piezoelectret films.

AHM+FEM
10 = Experimental results E
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T
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Relative density p/ppp

Figure 12. The elastic modulus, C33, vs. the relative density of cellular piezoelectret film.
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4. Conclusions

As a member of the flexible electromechanical materials, cellular piezoelectret film has
recently gained much attention in the field of compliant transducer and sensor. The quasi-pie-
zoelectric effect depends strongly on the microstructures of voids scattered in film. Optimum
design of this voided charged polymer film is highly demanded. Numerical analysis method
should be developed. Since there usually exist a large amount of microvoids, the analysis
directly based on finite element on a microscale level usually leads to huge amount of calcu-
lation work. In this study, by taking the cellular piezoelectret film as the piezoelectric com-
posite where the charged flat voids are considered as piezoelectric inclusions scattered
periodically in the host polymer matrix, we simulate the overall properties by using the
asymptotic homogenization implemented by FEM on the RVE. The effective electromechani-
cal properties of cellular piezoelectret film can be numerically obtained. Dependence of the
overall electromechanical properties on various material parameters and geometric variables
of microvoids has been explored. Furthermore, the results of inflation experiment of cellular
piezoelectret film in the literature were also numerically simulated. Both the qualitative analy-
sis and quantitative comparison suggest that the asymptotic homogenization based on finite
element analysis is capable of simulating the overall properties of cellular piezoelectret film.
This approach is expected to be an efficient mean for the numerical analysis of the overall
properties in the optimization design of cellular piezoelectret film with complex microvoid
structures.
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