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Abstract. Piezoelectric Macro-Fibre Composites (MFC) transducers have become very popular since they 
combine the conformability of epoxy-matrix composites and the electromechanical energy density of piezo-
ceramic materials. Since they are heterogeneous and made of several different materials (piezoceramic fibres, 
epoxy matrix, electrode and protective layers), a methodology is required to relate their effective properties 
with the individual properties of its components. This work presents the evaluation of all necessary effective 
properties for a full 3D finite element analysis. For the evaluation of the remaining effective piezoelectric coef-
ficients, new local problems were added to those presented in the l iterature. The results are compared to those 
available in the literature and provided by the manufacturer. A discussion on the full 3D effective properties 
and their application for full 3D finite element analysis of smart structures with bonded MFCs is also presented.
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1 INTRODUCTION

Piezoelectric Macro-Fibre Composites (MFC) transducers have become very popular since they combine the 
conformability of epoxy-matrix composites and the electromechanical energy density of piezoceramic materials 
[1]. Since they are heterogeneous and made of several different materials (piezoceramic fibres, epoxy matrix, 
electrode and protective layers), a methodology is required to relate their effective properties with the individual 
properties of its components [2]. Previous studies [3, 4] have shown that the effective properties depend not 
only on the active layer (piezoceramic fibres and epoxy matrix) but also on electrode and protective layers. 

In particular, in [4], the effective elastic, piezoelectric and dielectric properties of a d31 MFC, accounting 
for the effect of electrode and protective layers, were evaluated through finite element (FE) homogenization. 
An analysis of the effect of the fibre volume fraction, electric boundary conditions (BC) and electric field 
dependence of soft piezoceramic fibres dielectric and piezoelectric properties on the main effective properties 
was also presented. Nevertheless, some effective properties, such as the piezoelectric coefficients e15 and e24

and the dielectric coefficients ϵ S
11 and ϵS

22, that may be important for completing the full 3D matrices required 
for FE simulations of the homogenized patches were not presented in [4].
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Hence, this work presents the evaluation of all necessary effective properties for a full 3D FE analysis. For
the evaluation of the remaining effective piezoelectric coefficients, new local problems were added to those
presented in [4]. Also, some small adjustments are performed to the FE model to provide coherent results,
considering that new evaluations are carried out. In particular, the FE mesh was refined, compared to that
considered in [4]. The results are compared to those available in the literature and provided by the manufacturer.
A discussion on the full 3D effective properties and their application for full 3D FE analysis of smart structures
with bonded MFCs will be also presented.

2 FULL 3D CONSTITUTIVE EQUATIONS FOR d31 MFC

Let us consider a d31 MFC made of an active layer, composed of piezoceramic macro-fibres embedded in
an Epoxy matrix, which is then fully covered by electrode and protective layers, as shown in Figure 1.
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Figure 1: Schematic representation of a d31 MFC.
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Figure 2: Representative volume element (RVE) of a d31 MFC.

All piezoelectric fibres are considered to be poled in x3 (through-thickness) direction. A preferential or
dominant x3 direction is imposed for the electric field through an electrode layer fully covering top (x+3 ) and
bottom (x−3 ) surfaces. Thus, for the intended d31 operation mode, it can then be assumed that in-plane electric
fields vanish (that is, E1 = E2 = 0). On the other hand, in order to also evaluate the effective piezoelectric and
dielectric properties under other electric BC (that is, with E1 ̸= 0 or E2 ̸= 0), complete 3D matrix properties are
considered, such that
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
, (1)

where Tp and Sq, with p,q = 1, . . . ,6, stand for the six components of mechanical stress and strain vectors in 
Kelvin-Voigt notation. D j and E j denote the electric displacements and fields in direction x j ( j = 1 ,2,3). In
the so-called e-form of the linear piezoelectric constitutive equations (1), cE

pq, e jp and ϵS
j j denote the short-

circuit (SC) elastic stiffness (at constant electric fields), stress piezoelectric and blocked electric permittivity (at
constant mechanical strains) coefficients. For the so-called d-form constitutive equations, sE

pq, d jp and ϵT
j j  stand 

for the SC elastic compliance (at constant electric fields), strain piezoelectric and free electric permittivity (at 
constant mechanical stresses) coefficients.
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In the d31 operation (transverse response) mode, the dominant electromechanical coupling (in the longitudi-
nal direction) is between the electric field and displacement in x3 (through-thickness) direction, E3 and D3, and
x1 (fibre longitudinal direction) normal stress and strain, T1 and S1. Thus, the evaluation of the piezoelectric
e31/d31, elastic cE

11/sE
11 and dielectric ϵS

33/ϵT
33 coefficients is necessary to qualify these composite transducers as

sensors and actuators. Nevertheless, due to the anisotropy of the resulting MFC piezoelectric composite ef-
fective behavior, it is important to analyze properties related to through-width deformation, which are e32, d32,
cE

22, cE
12. Besides, in order to provide complete 3D effective properties matrices for the d31 MFC and, hence, be

able to use them in 3D FE modeling and simulation, the remaining properties, related to the in-plane electrical
excitation, e15, e24, ϵS

11/ϵT
11 and ϵS

22/ϵT
22 need also to be evaluated.

3 EVALUATION OF d31 MFC FULL 3D EFFECTIVE ELECTROMECHANICAL PROPERTIES

The evaluation of the effective coefficients that are important to a d31 MFC, as discussed in the previous
section, is done in this work using the so-called average quantity-based FE homogenization technique proposed
in [3]. It is based on the evaluation of the average stresses, strains, electric fields and electric displacements
in a FE model of a Representative Volume Element (RVE) of the MFC when subjected to properly chosen
mechanical and electrical boundary and periodicity conditions. With these averaged quantities and using the
constitutive equations of an equivalent orthotropic piezoelectric material, described in the previous section, the
effective elastic, piezoelectric and dielectric coefficients of the MFC are evaluated. It is important to account
for symmetric or periodic mechanical and electrical BC in directions x1 and x2, since the RVE is obtained from
a through-thickness cut of the real MFC.

The active layer RVE is built with one longitudinal section of the piezoceramic macro-fibre (through-
thickness poled and electroded) between two Epoxy inserts. Both upper and lower surfaces of the active layer
are covered by a thin electrode layer, composed of two Copper and one Epoxy layers representing a section of
the fingered electrode layer. Finally, electrode layers are covered by a homogeneous Kapton protective layer.
The RVE boundaries are denoted X−

1 , X+
1 , X−

2 , X+
2 , X−

3 and X+
3 (Figure 2). To obtain a more realistic analysis,

electric potential BC are imposed at the electrodes on surfaces Γ−
e and Γ+

e , which represent the areas covered
by Copper electrodes and piezoceramic fibre electrodes (at top and bottom surfaces of the piezoceramic fibres).

Average strains and electric fields can be imposed to the RVE using displacements and voltage BC, as

u
X+

j
i −u

X−
j

i = S̄i j(x
X+

j
j − x

X−
j

j ), i, j = 1,2,3, (2)

φX+
α −φX−

α =−Ēα(x
X+
α

α − xX−
α

α ), α = 1,2, φΓ+
e −φΓ−

e =−Ē3(x
Γ+

e
3 − xΓ−

e
3 ). (3)

The resulting average strains, stresses, electric fields and electric displacements could be defined by the
following integrals over the RVE volume

S̄q =
1
V

∫
V

SqdV, T̄p =
1
V

∫
V

TpdV, p,q = 1, . . . ,6, (4)

Ēk =
1
V

∫
V

EkdV, D̄i =
1
V

∫
V

DidV, i,k = 1,2,3. (5)

Since the RVE is discretized in a number of finite elements, these integrals can only be approximated by a
sum over averaged element values multiplied by the respective element volume divided by total volume of the
RVE, such that

S̄q =
∑

N
e=1 S(e)q V (e)

∑
N
e=1V (e)

, T̄p =
∑

N
e=1 T (e)

p V (e)

∑
N
e=1V (e)

, p,q = 1, . . . ,6, (6)

54



Marcelo A. Trindade and Ayech Benjeddou

Ēk =
∑

N
e=1 E(e)

k V (e)

∑
N
e=1V (e)

, D̄i =
∑

N
e=1 D(e)

i V (e)

∑
N
e=1V (e)

, i,k = 1,2,3. (7)

where V (e) is the element e volume. S(e)q , T (e)
p , E(e)

k and D(e)
i are the average strains, stresses, electric fields and

electric displacements evaluated at element e. N is the number of finite elements used to discretize the RVE.
The elastic coefficients related to normal strains and stresses cE

pq, p,q = 1,2,3 were evaluated using three
local problems for which a normal strain Sq (q = 1,2,3) is imposed, through relative normal displacements

u
X+

q
q − u

X−
q

q . Also, in order to obtain S̄ j = 0 for j ̸= q, the normal displacements u j for each pair of nodes
at opposing surfaces X−

j and X+
j are forced to be equal (symmetrically coupled degrees of freedom). Then,

starting from the e-form constitutive equations (1), the effective SC elastic coefficients can be evaluated using

cE
pq = T̄p/S̄q, p,q,= 1,2,3, (8)

in which the average stresses T̄p and strains S̄q are evaluated using (6).
The stress piezoelectric coefficients e31, e32 and e33 can be also obtained from the local problems used

to evaluate cE
1 j, cE

2 j and cE
3 j, respectively, that is where normal stress states in directions x1, x2 and x3 are

approximated. From the e-form constitutive equations (1), e31, e32 and e33 can be obtained through evaluation
of the average electric displacement D3 such that

e31 = D̄3/S̄1, e32 = D̄3/S̄2, e33 = D̄3/S̄3, (9)

where the average normal strains S̄1, S̄2 and S̄3 and electric displacement D̄3 are evaluated using the FE approx-
imations of (6) and (7).

The evaluation of the SC elastic coefficients related to shear strains and stresses cE
pp, p= 4,5,6, is performed

using other three local problems for which shear strains Sik (S23 = S4/2, S13 = S5/2 and S12 = S6/2) are applied
to approximate a pure shear stress state in the planes x2 − x3, x1 − x3 and x1 − x2 by imposing relative shear

displacements uX+
k

i −uX−
k

i at surfaces X+
k /X−

k and uX+
i

k −uX−
i

k at surfaces X+
i /X−

i . In addition, normal displace-
ments at the boundary surfaces parallel to each shear plane of interest are symmetrically coupled to ensure
zero strains perpendicular to the shear plane. Then, the evaluation of the effective shear elastic coefficients is
performed in terms of the average shear stresses T̄p and strains S̄p using

cE
pp = T̄p/S̄p, p = 4,5,6. (10)

A SC electric BC is ensured in both previous cases, (8) and (10), setting the voltage degrees of freedom
(dof) in the electrodes at surfaces Γ−

e and Γ+
e to zero. Table 1 indicates symmetric BC for the electric potential

along directions x1 and x2 for the X−
1 /X+

1 and X−
2 /X+

2 RVE surfaces.
The stress piezoelectric coefficients e24 and e15 can be also obtained from the local problems used to eval-

uate the SC elastic coefficients related to shear strains and stresses cE
pp, p = 4,5,6. Indeed, from the e-form

constitutive equations (1), e24 and e15 can be obtained through evaluation of the average electric displacement
D2 and D1, respectively, such that

e24 = D̄2/S̄4, (11)

e15 = D̄1/S̄5. (12)

For the evaluation of the blocked dielectric coefficient ϵS
33, another local problem is set up for which an 

electricvoltage φΓe
+ 
= hP (in value) is applied to the electrode at surface Γe

+ while the voltage at the opposite

55



Marcelo A. Trindade and Ayech Benjeddou

Table 1: Boundary conditions (displacement/electric potential) and relations used to evaluate the full 3D effective material
properties of a d31 piezoelectric MFC.

Problem X−
1 /X+

1 X−
2 /X+

2 X−
3 /X+

3 Γ−
e /Γ+

e Relation
1 ui+

1 −ui−
1 = q ui+

2 −ui−
2 = 0 ui+

3 −ui−
3 = 0 - cE

1 j = T̄j/S̄1 (8)
φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0 e31 = D̄3/S̄1 (9)

2 ui+
1 −ui−

1 = 0 ui+
2 −ui−

2 = q ui+
3 −ui−

3 = 0 - cE
2 j = T̄j/S̄2 (8)

φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0 e32 = D̄3/S̄2 (9)
3 ui+

1 −ui−
1 = 0 ui+

2 −ui−
2 = 0 ui+

3 −ui−
3 = q - cE

3 j = T̄j/S̄3 (8)
φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0 e33 = D̄3/S̄3 (9)

4 ui+
1 −ui−

1 = 0 ui+
3 −ui−

3 = q ui+
2 −ui−

2 = q - cE
44 = T̄4/S̄4 (10)

φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0 e24 = D̄2/S̄4 (11)
5 ui+

3 −ui−
3 = q ui+

2 −ui−
2 = 0 ui+

1 −ui−
1 = q - cE

55 = T̄5/S̄5 (10)
φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0 e15 = D̄1/S̄5 (12)

6 ui+
2 −ui−

2 = q ui+
1 −ui−

1 = q ui+
3 −ui−

3 = 0 - cE
66 = T̄6/S̄6 (10)

φi+−φi− = 0 φi+−φi− = 0 - φi+ = 0; φi− = 0
7 ui+

1 −ui−
1 = 0 ui+

2 −ui−
2 = 0 ui+

3 −ui−
3 = 0 -

φi+−φi− = 0 φi+−φi− = 0 - φi+ = q; φi− = 0 ϵS
33 = D̄3/Ē3 (13)

8 - - - -
φi+−φi− = 0 φi+−φi− = 0 - φi+ = q; φi− = 0 ϵT

33 = D̄3/Ē3 (14)
9 ui+

3 −ui−
3 = 0 - ui+

1 −ui−
1 = 0 -

φi+ = q; φi− = 0 φi+−φi− = 0 φi+−φi− = 0 - ϵS
11 = D̄1/Ē1 (15)

10 - - - -
φi+ = q; φi− = 0 φi+−φi− = 0 φi+−φi− = 0 - ϵT

11 = D̄1/Ē1 (17)
11 - ui+

3 −ui−
3 = 0 ui+

2 −ui−
2 = 0 -

φi+−φi− = 0 φi+ = q; φi− = 0 φi+−φi− = 0 - ϵS
22 = D̄2/Ē2 (16)

12 - - - -
φi+−φi− = 0 φi+ = q; φi− = 0 φi+−φi− = 0 - ϵT

22 = D̄2/Ē2 (18)

electrode (at surface Γ−
e ) is set to zero so that a unitary electric field in the x3 direction is generated. The blocked

condition is approximated by preventing the normal strains S1, S2 and S3 through the imposition of equal normal
displacements u j ( j = 1,2,3) for each pair of nodes at opposing surfaces X−

j and X+
j . The dielectric coefficient

is then obtained from
ϵS

33 = D̄3/Ē3. (13)

It could also be interesting to evaluate the free dielectric coefficientϵT
33. For that, a local problem is designed

in which an electric voltageφΓ+
e = hP (in value) is applied to the electrode at surface Γ+

e while the voltage at the
opposite electrode (at surface Γ−

e ) is set to zero so that a unitary electric field in the x3 direction is generated.
To approximate the free condition, no mechanical displacements BC are imposed to the RVE. The dielectric
coefficient is then obtained from

ϵT
33 = D̄3/Ē3. (14)

For the evaluation of the blocked dielectric coefficients ϵ S
11 and ϵ S

22, two other local problems are set up 
for the imposition of in-plane electric fields in x 1 and x 2 directions, r espectively. Since there are no physical 
electrodes in the corresponding planes x2/x3 and x1/x3, the electric potentials are applied to the boundaries
of the RVE, namely X1

− and X1
+ for the application of an electric field in x 1 direction and X 2

− and X 2
+ for the 

application of an electric field in x 2 d irection. Additionally, i t is assumed that the actual Copper electrode is 
electrically inactive but is kept in place to maintain the RVE stiffness behavior unchanged. Since the application 
of an electric field perpendicular to the piezoelectric fiber poling direction is expected to generate a transverse
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shear strain, the blocked condition is approximated by preventing the shear strains S4, for the evaluation of ϵS
22

with application of an electric field E2, or S5, for the evaluation of ϵS
11 with application of an electric field E1.

The dielectric coefficients are then obtained from

ϵS
11 = D̄1/Ē1, with BC aiming at S̄5 = 0, (15)

and
ϵS

22 = D̄2/Ē2, with BC aiming at S̄4 = 0. (16)

The free dielectric coefficients ϵT
11 and ϵT

22 may also be evaluated with similar local problems but without
mechanical displacements BC imposed to the RVE, to approximate a free condition,

ϵT
11 = D̄1/Ē1, with BC aiming at T̄5 = 0, (17)

and
ϵT

22 = D̄2/Ē2, with BC aiming at T̄4 = 0. (18)

The local problems used to evaluate the full 3D material effective electromechanical properties of the piezo-
electric d31 MFC RVE are summarized in Table 1, where ui−

j and ui+
j are the displacements in direction j and

φi− and φi+ are the electric potentials at i-th node of opposite surfaces; q is an arbitrary non-null value.
The MFC effective material static electromechanical coupling coefficients (EMCC) k2

3 j may be evaluated as

k2
3 j =

d2
3 j

sE
j jϵ

T
33
. (19)

4 FINITE ELEMENT ANALYSIS AND VALIDATION

A FE model was built in Ansys® to solve the local problems and evaluate the full 3D effective electrome-
chanical properties of a 5-layered piezoelectric d31 MFC RVE, using a fiber volume f raction (FVF) of 0.86 
for the PZT+Epoxy Active Layer. The 3D 20-Node coupled-field solid FE SOLID226 was used to mesh all 
volumes. It has the three displacement translations along the Cartesian coordinate system axes and the electric 
potential as nodal dof. A mesh of 9900 finite elements was used considering 25 divisions in x 1 direction (17 
divisions for the Epoxy layer and 4 divisions for each electrode layer), 18 divisions in x2 direction (14 divisions 
for the PZT fibre and 2 divisions for each Epoxy layer) and 22 divisions in x3 direction (12 divisions for the PZT 
layer, 2 divisions for each electrode layer and 3 divisions for each protective layer). The dimensions considered 
for this RVE are hP = 180 µm, hK = 40 µm, and hC = 18 µm, LE = 420 µm, LC = 80 µm, wE = 28.35 µm and 
wP = 348.3 µm [2]. The material properties for the piezoceramic material Sonox P502, taken from [2], are: 
sE

11 = sE
22 = 18.5 pm2/N, sE

33 = 20.7 pm2/N, sE
12 = −6.29 pm2/N, sE

13 = −6.23 pm2/N, sE
44 = sE

55 = 33.2 pm2/N, 
sE

66 = 52.3 pm2/N, d31 = d32 = −185 pC/N, d33 = 440 pC/N, d15 = d24 = 560 pC/N, ϵT
11 = ϵT

22 = 1950ϵ0, 
ϵT

33 = 1850ϵ0. The material properties for the other constituents, taken from [5], are: Epoxy – Y = 2.5 GPa, 
ν = 0.42 and ϵ = 4.25ϵ0; Kapton – Y = 2.5 GPa, ν = 0.34 and ϵ = 3.4ϵ0; and Copper electrode – Y = 110 GPa, 
ν = 0.34 and ϵ = 5ϵ0, with ϵ0 = 8.854 pF/m.

A discussion on the local problems #1, #2, #3, #6, #7 and #8 was presented in [4]. Since similar results were 
obtained for these local problems, here, it is chosen to focus on the new local problems from now on.

Local problems #4 and #5, that are mainly intended to evaluate the effective shear modulus cE
44 and cE

55, 
respectively, were also used to evaluate the effective stress piezoelectric coefficients e24 and e15. Although
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these coefficients are usually less important in terms of operation performance of d31 MFCs, they are required
to complete the full 3D piezoelectric matrix necessary for 3D FE simulations. The approximation is mainly
based on the evaluation of the average electric displacement in the in-plane x2 and x1 directions according to
(11) and (12), respectively. Thus, the distributions of electric displacement and field and shear strain and stress
are shown in Figures 3, for local problem #4, and 4, for local problem #5.
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Figure 3: Electric displacement D2 (a) and field E2 (b) and shear strain S4 (c) and stress T4 (d) induced by shear displace-
ments applied to the d31 MFC RVE (local problem #4).
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Figure 4: Electric displacement D1 (a) and field E 1 (b) and shear strain S 5 (c) and stress T5 (d) induced by shear displace-
ments applied to the d31 MFC RVE (local problem #5).

Although most of the shear strains are localized in the protective layers, in both cases, it is noticeable that 
non-negligible electric displacements are developed in the piezoelectric fiber. Hence, despite being smaller than 
the e3 j effective coefficients, both e24 and e15 are in the same order of magnitude, meaning that actuation/sensing
using the d24 and d15 modes could be possible if actual electrodes were installed in the X2

−/X2
+ or X1

−/X1
+

faces. As generally this is not the case, these effective coefficients shall be used only to complete the full 3D 
piezoelectric matrix for FE simulations.

In addition, other effective coefficients required to fill the full 3D e-form properties matrix are the effective
blocked dielectric coefficients ϵ S

11 and ϵ S
22. For their evaluation, additional local problems are required since

it is necessary to apply an electric field along the in-plane x 1 and x 2 d irections. Thus, although there are no
actual electrodes in the X1

−/X1
+ and X2

−/X2
+ faces, electric potentials were applied to these faces to generate

the required electric fields. Since the application of such electric fields induces shear strains in the RVE, these
strains are blocked through displacements BC. Then, the effective blocked dielectric coefficients ϵ S

11 and ϵS
22

are evaluated in local problems #9 and #11 using the approximations to the average electric displacements 
and fields according to (15) and (16), r espectively. The distributions of interest in these cases are the electric
displacement and field and the shear strain and s tress. These are shown in Figures 5, for the evaluation of ϵS

11, 
and 6, for the evaluation of ϵS

22. Figure 5 shows that the application of an electric field in the x 1 direction (local
problem #9) induces important transverse shear strains S5 in the piezoelectric fiber that are counterbalanced 
by shear strains in the protective layers so that the RVE is not sheared in its boundaries. The resulting effect
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is that the effective dielectric coefficient ϵS
11 is of the same order of magnitude as the through-thickness one

ϵS
33 as shown in Table 2. On the other hand, for the application of an electric field in the x2 direction (local

problem #11), although the global behavior of the shear strains that are induced both in the piezoelectric fiber
and, in opposite sense, in the protective layer, the effect is much less important. This is due to the fact that the
electric potentials are applied to the X−

2 /X+
2 faces that are constituted by non-piezoelectric material (Epoxy,

for the active layer, and Epoxy, Copper and Kapton, for the covering outer layers). This leads to an important
reduction of the electric potential induced in the piezoelectric fiber faces. For this reason, the effective dielectric
coefficient ϵS

22 is much smaller than the other two, as shown in Table 2.
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Figure 5: Electric displacement D1 (a) and field E1 (b) and shear strain S5 (c) and stress T5 (d) induced by electric
potentials difference applied to the blocked d31 MFC RVE (local problem #9).
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Figure 6: Electric displacement D2 (a) and field E 2 ( b) a nd s hear s train S 4 ( c) a nd s tress T 4 ( d) i nduced b y electric 
potentials difference applied to the blocked d31 MFC RVE (local problem #11).

In order to validate the FE homogenization, the evaluated full 3D effective coefficients of the d 31 MFC were 
compared to previous analytical and experimental results available in the literature. The results obtained here 
for the full 5-layered MFC were compared to data provided by the manufacturer of a commercial d31 MFC 
(Smart Material Corp.) [6], with the same nominal geometrical and material properties for its constituents con-
sidered in the present work. Results are summarized in Table 2. Notice that not all coefficients are provided by 
the manufacturer. Nevertheless, it can be concluded that the here 3D FE-evaluated effective electromechanical 
properties represent very well the actual (manufactured) d31 MFC. The only coefficient presenting a significant
relative deviation (24%) to the data from manufacturer is the transversal elastic modulus Y2

E , but this may be
explained by the fact that the actual width of the Copper electrode finger (LC) is not known and was only visu-
ally approximated from a microphotography presented by the original prototype developer at NASA Langley
Research Center [1]. A wider Copper electrode finger would lead to a higher transversal elastic modulus Y2

E .
It could also affect the transverse piezoelectric coefficients e 32 and d 32. The results obtained for the most im-
portant effective coefficients, Y1

E ,  d 31 and ϵ T
11, are all below 4% of relative deviation (3.4%, 1.3% and 0.9%

respectively) compared to the data provided by the Smart Material Corp. [6]. The present results were also 
compared to those shown in [4]. Both results were almost the same despite the fact that, in the present analysis,
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the FE mesh is substantially finer than that considered in [4].

Table 2: Effective material properties of d31 MFC (∗: values obtained post-processing data provided in the reference).

Coefficient FE [4] Present FE Manufacturer [6]
Y E

1 (GPa) 31.40 31.37 30.34
Y E

2 (GPa) 19.80 19.69 15.86
Y E

3 (GPa) 9.03 9.02 –
GE

23 (GPa) 2.17 2.16 –
GE

13 (GPa) 2.42 2.42 –
GE

12 (GPa) 5.34 5.33 5.52
νE

12 0.36 0.36 0.31
νE

23 0.37 0.37 –
νE

13 0.42 0.42 –
ϵT

11/ϵ0 – 1019.3 –
ϵT

22/ϵ0 – 24.1 –
ϵT

33/ϵ0 1572.1 1573.3 1558.6
ϵS

11/ϵ0 – 988.6 –
ϵS

22/ϵ0 – 24.1 –
ϵS

33/ϵ0 1179.7 1181.7 –

Coefficient FE [4] Present FE Manufacturer [6]
d31 (pC/N) -172.2 -172.3 -170
d32 (pC/N) -133.8 -133.2 –
d33 (pC/N) 310.0 308.9 –
d15 (pC/N) – 334.9 –
d24 (pC/N) – 219.3 –
e31 (C/m2) -6.04 -6.03 –
e32 (C/m2) -3.47 -3.44 –
e33 (C/m2) 1.48 1.48 –
e15 (C/m2) – 0.81 –
e24 (C/m2) – 0.47 –
k2

31 (%) 6.7 6.7 6.4∗

k31 0.26 0.26 0.25∗

5 APPLICATION OF EFFECTIVE PROPERTIES FOR THE ANALYSIS OF A BONDED d31 MFC

To exemplify the utility of the full 3D effective properties, the obtained values were applied for a FE analysis
of a smart structure composed of a d31 MFC bonded to a metallic plate, using an Epoxy adhesive, with a tip mass
(Figure 7). The benchmark was taken from [7] where the application of MFC transducers for energy harvesting
was studied. The experimental results presented therein were also considered for verification of the present
FE model and results. The results presented in [7] indicate a substantial non-linearity of the structure. The
fundamental resonance frequency ranges between 30 and 31 Hz, depending on the imposed base acceleration.
The voltage output (in RMS) of a resistive circuit connected to the MFC ranges between 6.5 and 10 Vs2/m.

MFC Epoxy adhesive

Aluminum plate
Acrylic tip mass

Figure 7: Cantilever plate with adhesively bonded d31 MFC patch and tip mass.

A FE model was implemented in Ansys® following the geometrical and material properties provided in [7] 
and using the full 3D effective properties for the d31 MFC obtained in the present work. The plate is made of 
Aluminum with length 70 mm, width 10.6 mm, thickness 0.67 mm, Young’s modulus 68.9 GPa, Poisson’s ratio 
0.33 and mass density 2700 kg m−3. The adhesive layer is made of Epoxy 3M DP-460 with length 28 mm, 
width 7 mm, thickness 0.1 mm, Young’s modulus 2.7 GPa, Poisson’s ratio 0.4 and mass density 1100 kg m−3.
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The MFC patch is from Smart Material Co., model 2807-P2, with length and width equal to those of the
adhesive layer and thickness 0.3 mm. The tip mass is composed of two Acrylic blocks with length 15 mm,
width 25 mm and thickness 5 mm, which are fixed using two screws. The total mass, including the screws,
is 7.3 g. To avoid modeling the screws, the total mass was uniformly distributed in the two Acrylic blocks.
Non-uniform rectangular meshes of 87×16×2, 38×10×2, 38×10×2, and 6×22×2 20-node solid finite
elements were considered for the host plate, adhesive layer, MFC, and each tip mass block, respectively. A
modal analysis was performed for SC and open-circuit (OC) electric BC on the MFC effective top and bottom
surface electrodes. The first five natural frequencies and the corresponding effective (structural) modal EMCC,
defined as EMCC = 1− f 2

SC / f 2
OC, are shown in Table 3.

Table 3: First five natural frequencies in SC and OC electric BC, and corresponding effective modal EMCC, for the plate
with bonded MFC patch and tip mass.

Mode 1 2 3 4 5
fSC (Hz) 29.9 171.1 364.9 372.5 1098.2
fOC (Hz) 30.3 171.1 364.9 374.0 1098.9
EMCC (%) 2.18 0 0 0.79 0.12

The frequency response function (FRF) of the voltage output for an imposed base acceleration was also
simulated in Ansys®. For that, a global damping factor of 4% was estimated from the FRF presented in [7] and
used as input in Ansys®. The obtained peak output is 11.2 Vs2/m, a little higher than the experimental one.

6 CONCLUSIONS

This work presented the evaluation of all necessary effective properties of a d31 piezoelectric macro-fibre
composite for a full 3D FE analysis. Compared to the existing methodology and results [4], for the evaluation
of the remaining effective piezoelectric and dielectric coefficients, new local problems were added. The results
are compared to those available in [4] and provided by the manufacturer [6]. An application of the effective
properties for full 3D FE analysis of a cantilever Aluminum plate with a bonded MFC patch was also presented
indicating good correspondence between numerical and experimental results [7].
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Abstract. This work presents the experimental evaluation challenges of the modal effective Electro-Mechanical 
Coupling Coefficient (EMCC) of a hybrid sandwich plate, made of regular (hexagonal) Aluminium honeycomb 
core and woven glass fibre-reinforced polymer composite faces, on which is bonded a piezoelectric transverse 
response (d31) Macro-Fibre Composite (MFC) large patch. The testing challenges come from the very light weight 
of the hybrid sandwich panel and the resulting difficulties to consider, without damaging it, different mechanical 
boundary conditions (BCs) along its lateral edges. This experimental campaign, using an impedance analyser, 
complements an earlier one that used an LCR meter. The latter provided only the EMCC of the first three electro-
mechanically coupled modes under free-free (F-F) BCs, while the former reached more accurately eight ones for 
F-F and clamped-free (cantilever) BCs. Beside graphical form, the obtained frequency and effective EMCC results
are given in tabular form, so that they can be used as reference for validating/correlating future numerical models.

Keywords: Experiment; EMCC; Vibration; Hybrid honeycomb sandwich; Piezoelectric; MFC. 

1 INTRODUCTION 

Hybrid honeycomb sandwiches, made of different materials for the core and faces, find popular usage as trim 
panels in modern aircraft structures for alleviating their weight, noise or vibration. Hybridization can be reached 
by combining Aluminium (Al) [1-3], paper [1, 4, 5] and Carbon (CFRP) [2, 4, 5] or Glass (GFRP) [3, 6, 7] Fibre-
Reinforced Polymer woven composite materials. Hybrid honeycomb sandwiches are often functionalized through 
bonding piezoelectric (PE) ceramic [1, 2] or Macro-Fibre Composite (MFC) [4-7] patches that are used as sensors 
and actuators for wave propagation [1, 2], structural health monitoring [5] and active vibration control [4]. Besides, 
for vibration-based transduction applications, like PE shunted damping (PSD) and energy harvesting (PEH), the 
so-called modal effective Electro-Mechanical Coupling Coefficient (EMCC) is a key performance indicator [8] 
that can be maximized by adequately selecting the host-patch materials couple and optimally positioning the patch 
on the host laminated CFRP composite or hybrid (GFRP skins, Al core) honeycomb sandwich structures [6]. 
However, except the earlier works [6, 7], no others have been found in the open literature on the experimental 
evaluation of the modal effective EMCC of hybrid honeycomb sandwiches bonded with MFC patches. Therefore, 
this work presents for the first time Experimental Impedance Analyser (EIA)-based  evaluation challenges of the 
modal effective EMCC of a hybrid sandwich plate, made of regular (hexagonal) Al honeycomb core and woven 
GFRP composite faces, on which is bonded a PE transverse mode (d31) MFC large patch. The testing challenges 
come from the very light weight of the panel and the resulting difficulties to consider, without damaging it, different 
mechanical Boundary Conditions (BCs), like free-free (F-F) and clamped-free (C-F) lateral edges of the hybrid 
sandwich [3]. This new campaign complements an LCR (Inductance-L, Capacitance-C, Resistance-R) meter-based 
earlier one [6, 7], that provided only the EMCC of the first three electromechanically coupled modes (EMC), by 
reaching more accurately eight ones under F-F and C-F (cantilever) BCs. 

In the following, first, the next section describes the experimental setup, materials and devices. Then, the third 
section presents the resulting experimental modal analyses (EMA) of the EIA measurements and their use for the 
Short-Circuit (SC) and Open-Circuit (OC) frequencies extractions and modal effective EMCC post-treatments. 
Next, the EIA measurements and results are compared to those of experimental LCR meter analyses for the 
respectively considered F-F or/and C-F BCs. The latter are popular in PSD and PEH, while the former are useful 
for inverse identification. Finally, conclusions and perspectives are given as a closure. 
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2 EXPERIMENTAL SETUP: MATERIALS AND DEVICES 

This section describes the EMA setup, its measurement devices and the aircraft-type hybrid honeycomb 
sandwich and surface-bonded PE d31 MFC patch materials used for the experimental evaluation of the modal 
effective EMCC of such vibrating smart structure under F-F (Figure 1a) and C-F (Figure 1b) BCs at its lateral 
edges. For this, the impedance analyzer WK 6500B from Wayne Kerr (WK), shown in Figure 1, is used to 
graphically display the module and phase of the voltage-to-current ratio of the capacitance of the d31 MFC patch, 
that is surface-bonded on the hybrid honeycomb sandwich under the considered two BCs. The excitation voltage 
was fixed to 1V, while the impedance analyzer resolution was set to 1600 points for a considered frequency range. 

(a) Test setup for F-F configuration (b) Test setup for C-F configuration

Figure 1: EIA setup for modal effective EMCC evaluation under (a) F-F and (b) C-F BCs. 

As shown in Figure 1a and zoomed-in in Figure 2a, the F-F BCs were realized by posing the tested smart 
structure on two foam pieces, while the C-F BCs were realized by accurately (with good quality alignment) 
fastening one lateral edge along 1 cm, as shown in Figure 1b and zoomed-in in Figure 2b. It is worthy to mention 
that the influence of the smart coupon position on the foams was found negligible, as considering two different 
positions led to the same resonant (SC) and anti-resonant (OC) frequencies of their related MFC capacitances. 

(a) Figure 1a zoom-in on F-F BCs Figure 1b zoom-in on C-F BCs’ clamp

Figure 2: Zoom-in of Figure 1 on realized (a) F-F BCs and (b) C-F BCs’ clamp. 

The optimal positioning of the MFC patch on the vibrating hybrid sandwich honeycomb is modal shape and 
BCs-dependent [9]. Hence, a numerical modal analysis (NMA) of the bare honeycomb sandwich coupon was 
conducted, using a developed detailed finite element (FE) approach [3], in order to locate the maxima of the modal 
strain energy (MSE) where to bond the MFC patch. The resulting optimized configuration is that in Figure 2a, 
where the MFC patch is located 3 cm from one lateral edge (see also Figure 1b) and centered along the host width. 
This optimal position maximizes the effective EMCC of the first mode, the target of the PSD and PEH 
applications. 
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The PE d31 MFC patch (M-8528-P2), from Smart Materials GmbH (Germany), has global in-plane dimensions 
of 103 x 31 mm2 and useful active area ones of 85 x 28 mm2 while its thickness is 0.3 mm. In order to connect it 
to the impedance analyzer (Figure 1), very thin wires were soldered to its net-like electrodes’ dedicated soldering 
pads (see Figure 2a). The MFC patch was glued with Cyanolit (super glue) to one of the GFRP skins of the hybrid 
honeycomb sandwich, which has length x width x thickness of 183 x 52 x 4.6 mm3. More details on the latter host 
structure geometrical and material properties can be found in [3]. The combined hybrid honeycomb sandwich and 
MFC patch have a measured mass of 13.75 g, indicating a very light smart structure. Considering the protecting 
polyamide film, electrodes, soldering pads and glue allowed to update the d31 MFC patch volume mass density to 
6300 Kg/m3 (active area-based value is 5440 Kg/m3 [10]).  

3 EXPERIMENTAL IMPEDANCE ANALYSES: FREQUENCIES & EFFECTIVE EMCC 

This section first presents the graphical displays of the absolute and phase of the voltage-to-current ratio of 
the capacitance of the d31 MFC patch that is surface-bonded on the hybrid honeycomb sandwich under the 
considered two BCs (F-F and C-F). Then, the extracted SC and OC frequencies, approximating respectively the 
resonant (r) and anti-resonant (a) ones, are tabulated with the post-treated experimental (e) EMCC (𝐾𝐾𝑒𝑒2) from [11]: 

𝐾𝐾𝑒𝑒2 (%) = 100
𝑓𝑓𝑎𝑎2 − 𝑓𝑓𝑟𝑟2

𝑓𝑓𝑎𝑎2
(1) 

A slightly different, called numerical (n), EMCC expression is traditionally used in PSD applications: 

𝐾𝐾𝑛𝑛2 (%) = 100
𝑓𝑓𝑂𝑂𝑂𝑂2 − 𝑓𝑓𝑆𝑆𝑆𝑆2

𝑓𝑓𝑆𝑆𝑆𝑆2
(2) 

However, above EMCC expressions were shown [11] to be related by this one:  

𝐾𝐾𝑒𝑒2  ≈
𝐾𝐾𝑛𝑛2 

𝐾𝐾𝑛𝑛2 + 1
(3) 

Nevertheless, when  𝐾𝐾𝑛𝑛2 ≪ 1, 𝐾𝐾𝑒𝑒2  ≈ 𝐾𝐾𝑛𝑛2 and either of the expressions can be used for evaluating the EMCC. 

3.1 Free-free configuration 

The module and phase of the capacitance of the F-F hybrid honeycomb sandwich-bonded PE d31 MFC patch 
are shown in Figure 3, first, for a large (300 Hz-11 kHz) frequency range, in order to evaluate the number of modes 
present in this range. Then, zooms illustrate missing modes (Figure 4a) or for accurate identification (Figure 4b). 

Figure 3: Capacitance module and phase spectra of F-F hybrid honeycomb sandwich-bonded PE d31 MFC. 
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(a) Zoom-in on frequency range [2-4.9] kHz (b) Zoom-in on frequency range [7-9] kHz

Figure 4: Capacitance module and phase spectra of F-F hybrid honeycomb sandwich-bonded PE d31 MFC. 

As in Figure 5, the phase peak corresponds to the inflexion point between resonance and anti-resonance peaks. 

(a) Module and phase global combined display (b) Module and phase mode 1 combined display

Figure 5: Capacitance combined module and phase of F-F hybrid honeycomb sandwich-bonded PE d31 MFC. 

Next, a zoom-in on each mode is displayed in order to identify its resonant (SC) and anti-resonant (OC) 
frequencies that correspond, respectively, to the maximum and minimum of the capacitance module or the points 
of inflexion of the ascending and descending branches of the phase, as illustrated in Figure 6 for the first mode.  

(a) Mode 1 resonant (SC) frequency (b) Mode 1 anti-resonant (OC) frequency

Figure 6: Identification of mode 1 (a) resonant (SC) and anti-resonant (OC) frequencies from module and phase. 
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The earlier procedure is applied for identifying the eight modes, numbered in Figure 3 and Figure 4, leading to 
the frequencies and effective EMCC summarized in Table 1. The latter confirms that the highest effective EMCC 
is obtained for the first mode, target of PSD and PEH applications. Besides, following (1) and (2) and as fa,OC > 
fr,SC, 𝐾𝐾𝑛𝑛2 > 𝐾𝐾𝑒𝑒2; hence, the numerical EMCC overestimates the eperimental one. Nevertheless, the differences 
between them reduces as the former is approaching unity. Besides, it is worthy to recall that the impedance 
analyzer provides only the characteristics of the EMC modes. Hence, as the in-plane (x-y) bending and torsion 
modes are known to be electro-mechanically uncoupled [9, 11], the modes in Table 1 are the transverse (x-z) 
bending modes only. This recall is to be taken into account when using these experimental tabulated results as a 
reference for validating/correlating numerical (FE for example) ones. Specifically, the order of modes shown in 
the first column of Table 1 should be made consistent with that resulting from the numerical analysis. That is, the 
consistent modes order is correctly obtained only after modal shapes (deformation) visualizations. 

Table 1: Frequencies (Hz) and effective EMCC (%) of F-F hybrid honeycomb sandwich-bonded d31 MFC. 

Mode fr, fSC fa, fOC 𝐾𝐾𝑒𝑒2 𝐾𝐾𝑛𝑛2 
1 600.00 618.07 5.76 6.11 
2 1502.92 1523.39 2.67 2.74 
3 2751.82 2788.52 2.61 2.69 
4 4184.76 4242.32 2.70 2.77 
5 6981.76 7089.31 3.01 3.10 
6 7722.69 7850.82 3.24 3.35 
7 7988.71 8061.02 1.79 1.82 
8 8170.71 8319.28 3.54 3.67 

3.2 Clamped-free configuration 

Under the same measurement conditions as the F-F configuration, the module and phase of the capacitance of 
the C-F hybrid honeycomb sandwich-bonded PE d31 MFC patch are shown in Figure 7, first, for the a wide (global) 
frequency range (100 Hz-8 kHz) in order to evaluate the number of modes present in this range. It can be seen that 
the latter shows six modes that have much lower frequencies than those in Figure 3, due to the clamp presence. 

Figure 7: Capacitance module and phase spectra of C-F hybrid honeycomb sandwich-bonded PE d31 MFC. 

Then, the same zoom-in procedure is applied for accurately identifying the six modes, numbered in Figure 7, 
leading to the frequencies and effective EMCC shown in Table 2 from which similar remarks as from Table 1 can 
be retained, except that the highest EMCC (lower value) is here obtained for the fourth mode despite its low peak. 
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Table 2: Frequencies (Hz) and effective EMCC (%) of C-F hybrid honeycomb sandwich-bonded d31 MFC. 

Mode fr, fSC fa, fOC 𝐾𝐾𝑒𝑒2 𝐾𝐾𝑛𝑛2 
1 107.25 108.76 2.84 2.76 
2 515.46 523.06 2.97 2.88 
3 1368.38 1381.45 1.92 1.88 
4 2713.41 2769.09 4.15 3.98 
5 3194.49 3255.56 3.86 3.72 
6 3582.33 3646.46 3.61 3.49 

4 COMPARISON WITH EXPERIMENTAL LCR METER ANALYSES 

This section aims to compare the LCM Meter-based measured (mode-by-mode and frequency-by-frequency) 
impedance (module and phase) figures, tabulated extracted frequencies and post-treated effective EMCC of the 
PE d31 MFC patch, surface-bonded on the hybrid honeycomb sandwich under F-F BCs that were realized 
differently, as this first experimental campaign was conducted few years earlier than the present one. Indeed, the 
F-F BCs were here realized by wire suspension of the smart hybrid honeycomb sandwich, as shown in Figure 8.

Figure 8: Wire suspension-realized F-F BCs of the smart hybrid honeycomb sandwich. 

The impedance module and phase, measured by an LCR meter, are shown graphically in Figure 9 for the first 
EMC mode and Figure 10 for the second one. From the latter, notice the poor accuracy around the curves’ peaks, 
due to the LCM meter low frequency resolution (large steps), that shall affect the accuracy of the extraction of the 
impedance minimum (anti-resonant, SC) and maximum (resonant, OC) frequencies (oppositely to the capacitance 
characteristics) and the EMCC post-treated from them. The corresponding results are shown in Table 3. 

(a) EMC mode 1 impedance module (b) EMC mode 1 impedance phase

Figure 9: EMC mode 1 impedance module and phase of F-F hybrid honeycomb sandwich-bonded PE d31 MFC. 
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(a) EMC mode 2 impedance module (b) EMC mode 2 impedance phase

Figure 10: EMC mode 2 impedance module and phase of F-F hybrid honeycomb sandwich-bonded PE d31 MFC. 

Table 3: Frequencies (Hz) and effective EMCC (%) of C-F hybrid honeycomb sandwich-bonded d31 MFC. 

Mode fa, fSC fr, fOC 𝐾𝐾𝑒𝑒2 𝐾𝐾𝑛𝑛2 
1 590.55 600 3.13 3.23 
2 1495 1525 3.90 4.05 

Despite the inaccuracy of extractions, the a,SC and r,OC frequencies given in Table 3 show small relative 
deviations (with those in Table 1 that are taken as reference, due to their extractions accuracy), particularly for 
EMC mode 2, of, respectively, -1.57% and -2.92% for EMC mode 1, and -0.53% and 0.11% for EMC mode 2. 
However, the relative deviations of the EMCC are much higher (~ ± 47 %, with ‘-’ for mode 1 and ‘+’ for mode 
2) as they are proportional to the frequency measurement resolution and the inverse of EMCC values [12].

5 CONCLUSIONS AND PERSPECTIVES 

Impedance analyser-based experimental evaluations of the modal effective EMCC of a vibrating hybrid Al 
honeycomb-woven GFRP composite faces sandwich plate, bonded with a PE d31 MFC large patch, were presented 
in figures and tables for F-F and C-F lateral edges of the smart panel. The extracted frequencies and post-treated 
effective EMCC were compared to those from earlier LCR meter-based experimental evaluations [6, 7]. The latter 
provided only the EMCC of the first two EMC modes under F-F BCs, while the former reached more accurately 
eight modes for F-F and C-F BCs. The present experimental campaign confirmed that the highest effective EMCC 
is that of the fundamental mode, the target of PSD and PEH applications, while the earlier experimental campaign 
showed lower graphical and peak (resonant/anti-resonant) frequency extraction accuracy, due to the low frequency 
resolution of the LCR meter. Nevertheless, the provided tabulated results of both experimental campaigns can be 
of valuable use as reference for validating/correlating future numerical models. In particular, the use of the detailed 
FE approach [3] gives a good perspective of the present work, as this will allow the experimental validation of the 
recently FE-homogenized 3D electromechanical properties of the here described PE d31 MFC [13]. 
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