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The aim of the current research was to develop and present an effective methodology for simulating and analyzing
the electrical and structural properties of piezoelectric material. The finite element method has been used to make
precise numerical models when dielectric, piezoelectric and mechanical properties are known. The static and
dynamic responses of circular ring-shaped barium titanate piezoelectric material have been investigated using the
commercially available finite element software ABAQUS/CAE. To gain insight into the crystal morphology and to
evaluate the purity of the material, a microscopic study was conducted using a scanning electron microscope and
energy dispersive x-ray analysis. It is found that the maximum electrical potential of 6.43 V is obtained at a resonance
frequency of 35 Hz by increasing the vibrating load. The results were then compared with the experimentally predicted

data and the results agreed with each other.

Keywords: Barium titanate, Finite element method, Static analysis, Dynamic analysis, SEM

1. INTRODUCTION

Piezoelectric materials contain a crystalline structure that
gives them the ability to convert strain energy produced by
applied mechanical force into electrical potential and vice versa.
Energy harvesting refers to the methods used to obtain and
convert the energy surrounded by a system into useful electrical
energy [1]. In recent decades, there has been much research in
the field of power harvesting. The developments in this research
have revolutionized wireless technology and electronic devices
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such as microelectromechanical systems. Despite other sources
of energy harvesting such as electromagnetic generation and
electrostatic generation, piezoelectric materials offer promising
potential as ideal sources. In 2011, a study was conducted for
vibration-based energy harvesting using a clamped piezoelectric
circular diaphragm. A power output of 12 mW was obtained at the
harvester’s resonance frequency (113 Hz) using a 33 kQ resistor
at a load of 1.2 N and acceleration of 9.8 m/s’. With the increase
in pre-stressing, energy harvested increases with decreased
resonance frequency [1,2]. In 2014, an investigation was conducted
to harvest energy over a wide range of frequencies by developing
a piezoelectric generator using multiple circular piezoelectric
harvester arrays. A power output of 11 mW was obtained under
a load of 0.15 N at the resonance frequency of 590 Hz using a
piezoelectric drum transducer and an 18 kQ resistor [3]. There
have been numerous opportunities to harvest power in sensible
real-world applications with the help of this advanced research.
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Piezoelectric sensors based on the ambient vibrations that
surround a system have triggered reasonable increases in their
use for energy harvesting. This property enhances the ability of
these materials to absorb the mechanical energy available in the
form of ambient vibrations surrounding a system and change it
into the electrical charges that power different electronic devices
[4,5]. Finite element (FE) based numerical simulations using
standard software packages such as ABAQUS are useful tools for
solving and verifying practical engineering problems in diverse
fields such as thermal, fluid, piezoelectric and structural analysis
[6,7]. The piezoelectric effect is a coupled interface between a
material’s electrical field and structural distortion. Today, the FE
method to perform the static and dynamic analysis of coupled field
piezoelectric material is available in some commercial packages,
and the coupled field elements required for the piezoelectric
effect have been used in finite element analysis. Coupled field
elements involve electrical and structural coupling in element
matrices and also comprise all necessary nodal degrees of freedom
[8]. FEA (finite element analysis) is very attractive for modeling
piezoelectric sensors and actuators [9]. A. H. Allik presented the
first numerical simulation of piezoelectric material in 1970 [10].
R. Lerch performed time domain modeling and transient analysis
of piezoelectric material under mechanical loading using the
finite element method [11]. Der Ho Wu studied the harmonic
response and resonance frequency of a piezoelectric plate using
coupled-field FEA [12]. The output power of piezoelectric energy
harvester plates was also predicted with an electromechanical
coupled FE model; the goal was to power small electronic devices
by transforming the waste vibration energy available in the
atmosphere into electrical energy [13]. The advantage of FEA over
analytical results is that mechanical stress variations and electrical
field calculations of complex geometries of the material can be
more readily calculated. FEA was performed to calculate the stress
and electric field distributions under static loads and under any
electrical frequency, and thus, the impact of material geometry
can be evaluated and improved without the need to make and
test various materials. In addition, FEA can likely predict lifetime
expectations without the need to conduct time-consuming tests if
the significant electrical and mechanical parameters are obtained
[14].

Our aim in this study was to investigate whether 3D
electromechanical coupled-field FEA could be used to accurately
predict the behavior of piezoelectric material. In this paper, we
clarify the details of how we constructed a finite element model
for piezoelectric material. We investigated the voltage response of
circular ring-shaped barium titanate (BaTiO,) piezoelectric material
under static and dynamic loading using the commercially available
FE software ABAQUS™ Standard. In order to validate the model, we
experimentally measured the voltage response of the piezoelectric
material and compared it with that predicted by the FE method.

In addition, we conducted microstructure analysis of this
material using scanning electron microscopy (SEM), and we
performed energy-dispersive x-ray analysis (EDX) to determine
the chemical composition of this material before we began the
experimental work.

2. METHODOLOGY OF RESEARCH

2.1 Finite element electromechanical field equations

Piezoelectric materials exhibit elastic behavior, and defining
those properties correctly controls the performance of piezoelectric
material in a particular direction [15]. The governing equations used
to represent the linear behavior of piezoelectric in FEM software
are:
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Where T = the stress vector, D = the electric flux density vector,
S = the strain vector, E = the electric field vector, C; = the elasticity
matrix, e = the piezoelectric stress matrix, and ¢= the dielectric
matrix at constant mechanical strain. An anisotropic symmetric and
un-inverted matrix form [C] can be used to represent the elasticity
matrix Cas shown in equation (3):
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The elasticity matrix determined at constant electric flux density
C, can be used for the input, and it is given by equation (4):
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The piezoelectric stress matrix e, which relates the electric field
vector Ein the order X, y, z to the stress vector T'in the orderx, y, z,
Xy, yz, Xz and has the form:
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The piezoelectric matrix e is also related to piezoelectric strain
matrix d by the relationship given in equation (6):

e=c.d 6)

The variable ¢, uses electrical permittivity and can be represented
in either its orthotropic or anisotropic forms as:
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The dielectric matrix at constant stress ¢, can be converted into a
dielectric matrix at constant strain ¢, using the following equation:
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Developing the nodal solution variables and element shape
functions for an element domain to approximate the solution
defines the finite element discretization as:

U.= NT,.U €)

Where U, = the displacement in the element domain within the
given coordinates, V.= the electrical potential, N, = the matrix of
the displacement shape functions, Ny, = the vector of the electrical
potential shape function, U = the vector of the nodal displacements,
and V = the vector of nodal electrical potential.

2.2 Finite element simulation

The piezoelectric effect is a dilatational effect in which there is
no rotation and shear in a material principle coordinate system
[19]. We developed a three-dimensional (3D), deformable, ring-
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shaped finite element model for BaTiO, piezoelectric materials in
ABAQUS/CAE software to analyze the effects of static and dynamic
loadings. The model had a thickness of 4 mm, with inner and outer
diameters of 12 mm and 23 mm, respectively, similar to those of the
specimens we used during the experimentation. The aim of this
study was to determine the actuator’s peak voltage over a range of
frequencies using FE analysis. We used a full Newton integration
scheme in ABAQUS to design the model geometry of the material.
The final meshed model of the BaTiO, material consisted of
11672 hexahedral C3D8E elements and 14130 nodes. We applied
a constant load at the upper surface of the piezoelectric material
along the polarization directions. The top surface was made at
zero charge/symmetry, and the bottom surface of the material
was grounded. We conducted general static and dynamic analyses
while applying a uniformly distributed load at the upper surface
of the material, and we obtained the corresponding electrical
potential (EPOT) and compared it with the experimental data. Fig.
1 shows the meshed BaTiO; model in which both the polarization
and displacement directions are aligned. Table 1 shows the related
mechanical properties for this material provided by the supplier
with reference to [20].

Fig. 1. Meshed model of ring-shaped BaTiO; with global size of 0.0005.

Table 1. Mechanical and piezoelectric properties of the material used
in ABAQUS [20].

Mechanical Properties BaTiO,
Density (kg/m®) 5600

Elastic coefficient (GPa)
Cy 166
Cy 0
C 76.6
Cys 77.50
Css 162.0
Cu 42.90
Ces 0

Piezoelectric coupling coefficient (10"* m/V)
d,s 150
ds, -33
dyy 82
Piezoelectric coefficient (C/m?)
€5 0
e 11.60
e, -4.40
ey 18.60
[ 0
Dielectric constant (10 F/m)

- 11.151
&5 0
. 12.567
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2.3 Experimental procedure

We also verified the simulation results by developing an
experimental setup. In the present study, we selected a circular
ring-shaped BaTiO, piezoelectric material, provided by a supplier
(Piezo Systems, Inc. USA), for experimentation because of its low
energy loss characteristics. The BaTiO; material is the first known
ferroelectric ceramic and can be prepared using different methods
depending on the desired characteristics; it can be manufactured
by the comparatively simple sol-hydrothermal method, and it can
also be formed by heating barium carbonate and titanium dioxide.
The material has a variety of applications resulting from its excellent
dielectric, ferroelectric, and piezoelectric properties, and because
of its low loss characteristic, it is an excellent choice for many
applications such as capacitors and energy storage devices [21]. The
ring has a thickness of 4mm, with an inner and outer radius of 6
mm and 11.5 mm, respectively. The ring was poled in the thickness
direction, and copper electrodes were coated on two major
surfaces of the ring. The piezoelectric ring has a charge constant
(d33) of 82x10™* m/V and the Curie temperature is 550°C. It is well-
known that under resonant vibration, the relative displacement
of piezoelectric rings considerably improves, and we obtained the
maximum electrical potential at its resonance frequency.

Figure 2 shows the measurement setup we used to harvest energy
during the current research work. We used the function generator
(HAMEG-8150) to measure the performance of the commercial
piezo ring at various sinusoidal frequencies and voltage amplitudes
and a 25 N electromagnetic shaker (Model-F10/Z820WA) with
a wide frequency range to provide sinusoidal vibrating load
conditions so that we could measure the dynamic and static
responses of the material. We monitored the applied load using a
load cell (HYTEK) placed at the bottom layer of the specimen. We
also used an impedance analyzer (HP-4294A) connected with a
switch box circuit to measure the impedance, resonance, and anti-
resonance frequency. We prepared an oscillator circuit to produce
a very low distortion frequency signal and used a simple energy
harvesting circuit (AC to DC converter) to measure the DC voltage
across the harvester.

Figure 3 shows a rectifier circuit consisting of four diodes

AC Adapter Model

Screw Mechanism

Shaker

Oscillator

<
| o ® C
a® ©

Piezo Material [S®

Fig. 2. Experimental setup used to harvest the energy.
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Fig. 3. Schematic diagram of the energy-harvesting circuit.
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connected to the piezoelectric ring. To measure the current through
the ring, we stored in a capacitor a 1 kQ resistor connected in series
and the generated electrical potential. To avoid any noise or other
adjacent environment effects, we placed the experimental setup on
an insulated bench and monitored the dynamic and static response
of the piezoelectric material on a digital oscilloscope (GPS-1072B).

2.3 Scanning electron microscopy

Piezoelectric materials have been applied in electromechanical
devices as sensors and actuators. These materials contain
many microscopic crystal grains and domains. Because of their
asymmetrical crystal structures, such as cubic, tetragonal, and
rhombohedran, all domains display anisotropic mechanical and
electrical behaviors, and the macroscopic properties of these
materials rely heavily on this microscopic crystal morphology.
Therefore, it is essential to study the microstructural characteristics
of these polycrystalline materials using SEM and EDX [16,17].
Scanning electron microscopes use concentrated beam of
electrons that by interacting with materials at their atomic levels
produce signals regarding the materials’ surface composition and
topography to generate microscopic images [18,22].

3. RESULTS AND DISCUSSION
3.1 Crystal morphology and microstructure

We conducted microstructure and morphological observation
of ring-shaped polycrystalline BaTiO, piezoelectric material using
SEM (VEGA3-TESCAN) at 10.0 kV. The specimen was electrically
poled in the thickness direction and had inner and outer radiuses
of 6 mm and 11.5 mm, respectively. The material has a perovskite
tetragonal structure, and we set the scanning interval to 16.8 pm.
We crackled the specimen with a thin gold layer in the evaporator
before scanning in order to avoid charging the electrons.

Figure 4 shows the crystal morphology of this material. We
observed that the crystal grains were highly agglomerated, with
large particles due to overlapping that combined with small
particles. The figure shows the varied scattering of grains all over
the substrate.

SEM HV: 10.0 kV
View field: 21.7 pm
SEM MAG: 6.37 kx | Date(midly): 02/16/16

WD: 17.0
Det: BSE
Performance in nanospace

Fig. 4. Crystal morphology of material.
3.2 Energy dispersive X-ray analysis (EDX)

We performed EDX analysis to determine the atomic
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percentages of Ba, Ti, and O at different randomly selected
locations on the specimen. For this reason, we polished the surface
of the BaTiO; material with CAMI grade 1000 sandpaper with
average element size in micron inches. After the fine polishing,
we placed the material under the SEM to perform the chemical
analysis.

Figure 5 shows the three different spectrums with grain size
of 10 ym in order to determine the composition of this material.
The Ba:Ti:O concentration ratio shows that the material was sub-
stoichiometric in nature. Figures 6, 7, and 8 show the relative
quantities of the Ba, Ti, and O. The figures show clearly that there
were no impurities, which indicates the high purity of the material
we selected for the required experimentation. Table 2 shows the
experimental values of BaTiO; obtained from the three different
EDX spectrums.

Fig. 5. Electron image of BaTiOs.

M Spectrum 1
Ba

Fig. 7. Weight percentages of the elements in BaTiO, at spectrum 2.
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M spectrum 3

1
Ti |-

|
Weight % 50%

Fig. 8. Weight percentages of the elements in BaTiO; at spectrum 3.

Table 2. Atomic % of Ba, Ti and O obtained from EDX.

Region Atomic %
Ba Ti 0}
Spectrum 1 50 14 36
Spectrum 2 60 15 25
Spectrum 3 50 20 30

3.3 Static analysis

Initially, we conducted a general static analysis that entailed
applying uniformly distributed loads that varied from 1 to 150
kN/m? to the top surface of the piezoelectric material. Once we
applied the load, the material was electrically polarized, and
the polarization varied directly with the applied load. The nodal
solution of the EPOT variations in the material, derived from
ABAQUS, is shown in Fig. 9, and Fig. 10 shows the experimental

+4.979-01
+4.3430-01
+3.707e-01

Fig. 9. Electrical potential (V) transformation of the BaTiO, specimen
in ABAQUS.

8 .
7
6
S5
S 4
&3 ==¢-=Experimental Data
2 == Simulation Data
1
0 T T ,
0 50 100 150 200
Load (kN/m?)

Fig. 10. Comparison between the experimental and simulation
results under static loading conditions.
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and simulation results for this material under the variable
loads; we observed that the EPOT (V) changed significantly with
the load changes. We also observed linear behavior between
two parameters. The linear dependence of V on loading must
be understood given the fact that more mechanical work
is performed at maximum loading conditions. That is, the
mechanical work performed by piezoelectric material is directly
related to the area under load-displacement curves. The main
outcome of this analysis was that the V increased with increased
loading, which shows that the material’s efficiency increased
nearly linearly when we increased the loads. We found the
measured error between the experimental and simulation results
to be less than 7%.

3.4 Structural dynamic analysis

In this phase, we conducted a dynamic analysis that entailed
applying a constant load of 10 kN/m” to the top layer and
generating the corresponding V. We detected the natural frequency
of the material experimentally by tracing the maximum electrical
potential, and the harvester produced the maximum electric
potential at this frequency. We excited the harvester using a shaker
at a certain frequency with constant amplitude. We identified the
resonant frequency by observing the maximum output voltage as
a function of excitation frequency under certain excitation levels.
We used the function generator to provide excitation frequency that
varied from 1 to 100 Hz.

Figure 11 shows the generated output voltage distribution, which
depends on the loading frequency of the piezoelectric material.
The V increased as loading frequency increased from 1 Hz to 35 Hz.
Figure 11 shows that the maximum EPOT (5.37 V) experimentally at
10 kN/m? across a 35 Hz resonance frequency. The corresponding
value that we calculated in ABAQUS under the same loading
condition was 6.43 V at 35 Hz resonance frequency. We observed
that the frequencies of the peak output voltages were nearly the
same as the resonant frequency of the piezoelectric element that
we identified using the experimental setup; the output voltage
reached its maximum value under this excitation frequency. The
V went off when the excited frequency diverged from the resonant
frequency. We obtained the maximum electric potential across
the harvester when the natural frequency matched the resonance
frequency of the vibration source, and the resonance frequency
changed when we changed the load. As we knew, at constant
amplitude, the resonance frequency is inversely proportional to the
square root of the effective mass. When we increased the load, the
resonance frequency decreased nonlinearly. The EPOT estimated
in the simulation model correlated well with what we found in the
laboratory experiment.

7 -
6 - ==¢==Simulation Data at 10 kN/m*
== Experimental Data at 10 kN/m?
5
S
S
e 3
o
2
1 4
0 T T 1
0 50 100 150

Frequency (HZ)

Fig. 11. Comparison between the experimental and simulation
results of BaTiO, at 10 kN/m’* under variable frequency.
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4. CONCLUSIONS

The present work aimed to establish the validity of an
energy-harvesting system by using commonly available BaTiO;
piezoelectric material. Our objective was to find the most
efficient, reliable, and precise FE package. With that goal, we used
commercially available finite element software, ABAQUS, to carry
out the structural-electrical analysis of this material. From the
analysis, we reached the following conclusions:

1. Microscopic study showed the presence of some agglomeration
and heterogonous distribution of grains all over the substrate.
Energy-dispersive x-ray analysis showed that there were no
impurities in the material we selected for the required analysis.

2.The piezoelectric energy harvester showed increased
polarization rates under higher vibrating load conditions
and hence increased electric potential. As a result, we
observed linear behavior, and the material showed optimum
performance under a static load with an error of less than 7%
between the experimental and simulation values.

3.We obtained the maximum EPOT at the resonance frequency
of 35 Hz and then decayed rapidly under dynamic loading. The
% error between the experimental and simulation results was
approximately 5%.

4. By correlating the simulation and experimental values, we
observed that FEA was useful for precisely foreseeing the
behavior of the BaTiO; material under static and dynamic
loading conditions.
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