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Abstract. Novel design of interdigitated electrodes capable of increasing the performance of piezoelectric transducers are
proposed. The new electrodes’ geometry improve the electromechanical coupling by offering an enhanced adaptation of the
electric field to the interdigitated electrode configuration. The proposed analysis is based on finite element modeling and takes
into account local polarization effect. It is shown that the proposed electrodes considerably increase the strain generation
compared to flat electrode arrangement used for Macro Fiber Composite (MFC) and Active Fiber Composite (AFC) actuators.
Also, electric field singularities are reduced allowing better reliability of the transducer against electric failure.
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1. Introduction

Piezoelectric devices are extensively used for adaptive
or smart structure applications. Both actuation, sensing and
energy harvesting devices have been explored in aerospace,
aeronautic, industrial, and automotive applications. Active
wings (Prakash et al. 2016), active damping of aircraft
panels (Inman et al. 2001, Sahu et al. 2015), and adaptive
satellite antenna (Paradies et al. 1996), energy harvester
(Avsar and Sahin 2016) and windmills (Jamal et al. 2015)
are examples of such advances in these research areas.

The use of piezoelectricity for sensing and actuation is
generally strongly related to the technology used to locate
the active material between the electrodes that ensure
energy transduction. The position of the electrodes along
with the initial polarization of the material can activate
different piezoelectric modes, for example the transverse ds;
or the longitudinal ds3 modes. In general, and because of its
simplicity, parallel electrode configuration is used with
different piezoelectric material, which allows the activation
of the d3; mode if bending deformation is sought. However,
it is known that the longitudinal mode coefficient ds; can be
more than twice large as da;. In order to take benefit from
the longitudinal mode in bending deformation,
interdigitated electrodes (IDEs) with flat surface electrodes
has been introduced by Hagood et al. (1993).

Using Finite Element (FE) analysis, Bowen et al. (1999)
showed that IDEs generates higher strain when compared to
classical parallel electrodes for a given electric field. In
addition, Zhang et al. (2016, 2015) studied MFC using the
longitudinal ds; mode with arbitrary fiber orientation, by
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using the FE method. They demonstrated that MFC-das
device can produce larger actuation stress when the fiber
reinforcement angle is properly chosen. The use of the FE
method is suitable in this case because the electric field is
no longer parallel to be approximated by simple analytical
expression. If the material structure is periodic, such as
MFC (Trindade and Benjeddou 2011, Zhang et al. 2017, Li
et al. 2016) and AFC (Jemai et al. 2014) piezocomposite, a
representative volume element can be used to reduce the
computational time.

For microscale devices piezoelectricity has been used
for actuation, sensing and also energy harvesting especially
with IDE (Hong et al. 2006). Particularly, atomic force
microscope probes are actuated using a piezoelectric layer
(Moore and Kong 2017). Review of piezoelectric
microsensors such as accelerometers, gyroscopes,
pyroelectric detector, etc., can be found in (Tadigadapa and
Mateti 2009, Muralt 2008). Microscale energy harvester are
implemented with Micro-Electro-Mechanical =~ Systems
(MEMS) technology using cantilever beam structure with
tip mass to reduce the fundamental frequency of the device
(Lu et al. 2004, Ammar et al. 2005). In fact, the use of IDE
in MEMS devices is restricted by the fact that classical
microfabrication technology only allows one side
deposition of the IDEs over the piezoelectric polycrystalline
material (Muralt 2008). Nevertheless, the question of
optimal electrode patterns is an open issue when the devices
are built at the microscale level.

Despite the use of the d;; mode with IDEs and
especially for energy harvesting application, the electrical
energy generated from these devices can be low compared
to conventional parallel electrodes devices (Sodano et al.
2006). This is due to reduced effective capacitance of the
electrode configuration. Jemai et al. (2014, 2016)
demonstrated that the electrical power is approximately the
same when similar amount of active material is used. Also,
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they showed that an optimization of electrode pattern and
geometric dimensions, such as the number of electrode and
both thickness and length layer, can drastically increase the
performance of the energy harvester with IDEs, if they are
accordingly chosen. In the same way, Kim et al. (2013)
proved that the electrical power of the harvester with
appropriate  IDE design could exceed that of the
conventional harvester.

In this work, it is proposed to design and analyze the
performances of novel IDE shapes for piezoelectric
actuators and compare them with the classical flat IDEs.
Using the FE Method, the effect of the cross-section shape
of the electrode on the performance and the electric field
concentration is investigated by using two different
numerical models; A classical model, in which the
piezoelectric material is fully poled in the longitudinal
direction only, and an advanced model that takes into
account the electric field disturbance such as the variation
of the poling direction near the electrodes. A comparison
between two models is, then, given in order to appreciate
the influence of the local geometric details on the
performance of the various proposed IDEs.

2. Finite element modeling of the IDEs

The system examined, shown schematically in Fig. 1 is
a beam of variable cross section, carrying a so called heavy
tip mass M. Its mass moment of inertia with respect to the
perpendicular axis at the centroid S is denoted by JS. The
publications (Abolghasemi and Jalali 2003, Younesian and
Esmailzadeh 2010, Arvin and Bakhtiari-Nejad 2011) are
considered also with rotating beams in which nonlinear
oscillations are investigated. Analytical and experimental
investigations on vibrating frames carrying concentrated
masses with characteristics of frames have been studied by
using analytical solutions and the finite element method A
piezoelectric cantilever beam (Fig. 1(a)) is considered in
this work. It is made of PZT-5A material, actuated by a
constant voltage over Interdigitated Electrodes (IDESs).

A Finite Element (FE) model is developed using the
commercial package ANSYS. It is used to compare the
performances of different newly proposed electrodes. The
IDEs have various cross-section designs that allow different
electrical polarization distributions over the piezoelectric
material (Fig. 1(b)). A coupled-field analysis is undertaken
to correctly model the interactions between the electrical
and mechanical domains.

For the proposed FE model, thanks to the aspect ratio of
the beam, the edge and surface effects can been ignored. As
a result, the electric field distribution does not vary along
the z-direction and the FE models can be reduced to a 2D
models (Fig. 1). In addition, since the IDEs describe a
periodic pattern, the piezoelectric beam can be decomposed
into a set of repeating unit cells where identical behavior
can be observed. These cells are known as Representative
Volume Element (RVE) (Fig. 1(b)).

As mentioned above, different shapes of the IDEs are
proposed. These shapes could be directly etched into the
piezoelectric material using microfabrication MEMS

techniques (Ghodssi and Lin 2011). Since both isotropic
and anisotropic etching are available, it is proposed here,
along with the classical surface deposited electrodes, two
new electrode shapes with circular and triangular
geometries. FE models of the RVEs with different cross-
sections of the electrode are highlighted in Fig. 2.

Piezoelectric Cantilever beam

(a) The piezoelectric cantilever beam with IDEs
Interdigitated Electrodes (IDEs)

+

Llw«wwlw

/2

RVE with triangular shape RVE with circular shape

(b) RVE with various configurations of electrode

RVE with classical shape

Fig. 1 Piezoelectric cantilever beam with IDEs and its RVE

Table 1 Material property for polarized and non-polarized
PZT-5A

Material Polarized Non-Polarized
properties PZT-5A PZT-5A
Density p

(kg/m3) 7500 7500

CL(GPa) 120 88
CS(GPa) 75.2 37.7
Elastic £
stiffness at C(GPa) 75.1 37.7
constant C5(GPa) 111 88
electric field e
C,,(GPa) 21.0 25.1
C5(GPa) 22.4 25.1
e,;(GPa) 5.2 -
Piezoelectric

constants e, (GPa) 15.8 -

e, (GPa) 12.3 -
Permittivity e /e, 1730 1000
at

constant el le, 1700 1000

stress
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Table 2 Material properties for the electrodes

Poison’s ration i
Young’s modulus E, (GPa) Pgﬁﬂlittli\\ll?ty
90 0.30 4.25

(b} (<)

Fig. 2 Proposed FE meshing model of the RVEs with
associated boundary conditions

The proposed active material is the monolithic
piezoelectric PZT-5A whose properties are given in Table 1.
The electrodes are made of 80% of Copper and 20% of
Epoxy while the material properties used in the FE
simulation are obtained using a rule of mixture and of the
electrode are highlighted in Fig. 2.

The proposed active material is the monolithic
piezoelectric PZT-5A whose properties are given in Table 1.
The electrodes are made of 80% of Copper and 20% of
Epoxy while the material properties used in the FE
simulation are obtained using a rule of mixture and shown
in Table 2. PLANE223 coupled-field elements are used to
model the piezoelectric and electrode materials in the FE
model.

To activate the piezoelectric material in the FE model,
an electrical potential is applied directly on nodes located at
the interface between electrode and piezoelectric material
corresponding to the boundary B5 in Fig. 2. On the other
hand, appropriate mechanical and electrical boundary
conditions are imposed to the RVE by taking into account
its periodic repeatability over longitudinal direction of the
cantilever beam. A summary of these boundary conditions
is shown in Table 3 where D is the electric displacement, V
is the voltage applied to the positive electrodes, and U is the
nodal displacement. It is also worth noting here that plane
strain conditions are enforced in this analysis as
recommended by Bowen et al. (Bowen et al. 2006). Also,
the element mesh-size is adapted to the expected large
variation of the electric field, therefore fine meshing is
adopted underneath and near the electrodes.

For comparison purposes, two different FE models are
considered. The first one, known here as the Classical Finite
Element Model (CFEM), uses a fully poled piezoelectric
material in the x-direction. This assumption is exclusively
adequate for large electrode separations where polarization
does not changes with the applied voltage (Bowen et al.
2006). The second FE model accounts for local variations
of the poling direction due to curved electric field lines
resulting from complex electrode pattern, it is known here
as the Advanced Finite Element Model (AFEM).

Table 3 Boundary conditions for the displacement,
electrical potential and electrical displacement applied to
the RVE

Boundary number Displacement le)lr?g::;gﬁls
B1 Symmetry (U, =0) D, =0
B2 Symmetry (U, =0) D, =0
B3 U, coupled V=0
B4 Free D, =0
B5 Free V /2=0.5kV

Two steps technique are used to simulate the poling
process simulation in the AFEM (Beckert and Kreher 2003,
Paradies and Melnykowycz 2010). In the first step, the
electric field lines are computed with non-polarized
material, where the poling vectors are aligned with the x-
axis for all elements. In the second step, the poling direction
in each element is aligned with the electric field directions.
So that, the updated configuration in each element is
implemented by rotating the local coordinate system
according to the polarization direction within that element.
Moreover, the material becomes partially (or fully) poled
depending on the intensity of the electric field on that
element. Figs. 3(a)-3(c) show the local coordinate system
within each element and the electric field distributions at
the beginning and the end of the poling simulation process
of the RVEs with classical (CI), Triangular (Tr) and circular
(Cr) electrodes, respectively.

The new simulated poling direction in each element
should also be considered in the calculation of local
changes of material’s properties. The following poling
strength factor XP is used to determine the poling state in an
element

0 if|E[<E.
_ ‘E‘_Ec
Es_Ec
1 if\E\>ES

X, if E. <|E| <E, 1)

where |E| is the absolute value of the total magnitude of

the electric field given by |E| =m, where E, and
E, are the electric fields in the x and y directions,
E. =0.8x10°V /m and
E, =1.6x10°V /m are the coercive and saturated electric

field values, respectively Nguyen et al. (2011).
Therefore, local properties of the piezoelectric material are
defined as follows

respectively. Also,

E E.P E,UP E.UP
Cr=(Cf"-Ci) X, +Cf
eiTj:(eiTj‘P —eiTj‘UP)XP+ eiTj'UP 2

P
€ = xPeij



372

I e NERERRREERwaR
AN ARARRRRAARAAAY
AR AR
L0 NG
RN annnnnn
AAnnnAnRL
e 039333, VI A ANAAAANAS A
3329999 VAN ANANAAANAM)
fmermm 1 v NG

plelylely

SRR R AR AR AR AR
e e N i |

N
SN
Annnnan s

Ahmed Jemai and Fehmi Najar

bbbttt

43.5519
1.46641

121,723
85.6373

211.894
1169.808

296.065
253,979

At the beginning of the simulation
(a) RVE with classical electrode

338,15

2 85,0616 141,769 198.477 2;5.185
L146E-12 56,7078 113.416 170.123 226,831

At the beginning of the simulation

61,645

86.303 110,961
73.974 98.6321
At the beginning of the simulation

L674E-13

24,658 49,316

(b) RVE with triangular electrode

25.4258
001153

76,2752 177.974
50,8505 101.7 152.549
At the end of the simulation

121,125

228.823
203,399

R T
JAT2E-13

/)

03 G606 156,404

02.6418 125.2814 187.925
At the end of the simulation

219.246 281,868
250,567

555,

62,5712
75.0854

17,5147
J197E-13 25.0285

87,5997 112,628

100.114
At the end of the simulation

50.057

(c) RVE with circular electrode

Fig. 3 Material orientation (triad) and electric field orientation at the beginning and the end of the poling simulation process

of RVE

where the superscript P and UP designate respectively
poled and unpoled states. If the local electric field is lower
than the coercive field value, the material remains at its
unpoled state. However, if the local electric field is higher

than the coercive field value, the material becomes partially

poled and when it reaches the saturation field value, it
becomes fully poled.
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Apply Voltage

Y

Compute The Electric Field

Distribution

Y

> Consider Element -

No

Modify The Element i Metrial
Properties (Partially Poled
State).

Modify The Element i Metrial
Properties (Fully Poled State).

Modify The Local Axis of
Polarization of The Element 7.

The Next Element i=i+1.

-

Check /= Total Element. >

Recalculate the electric Field Distribution and
the mean of the micro-strain.

y

-

Comparison of the actual mean of the Mico-strain
with the Micro-strain of the former actuation.

Error (%) < 1%

Yes

Real Electric Field Distribution and the mean
of Micro-strain.

END

Fig. 4 Flow-chart for the proposed algorithm for electric field evaluation in the RVEs
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Table 4 Convergence results of the micro-generated strain
(d/2=30um,a=b,/2=20um, h, /2=50um)

IDEs

1st . .
cross- lteration 2nd Iteration 3rd Iteration 4th Tteration
section
Cl (Error)  1.890 1.930 (2.11%) 1.917 (0.67%)  1.922 (0.26%)
Tr (Error)  2.627 2.597 (1.14%) 2.607 (0.38%)  2.604 (0.11%)

Cr(Error) 3.907  3.839 (1.74%)  3.853 (0.36%)  3.851 (0.05%)

By changing the local material’s properties and the
poling direction in all elements, the electric field
distribution and the generated strain are updated with the
same geometry and boundary conditions. This procedure is
iterated while the strain generation average is calculated at
each step until the relative variation error of the strain is
less than 1%, it is defined by

M _ gl
X — SX
&

X

Error (%) =

x100 3)

where S! is the average strain in the x-direction at the
end of the i" iteration, it is given by

N .
Sseon,
Sil) = e=1N 4)

e=1

Here, S is the average strain of an element e with

volume V, at the end of the i iteration. Also, N is total
number of element in the FE model.

Using ANSYS APDL, the results presented in Table 4
correspond to the values of the average micro-generated
strain and the subsequent error at each iteration of the
proposed algorithm for various cross-sections of IDEs. As a
result, three iterations are needed to obtain the new
polarization distribution in the RVE within 1% error of the
generated strain.

The developed poling process simulation was
implemented in ANSYS APDL in order to calculate the
electric field and the generated micro-strain in the
longitudinal axis for the whole RVE. The different steps are
summarized in Fig. 4.

3. Performance different RVEs

dimensions

analysis for

3.1 Electrical field distribution analysis and model
validation

In this section, the authors use CFEM to investigate the
electric field distribution within the proposed RVES. Results
of the electric field inside different RVEs are presented in
Fig. 5. It is shown that the electric field distributions in
different RVEs are inhomogeneous and anisotropic, three
different regions can be identified:

e Aregion known as the Active Zone, characterized

by homogeneous and longitudinal electric field,
between two constitutive IDEs.

e A region characterized by high electrical field
concentration, underneath the electrodes, which
paves the way to electric failure inside the
material.

e A region known as the Dead Zone, characterized
by transversal electric field underneath the
electrodes. Its contribution to strain generation is
very small.

Consequently, the generated strain along the
longitudinal x-axis is highly inhomogeneous following the
above observed variation of the electric field within the
RVE. These observations are confirmed by Fig. 6, where
contour plots of the strain distribution are presented. In fact,
large variations of the strain are observed for all RVEs
denoting large variations of the electric field underneath the
electrodes.

. 896279 51.1341 101. 372 151. 61 201. 847
26. 0152 76.2529 126. 491 176.728 226. 96¢

.S10 E-12 31. 6377 63. 2754 94. 9131 126. 551
)
15. 8188 47. 4565 79. 0942 110. 732 142.37

. 914 E-13 16. 9761 33.9521 5 67. 9042
I —
8. 48803 25. 4641 42. 4401 59. 4162 76.3923

Fig. 5 Vector plots of electric field distribution for different
RVEs
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Fig. 6 Contour plots of the strain distribution in the x-
direction for different RVEs

Table 5 Comparison between our numerical results for the
electric field in the x-direction for classical electrodes and
those obtained by Bowen et al. (2006) (d/2=500um,

V =250V ,h_ /2=100um)

Our results (CFEM)

b, / 2(zm) (10°V / m) Bow(e;oii/ a/l . ,TSZ)OOG)
200.0 0.460 0.457
50.0 0.447 0.444
125 0.400 0.397

The presented results can be validated with those
published by Bowen et al. (2006), whose numerical analysis
is based on CFEM and was only applied for classical
configuration of IDEs. In Table 5, a comparison is presented
between our results and those found in Bowen et al. (2006)
concerning the electric field value in the x-direction
between two consecutive electrodes (i.e., in the Active
Zone), when different electrode’s width are used. Very good

agreement is found between our results using CFEM and
those found in Bowen et al. (2006).

3.2 Electric behavior for different IDE designs

Next, a comparative study between various IDE designs
is proposed to show their influence on the electric field
distribution. The numerical results, obtained by CFEM, are
shown in Figs. 7. In Figs. 7(a) and 7(b), the electric field in
the poling x-direction E; at the top surface (Boundary
number 4, y=h /2 ) and y=3h /8 for different

configurations of IDEs: Classical (CI), Triangular (Tr) and
Circular (Cr). As can be seen in these Figs., the electric field
intensity in the x-direction is lower for ClI configuration,
except near to electrode edge at y=h /2 where a distinct

peak is observed. This behavior can directly be interpreted
as an increase of the actuator performance, when Cr and Tr
designs are used, since IDEs are generally related to the das;
mode directly linked to E; . It is also expected that these Cr
and Tr design allows a better reliability of the actuator
because no excessive electric field is observed near
electrodes. Moreover, when y=3h /8 , the longitudinal
electric field intensity underneath the electrode is higher
when the Tr configuration is used, and lower for the ClI
one, as can be seen from Fig. 7(b).

10° £
10° £ @/2-30um s
F / /’7’"“ d2=70um
7/
=10 E ——
E
>
<2
=
10° &
10° E Cl Electrode
F Tr Electrode
Cr Electrode
10¢ PR I VA AU U] SR R SR
0 20 40 60 80

X (um)
(a) Variation of |E,| along the x-directionaty=h_/2

10° -

d2=T0um

|E|(V/m)

Cl Electrode
Tr Electrode
Cr Electrode

F ) A B I | |1
0 20 40 60 80
X (um)

(b) Variation of |E,| along the x-direction aty =3h_ /8

Fig. 7 FE results showing the effect of IDE cross-section
design on the electric fields in the x-direction of the RVEs
(h,/2=40um andb,/2=a=10um)
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Also, an analysis is suggested concerning the influence
of the electrode configuration on the electric field in the
thickness direction (i.e., y-direction). To this end, curves

showing the variation of |E,| within RVEs with various

electrode configurations, are plotted in Figs. 8(a) and 8(b).
These Figs. show the electric field distribution along the y-
direction at the substrate top surface (i.e., y=h /2 )and

y=3h /8 for Cl, Tr and Cr configurations. As can be

seen from Fig. 8(a), the electric field along the y-direction
between two consecutive IDEs | almost canceled, for all
electrode configuration, especially when y=h /2. At the

edge of the electrode, an intensification of the transversal
electric field is captured, particularly when the CI and Tr
configurations are wused. More importantly, when
y =3h, /8, the authors can note that the transversal electric

field in the active zone is relatively insensitive to the
variation of the cross-section of the electrode. In the Fig.
8(b), E, underneath the electrode is more important than

its value between electrodes. This is more distinguishable
when novel IDE configurations are adopted. Since this
increase of the transversal electric field is located in the
dead Zone, the performance of the system is not expected to
be improved.

‘Ez‘(V/m)

d2=70um

E |[—— Cl Electrode
[ |[=— Tr Electrode
Cr Electrode

P L) S N/ | S N § SR N § S
0 20 40 60 80

X (um)
(a) Variation of |E,| along the x-directionaty=h /2

10° £

|=—— Cl Electrode
—— Tr Electrode
Cr Electrode

<
T

d2=30um

|E|(vim)
U
T

d2=50um

d2=70pm

L L | L L L 1 ! ! L | L 1 ! |
0 20 40 60 80

X (um)
(b) Variation of |E,| along the x-directionaty =3h_/8

Fig. 8 FE results showing the effect of IDE cross-section
design on the electric fields in the y-direction of the RVEs
(h,/2=40um andb,/2=a=10um)

|E| (_V/m)

P S S S S S S RS

2 4 6 8 10
Position along the boundary B5 (um)

Fig. 9 FE results showing the variation of |E| at the

boundary B5 underneath the electrodes for different RVEs
(d/2=40umandh, /2 =40um)

35%10°

3x 10°

25x% 10°

|E|(V/m)

L5x 10"

1x 10 L

05x 10°)

1 T S :
Position along the boundary B5 (um)

Fig. 10 FE results showing the variation of |E| at the

boundary B5 underneath electrode for triangular electrodes
(d/2=40umandh /2=40um)

In order to provide a better understanding of the electric
field underneath electrode, it is observed that the total

magnitude of the electric field |E|, for three cases of

configurations. In this analysis, the length of the electrode
(i.e., boundary B5) is kept equal to 70 wm for three cases of
configurations, i.e., for Cl configuration; b, /2=10 um,

for Tr configuration; b, /2=10/I1 um and, for Cr
configuration; b, /2=10/TT um. The results are given in

Fig. 9, where the CI configuration provides the highest
intensification of the electric field near the electrode’s edge.
Similarly, the Tr configuration delivers an inhomogeneous
and highly electric field distribution. In contrast, the Cr
configuration offers a quasi-homogeneous and low electric
field. As a consequence, the risk of premature failure may
be expected to decrease significantly for the case of Cr
configuration thanks of the low local electric field
concentration.

Before closing this section, an investigation of the
influence of the shape of the electrode is proposed, when a
Tr configuration is used. In Fig. 10, we present the effect of

the geometric parameter S =Arctg(b,/2a) on |[E]

lunderneath electrode. In this figure, /£ was the only
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parameter that is varied, while the spacing between two
consecutive IDEs, PZT thickness and the length of the
electrode (i.e., boundary Bs) remained constant. Here, the

authors remind that the case corresponding to =90

correspond to the Cl configuration. Since for high value of
3, the electric field underneath the electrode shows global

maximum peak. For values of g within90", the electric

field is characterized by two maxima points on the left and
the right sides of the electrode. As a result, the presence of
geometric singularity in the case of Tr configuration
increases the electric field concentration at the edge of the
electrode. Also, one can notice here that the electric field
concentration underneath the electrode locally changes with
the variation of g . Indeed, the peak presenting the

concentration of the electric field moves from left to right
side of the electrode as S is decreased. As a result, for

medium values of (S =45 and #=60"), a relatively low

electric field, under the electrode, is observed. It is clear
that this reduction cuts down the risk of premature failure of
the device due to electric breakdown.

4. Parametric analysis

Simply using the CFEM and neglected the influence of
the poling process and the resulting inhomogeneous poling
state of the PZT material, gives little insight into the effects
of the cross-section of the electrode on the strain and
electric field distributions inside the RVE. To increase
precision of the FEM model, it is desirable to introduce the
local effects resulting from highly inhomogeneous electric
field state of the PZT material. These local effects have
been found to have small influence in some cases
(Deraemaeker and Nasser 2010). However, these effects can
be useful for a better understanding of the behavior of such
devices and a more accurate prediction of their capabilities
and performances. In the following sections, it is proven,
through a detailed parametric analysis, that the use of the
AFEM can be very useful for studying influence of the
electrode’s geometry of the device.

4.1 Effect of the electrode separation

One of the important parameter to be examined is the
electrode separation d. Here, it is varied while both
electrode width and piezoelectric material thickness
remained constant (b, /2=10/IT gmandb, /2=10/IT1 um

). Numerical results summarizing the effect of electrode
separation are presented in Fig. 11(a). The plots show large
discrepancies between values obtained from CFEM and
AFEM. It is clear that the AFEM should be adopted for
performance analysis especially for low electrode
separation. One can note in Fig. 11(a) that devices using
IDEs with Cr configuration can generates more strain,
especially for low values of electrode separation. To
quantify this fact, approximately 150% of the maximum
strain increase can be achieved with Cr configuration,
compared to the Cl one.

We define the coefficient o that characterizes the
electric field orientation in the x direction using the
following relation

E
oA =r=T"—=
B+ ||
where E, and E, are the mean values of the electric field
in the x and y-directions, respectively, given by

EfV,
E =% i=12
2V
e=1
where E;, i={12}is, respectively, the average electric

field in the x and y directions of an element e with volume
V., at the end of the simulation.
Fig. 11(b) presents the variation of the coefficient «

with respect to the electrode separation d for different
configurations of electrodes using the CFEM. As can be
seen from this figure, the RVE using IDEs with Cr
configuration provides the optimum value of « |,
corresponding to high strength of electric field in the x-
direction, thus the mode ds; is expected to be further
activated.

Strain per unit applied voltage (SV)

C L Lo L Lol Lo
10° 10' 42 (um) 10 10°

(a) Variation of the strain per unit applied voltage withd /2
by using CFEM and AFEM

09

——8—— CFEM, Cl Blectrode
—— A CEEM.T
—p—CEEMLTE
——<—— CFEM.Tr
—o—CFEM.Cr

04 | R | MR |
Yot 0 0 0
0 0 42 (um) 0 0

(b) Variation of the coefficient with d /2 by using the
CFEM

Fig. 11 The effect of the electrode separation d/2 on the
performance of The RVE ( b /2=50um and

h, /2=100um)
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Table 6 Effect of the variation of electrode separation on
material’s  polarization ( h,/2=100um , a=20xm and

b, /2=50um), UP: unpoled, P: fully poled

IDEs Design d/2(um)
up
Cl Mgl 090 041 013 016 041 25 135
deSiON b \raterial 9823 9875 9934 99.08 98  89.94 055
up
T Mateig 028 019 013 034 016 294 1494
design

P Material 97.87 98.47 99.07 98.38 98.63 83.52 0.20

019 001 0.01 031 042 257 1035

up
Cr  Material
design .
P Material 99.32 99.60 99.52 98.83 97.72 8712 O

d2=l6um 204 2250
(a) RVEs with CI design

d2=256um
(b) RVEs with Tr design (a=20zm)

d2=ltan d/2=64um d2=250um

(c) RVEs with Cr design

Fig. 12 Polarization distribution with different values of d
for various cross-sections of electrode (b,/2=50um and

h,/2=1004m). Red color indicates poled material, orange

color indicates partially-poled material and yellow indicates
unpoled material

Considering the same figure, ¢ is insensitive to the
variation of the electrode separation if this latter is higher
than 10%um. That’s why a matching between curves of the
micro-strain’s average is detected for high values of
electrode separation, as shown in Fig. 11(a).

Moreover, it is worthwhile to note that the behavior of
the average of the micro-strain, when electrode separation is
varied, is monotonic, when using CFEM i.e. local details
are neglected. In contrast, this behavior becomes non
monotonic, when the local variation of the polarization and
the material properties are considered in the AFEM. More
importantly, a significant mismatch between FE results
obtained from CFEM and AFEM can be observed in Fig.
11-a can be explained as follows:

. As the electrode separation becomes
higher, the strength of electric field decreases
allowing a reduction of the proportion of the
poled piezoelectric material. As a result, the
generated strain is expected to be reduced,
when the local effects are considered. The
proportion of the poled and unpoled
piezoelectric materials of RVEs using IDEs
with various designs for different values of
electrode separation are summarized in Table 6.
In addition, to confirm the effect of the local
details, Fig. 12 shows the polarization
distribution within RVEs for various values of
electrode separation. The simulated poling
resulted in the material distribution given in
Figs. 12, clearly indicating the poled, partially-
poled and unpoled piezoelectric material by
red, orange and yellow, respectively.

o As the electrode separation becomes
lower, the piezoelectric material turn out to be
fully poled in the thickness direction. However,
the proportion of dead zone becomes higher
allowing a drop of the generated strain in the
longitudinal direction, when the local effects
are accounted.

d voltage (S/V)

L . L L
10° 10' 10° 10°
b/2 (um)

(a) Variation of the strain per unit applied voltage with
b, / 2 by using CFEM and AFEM

10° L Lol L ol 1 Lol
0 1 2 3
10 10 bJ2 (um) 10 10

(b) Variation of the coefficient E, with b, /2 by using the
CFEM

Fig. 13 The effect of the electrode separation b, /2 on the
performance of The RVE (h, /2=50umandd /2 =10um)
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b2 68um h/2=256pm

(a) RVEs with CI design

Bl

h./2=68um

h/2=16um

h/2=236um

(b) RVEs with Tr design (a=20um)

be/2=1pm

be/2=16pm be/2=48um
(c) RVEs with Cr design

Fig. 14 Material distribution in the 2D FEM of RVEs with
different values of the electrode width for RVEs with
various cross-sections of electrodes (h,/2=50um and

d/2=10um). Red color indicates poled material, orange

color indicates partially-poled material and yellow indicates
unpoled material

4.2 Effect of the electrode width

Here, the analysis of the effect of the electrode width be
on the micro-strain average per unit applied voltage of the
RVEs using different configurations of IDEs, is proposed.

In fact, numerical results summarizing the effect of
electrode width are presented in Fig. 13(a). In this analysis,
the electrode width was varied, while the electrode
separation and piezoelectric material thickness remained
constant(hp /2=50um and d/2=10um).

By neglecting the local effects (CFEM), non-monotonic
behavior of the strain with respect to electrode width is
observed, when the CI configuration is used. The optimum
occurs approximately at b,/h =0.5. This result is in line

with at obtained in Bowen et al. (Bowen et al. 2006).
Similarly to the CI configuration, the behavior of the strain
is clearly nonmonotonic, when the cross-section of
electrode is Cr. Its optimum occurs approximately at the
same ratiob,/h =0.5. In contrast, the behavior becomes

monotonic when the cross-section of electrode changes to
Tr. As can be seen from Fig. 13(a), the average of the strain
per unit applied voltage decreases monotonically by
increasing electrode width. More importantly, the generated
strain is insensitive to the variation of the cross-section of
electrode when large values of the electrode width are used.

——8—— CFEM, Cl Electrode

Strain per unit applied voltage (S/V)
T T

10 g
h/2 (um)

(a) Variation of the strain per unit applied voltage with

b, / 2 by using CFEM and AFEM

10" g

E, (V/m)
2

——8—— CFEM, Cl Electrode
i

——©—— CFEM, CrElectrode

1050 L I\\IH“ |\\HHI2 L \\\lu\a
10 10 1/2 (um) 10 10

(b) Variation of the coefficient E, with b, /2 by using the
CFEM

Fig. 15 The effect of the electrode separation b, /2 on the
performance of The RVE (h, /2=50umandd /2 =10um)

Another interesting point to mention in Fig. 13(a) is
intersections between curves for novel IDEs designs. For
low values of b,/2, the strain is higher in the case of Tr

design. For the values of electrode width b,/2 higher than

the value of a, the strain becomes higher in the case of Cr
design. To understand the origin of this behavior, it is
necessary to examine how the electric field in the
piezoelectric material is affected by the electrode width at
constant thickness and separation ( h,/2=50um and

d/2=10um). Fig. 13(b) shows the average of the electric

field in the longitudinal direction as a function of electrode
width. In fact, the behavior of the generated strain with the
electrode width follows precisely the variation of the
electric field in the longitudinal direction within the RVES
for all IDEs designs.

By accounting for the local behavior of the piezoelectric
material in the AFEM, one can note a clear discrepancy
between curves calculated using CFEM and AFEM. The
reason behind this discrepancy can be seen by examining
Table 7, where the polarization state of the piezoelectric
material is calculated for various values of electrode width.
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Table 7 Effect of the variation of the electrode width on
state of material’s polarization (h,/2=50um, a=20um
and d/2=10um)

Table 8 Effect of the variation of PZT thickness on the state
of material’s polarization (d/2=100um, a=2um and
b,/2=2um)

IDEs Design b, /2 (um) IDEs Design h, /2 (um)

up upP

o Material 35 1425 0 031 492 58616769 o Mol 0 0 015 075 45 70 8383
design P design P

Material 56.91 74 99.40 98.92 79.54 36.92 30.76 Material 100 100 9953 96.37 77.87 18.94 10.19
upP UP

Tr Material 081 001 0 012 765 4530 5599 Tr Material - 0 015 0116 371 6887 8335
design P design p

Material 98.81 99.94 99.93 99.62 78.52 52.28 42.63 Material - 99.81 99.07 98.38 81.44 20.34 10.54
uP 3144 653 0 - - - - UP

Cr  Material : ' Cr  Material - 0 0 0.55 4.38 65.75 82.13
design P i i ) ) design p

Material 29-61 86.58 99.92 Matorial - 100 9978 97.09 8399 23.18 13.26

Also, contour plots of the polarization state are
presented in Fig. 14, for different values of the electrode
width.

One can conclude that for small electrode width for Cr
and CI designs, the percentage of unpoled piezoelectric
material is higher when b, /2is reduced, thus the generated
strain diminishes. As the electrode width becomes larger,
the piezoelectric material is poled in the thickness direction,
thus the strain in the longitudinal direction is reduced (Fig.
13(a)). Also, with large electrode width, the percentage of
unpoled piezoelectric material becomes higher as b, /2is
increased (Table 7). As a result, the generated strain
decreases (Fig. 13).

4.3 Effect of the PZT thickness

The thickness of the piezoelectric material is also worth
investigating. The effect of this thickness represented by the
parameter h /2 is analyzed in Figs. 15, where the average

strain per unit applied voltage and generated electrical field
in the longitudinal direction are calculated.
The piezoelectric material thickness h /2 is varied,

while the electrode separation and electrode width remained
constant (b,/2=2umand d/2=100um). As can be

shown from Fig. 15(a), when h /2 increases, the generated

strain decreases. According to the same figure, it is clear
that the RVE with Tr configuration generates more strain,
especially when a=4um and for high values of PZT

thickness. In the other hand, the same strain is observed for
different IDEs designs for very low values of PZT
thickness.

In order to get more insight into the behavior observed
in Fig. 15(a), the authors analyse the effect of the PZT
thickness on the mean value of the electric field in the
longitudinal direction. Fig. 15(b) shows the variation of the

|I§l| with the PZT thickness. It demonstrates that the

variation of |E,| follows a similar behavior than the
generated strain.

hp/2=16pm

hy/2=16um

hp/2=16pum

h/2=68um hy/2=68um

hy/2=256pm

hy/2=256pm

hy/2=256pm

Fig. 16 Material distribution in the 2D FEM of RVEs with
different values of the electrode width for RVEs with
various cross-sections of electrodes (b,/2=a=2um and

d/2=100um)

Furthermore, by considering the local effects in the AFEM,
one can note a reduction of the generated strain, especially
for high values of PZT thickness. This can be explained by
the fact that, when the PZT thickness is increased, the
strength of electric field within the RVE diminished
allowing the reduction of the portion of poled piezoelectric
material.

5. Conclusions

Novel designs of ds; mode piezoelectric microstructures
are proposed in this work. It has been proven that the new
geometry of the electrodes, increase the performances of
microscale actuators, sensors as well as energy harvesters. A
numerical parametric analysis of different designs for
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piezoelectric structures has been carried out on a
representative volume element for classical, triangular and
circular cross-sections electrodes. Modeling of the
piezoelectric structure has given an insight into how the
strain response is affected by electrode shape, width,
substrate thickness and electrode separation. Advanced
numerical FE models, which take into account the presence
of the electrode and local polarization due to high variation
of the electric field, has been developed. Also, classical
numerical models, in which the PZT material is fully poled
in the longitudinal direction, were used for a comparative
study. Numerical results show that the novel electrode
designs (circular and triangular electrodes) can significantly
ameliorate the micro-strain by selecting the appropriate
geometrical parameters. Approximately 150% increase of
the generated strain can be achieved with circular
configuration, compared to the classical one. In addition,
the obtained numerical results demonstrate that the
electrical field concentrations, in case of novel electrode
designs, can be significantly decreased, allowing reduction
of premature electrical breakdown.
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