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Abstract
Interest in energy harvesters has grown rapidly over the last decade. The cantilever shaped piezoelectric energy harvesting beam is one of the most employed designs, due to its simplicity and flexibility for further performance
enhancement. The research effort in the MEMS Piezoelectric vibration energy
harvester designed using three types of cantilever materials, Lithium Niobate
(LiNbO3), Aluminum Nitride (AlN) and Zinc Oxide (ZnO) with different
substrate materials: aluminum, steel and silicon using COMSOL Multiphysics
package were designed and analyzed. Voltage, mechanical power and electrical power versus frequency for different cantilever materials and substrates
were modeled and simulated using Finite element method (FEM). The resonant frequencies of the LiNbO3/Al, AlN/Al and ZnO/Al systems were found
to be 187.5 Hz, 279.5 Hz and 173.5 Hz, respectively. We found that ZnO/Al
system yields optimum voltage and electrical power values of 8.2 V and 2.8
mW, respectively. For ZnO cantilever on aluminum, steel and silicon substrates, we found the resonant frequencies to be 173.5 Hz, 170 Hz and 175 Hz,
respectively. Interestingly, ZnO/steel yields optimal voltage and electrical
power values of 9.83 V and 4.02 mW, respectively. Furthermore, all systems
were studied at different differentiate frequencies. We found that voltage and
electrical power have increased as the acceleration has increased.
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1. Introduction
Micro-electro mechanical system (MEMS) devices have a wide area of applications as pressure sensors, accelerometers, gyroscopes etc. [1]. In recent decades,
energy harvesting from ambient vibrations of natural environments, such as air
flows and human motions, which are obtainable universally and permanently,
has attracted much attention of many researches [2]. The investigations in vibration-based energy harvester using piezoelectric transducers have been attracting
intensive attention in the research sector of sustainable energy [3]. Piezoelectric
energy harvesters (PEH) have the distinctive capacity to convert ambient vibration energy from the surrounding environment into electrical power [4] [5] [6].
A typical PEH system usually consists of two parts: a mechanical structure and
an energy harvesting circuit. The coupling between these two parts and the multidisciplinary nature of this field lead to a substantial challenge in modeling PEH
system [7]. Piezoelectric materials are widely used in vibration energy harvesters
(VEH) as mechanical-to-electrical transducers due to their relatively high power
density [8], scalability and compatibility with conventional integrated circuit
technologies [9] [10] [11].
Simulation modeling solves real-world problems safely and efficiently. It provides an important method of analysis which is easily verified, communicated,
and understood. Across industries and disciplines, simulation modeling provides cherished solutions by giving clear insights into complex systems. Mathematical modeling and simulations have been used to predict the optimized
properties and to evaluate the performance of systems similar to our proposed
system [12] [13]. COMSOL Multiphysics® (known as FEMLAB before 2005) is a
software package designed to investigate a wide range of physical phenomena of
different systems using finite element method [14].
AlN, LiNbO3 and ZnO have extensive applications in several fields because of
their outstanding piezoelectric and pyroelectric properties, as well as, elasticand electro-optic effects [15] [16] [17]. Several previous works have studied PEH
based on AlN [18] [19], LiNbO3 [20] and ZnO [21] [22] [23] Cantilevers due to
their significant contributions in the modern technology of MEMS devices.
In this work, PEH systems were modelled by COMSOL Multiphysics software
using AlN, LiNbO3 and ZnO Cantilevers assembled on Aluminum, Steel and
Silicon substrates. The main objective of this work is to reveal the most efficient
cantilever/substrate combination that has the optimized electrical and piezoelecDOI: 10.4236/ojapps.2019.94016
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tric properties. Particularly, we investigate the behavior of the output voltage,
power (mechanical and electrical) as well as piezoelectric response a function of
frequency and acceleration.

2. Mathematical Model for Piezoelectric Beam
Cantilever structure is the most common structure used for piezoelectric energy
harvester [24]. Cantilever can be defined as a structure with one end fixed and
other end free to vibrate, made up of one or more layer of piezoelectric material
bonded to an elastic metal in order to increase the sensitivity of the structure and
reduce the brittleness of the piezoelectric layer [25].
Electric charge is generated when mechanical stress is applied on a piezoelectric material. IEEE standard on piezoelectricity has given different form of piezoelectric constitutive equations. Strain-charge form has been used for cantilever
structure and the equations are:

=
S s E T + dij E

(1)

=
D dij T + ε T E

(2)

where: S is mechanical strain, s E is elastic compliance tensor (Pa−1), T is mechanical stress vector (N∙m−2), E is electric field vector (V∙m−1), D is electrical
displacement (C∙m−2), ε T is dielectric permittivity tensor (F∙m−1) and dij is
electro-mechanical coupling factor (C∙N−1), where i is the polarization direction
and j is the strain direction.
There are two approaches used in the design of a piezoelectric harvester: longitudinal and transversal approaches. The first is the longitudinal mode ( d31 )
where the polarization of the beam is laterally developed in the deposited film.
The frequently used is the transversal mode ( d33 ) where the polarization of the
beam is perpendicular to the deposited film.
The resonant frequency is the most important parameter of a vibration energy
harvesting device. It is calculated by using the given equation [26]:

fn =

vn2 1
2π L2

Dp

(3)

m

where: vn = 1.875 for first mode, m is the mass per unit area and D p is the
bending modulus which is a function of Young’s modulus and thickness of the
substrate and expressed by:

Dp =

(

EP2 t 4p + Es2 ts4 + 2 ES EP t p ts 2t 2p + 2ts2 + 3t p ts
12 ( EP t p + ES ts )

)

(4)

Hence the variation of resonant frequency is

fn ∝

1
t p ts
L2

(5)

where: L: length of the harvester, t p : thickness of the piezoelectric layer and ts :
thickness of the substrate layer. Cantilever oscillates when placed in vibrating
DOI: 10.4236/ojapps.2019.94016
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environment. The oscillations attain the optimum peak as the vibration frequency of the environment matches the resonance frequency of the cantilever
structure, and damps out significantly for all other frequencies. The frequency of
the source vibrations present in the environment mostly has frequencies in the
range of 50 - 200 Hz. The proof mass lowers the resonance frequency of the cantilever by order of few Hz, which is normally the order of frequency of vibration
present in the nature. Proof mass also increases the amount of deflection, hence
increasing the stress at the fixed end due to which charge is generated in the
cantilever structure. Electrical output voltage is highest when stress is maximum,
which is occurs at the resonance frequency [25].

3. COMSOL Multiphysics Simulation
To simulate the piezoelectric vibration energy harvester using COMSOL Multiphysics, the piezoelectric devices Multiphysics interface and electrical circuit
have to be chosen. Solid mechanics and electrostatics are combined within the
piezoelectric devices Multiphysics interface with the constitutive relationships
required to model the piezoelectric device.

3.1. Geometric Modeling
2D geometry is considered for the simulations. The cantilever contains aluminum, steel or silicon thin substrate of 40 µm thickness (Table 1 displays the
properties of substrate materials) coated by two layers of AlN, LiNbO3 or ZnO of
60 µm in thickness. The dimensions of the cantilever is (20 × 14) mm, with a
mass of aluminum block of dimension (4 × 14 × 1.7) mm on the vibrating end of
the cantilever, as shown in Figure 1.

3.2. Boundary Settings
The base of our simulated piezoelectric vibration energy harvester is designed to
have one end fixed and the other end is free to vibrate with a mass of aluminum
is attached to it. The upper end of the cantilever is taken to be free in response to
the applied force. The upper surface of the AlN, LiNbO3 or ZnO is taken to be
ground and the lower surface is connected to external circuit.

3.3. Meshing
Before starting simulation, the piezoelectric vibration energy harvester has be
divided into small areas; each is called a “mesh”. In this work, the mesh was
Table 1. The properties of substrate materials.

DOI: 10.4236/ojapps.2019.94016

Substrate Materials

Density (kg/m 3)

Young’s modulus (109 Pa)

Poisson’s ratio

Aluminum

2700

70

0.33

Steel

7850

200

0.30

Silicon

2329

170

0.28
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Figure 1. The geometry of piezoelectric vibration energy harvester.

taken to be “Free triangular” with element size parameter ranging between 0.002
and 0.02. Figure 2 illustrates the obtained mesh for a piezoelectric vibration
energy harvester.

3.4. Simulation Results
The mass attached to the vibrating end of the piezoelectric vibration energy
harvester is simulated to obtain the required mass needed to reach the resonant
frequency that yields the maximum voltage, as displayed in Figure 3(a). Figure
3(b) demonstrates the obtained electric force at resonant frequency. We found
that the resonant frequency of AlN/Al, LiNbO3/Al and ZnO/Al are 279.5 Hz,
187.5 Hz and 173.5 Hz, respectively.

4. Results and Discussions
In this section, we describe and interpret our results on the piezoelectric vibration energy harvester output voltage and power (mechanical and electrical) behavior of the LiNbO3, AlN and ZnO cantilevers assembled on different types of
substrates (aluminum, steel and silicon) as functions of frequency and acceleration responses.

4.1. LiNbO3, AlN and ZnO Cantilevers with Aluminum Substrate
4.1.1. Frequency Response
Figure 4 shows the measured voltage of LiNbO3, AlN and ZnO cantilevers assembled on Al substrate as a function of frequency, with a host acceleration of 1
g (g is the acceleration due to gravity) and load resistance of 12 kΩ. As can be
seen from Figure 4, the resonant frequency demonstrated by LiNbO3, AlN and
ZnO cantilevers is 187.5 Hz, 279.5 Hz and 173.5 Hz, respectively. Figure 4 clearly
shows that ZnO cantilever exhibits the maximum voltage value of 8.2 V at a resonant frequency of 173.5 Hz. Figure 5 and Figure 6 illustrate the calculated
DOI: 10.4236/ojapps.2019.94016
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Figure 2. Piezoelectric vibration energy harvester mesh.

(a)

(b)

Figure 3. The simulation results of strain for piezoelectric vibration energy harvester.
DOI: 10.4236/ojapps.2019.94016
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Figure 4. Measured voltage (V) versus frequency (Hz) for LiNbO3, AlN and ZnO cantilevers.

Figure 5. Measured Mechanical power in (mW) versus frequency (Hz) for LiNbO3, AlN
and ZnO cantilevers.

Figure 6. Measured Electrical power out (mW) versus frequency (Hz) for LiNbO3, AlN
and ZnO cantilevers.
DOI: 10.4236/ojapps.2019.94016
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mechanical power input and electrical output power of the piezoelectric vibration energy harvester designed using LiNbO3, AlN and ZnO cantilevers. Obviously, the ZnO cantilever attains the maximum electrical power output of 2.8
mW at a resonant frequency of 173.5 Hz.
The ZnO/Al cantilever attains the maximum voltage and output electrical
power at the resonant frequency in comparison with the other two investigated
systems since it exhibits attractive exceptionally high piezoelectric properties.
Piezoelectric properties of materials depend on three main parameters: structure, piezoelectric coefficient ( e13 and e33 ) and dipole moment. The ZnO and
AlN both adopt a wurtzite structure with a space group of (C6v4-P63mc) in their
equilibrium phase, thus, exhibiting interesting piezoelectric properties, high
voltage and output electrical power at the resonant frequency. On the other
hand, LiNbO3 exhibits a trigonal structure with a space group(R3c), as a result, it
attains the minimum voltage and output electrical power at the resonant fre-

−0.580 C ⋅ m −2 and
quency. We found that AlN piezoelectric coefficients ( e13 =

−0.567 C ⋅ m −2
=
e33 1.550 C ⋅ m −2 ), respectively that are close to those of ZnO ( e13 =
−2
=
e33 1.320 C ⋅ m ). However, the dipole moment of ZnO is
and
( µ = 0.345 Debey ) that is much larger than that of AlN ( µ = 0.096 Debey ), as
shown in Table 2. This is because Zn2+ cations and O2− anions change their position under a stress (force) in a nonhomogenous way. Thus an induced net polarization develops in the material. Moreover, electric dipoles which created by
the non-homogenous distribution of Zn2+ cations and O2− anions would be sustained, as long as external stress is applied [27] [28]. The induced polarization
caused by the strain at the ZnO/Al interface is large due to the lattice mismatch
between ZnO and Al substrate.
The AlN, and its related alloys are wide (direct) band gap semiconductors
with high thermal and mechanical stability. They have attracted great attention
for the fabrication of optoelectronic devices operating in the visible and ultraviolet regions at high power and under harsh environmental conditions. The
determination of strains at the nanoscale is essential for the development of new
electronic devices. The wurtzite hexagonal phase is energetically more stable for
AlN and its alloys. This crystalline structure is non-centrosymmetric with a
Table 2. Comparative parameters for ZnO, AlN and LiNbO3 cantilevers.

DOI: 10.4236/ojapps.2019.94016

ZnO

AlN

LiNbO3

Structure

Wurtzite

Wurtzite

Trigonal

Space Group

C6v4-P63mc

C6v4-P63mc

R3c

e13 (C∙m −2)

−0.567

−0.580

0.194

e33 (C∙m −2)

1.320

1.550

1.309

Young’s modulus (GPa)

210 [29]

344 [30]

170 [31]

Dipole moment μ (Debey)

0.345 [32]

0.096 [33]

4.40 [34]
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singular polar axis causing the formation of anelectric dipole in the unit cell due
to the lack of coincidence of the centre of mass of the negative charge in the N
tetrahedrons and the positive charge of the Al atom. The dipolegives rise to a
spontaneous polarization. Moreover, in the presence of strain, apiezoelectric polarization is created at the AlN/Al interface due to the lattice mismatch between
AlN and the Al substrates that can create fields in the MV/cm range. However,
the lattice mismatch in ZnO/Al cantilevers is much larger than lattice mismatch
in AlN/Al cantilevers.
4.1.2. Acceleration Response
Figure 7 displays the calculated voltage of LiNbO3, AlN and ZnO cantilevers as a
function of host acceleration calculated specifically at the resonant frequency of
each of the investigated cantilevers and by keeping the load resistance fixed at 12
kΩ for all cases. Our results indicate that the voltage of the piezoelectric vibration energy harvester increases linearly as the host acceleration increases from
0.25g - 2 g, in excellent agreement with the findings of E. K. Reilly et al. study
[35]. In addition, our results clearly demonstrate that ZnO cantilever exhibits
larger voltage values than those attained by LiNbO3 and AlN cantilevers.
Figure 8 and Figure 9 illustrate the calculated mechanical input power and
the obtained electrical power output of the piezoelectric vibration energy harvester of the LiNbO3, ZnO and AlN cantilevers. Apparently, the ZnO cantilever
sustains the best electrical power output at the 173.5 Hz resonant frequency.
Inspecting the obtained results carefully indicate that among the three different cantilevers investigated, ZnO cantilevers yields better voltage and electrical
output power. Now, we turn our attention to focus on investigating the electrical
properties of ZnO cantilevers assembled on three different substrates, namely,
aluminum, steel and silicon substrates.

Figure 7. Calculated voltage (V) versus acceleration (g) for LiNbO3, AlN and ZnO cantilevers at resonant frequency.
DOI: 10.4236/ojapps.2019.94016
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Figure 8. Calculated mechanical power input (mW) versus acceleration (g) of LiNbO3,
AlN and ZnO cantilevers at resonant frequency.

Figure 9. Calculated electrical power output (mW) versus acceleration (g) for LiNbO3,
AlN and ZnO cantilevers at resonant frequency.

4.2. ZnO Cantilevers with Aluminum, Steel and Silicon Substrates
4.2.1. Frequency Response
Figure 10 illustrates the calculated voltage of ZnO cantilevers assembled on
aluminum, steel and silicon substrates as a function of frequency keeping the
host acceleration fixed at 1 g and a predetermined load resistance of 12 kΩ. As
can be clearly seen from Figure 10, the fundamental resonant frequency of the
ZnO cantilevers assembled on aluminum, steel and silicon substrates was approximately 173.5 Hz, 170.0 Hz and 175 Hz, respectively, which is in the vicinity
of the resonant frequency used in the experimental work of C.T. Pan et al. for
ZnO cantilever on PET substrate [36]. Furthermore, ZnO cantilever assembled
DOI: 10.4236/ojapps.2019.94016
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Figure 10. Calculated voltage versus frequency of ZnO cantilever assembled on aluminum, steel, and silicon substrates.

on steel substrate yields 9.83 V at the resonant frequency. This value is better
than the ones obtained using ZnO cantilever assembled on aluminum and silicon substrates.
Figure 11 and Figure 12 demonstrate the mechanical power input and the
calculated electrical power output of the piezoelectric vibration energy harvester
designed using ZnO cantilevers assembled on aluminum, steel and silicon substrates. Figure 12 indicates that ZnO cantilevers assembled on steel substrates
yields 4.02 of electrical power at resonant frequency 173.5 Hz larger than the
electrical output power yielded using ZnO cantilevers assembled on aluminum
and silicon substrates.
4.2.2. Acceleration Response
Figure 13 illustrates the calculated voltage of ZnO cantilevers assembled on
aluminum, steel and silicon substrates as a function of host acceleration keeping
the resonant frequency fixed at a predetermined value and using a constant value of load resistance of 12 kΩ for the three cases. As can be clearly seen from
Figure 13, The voltage increases linearly as the host acceleration is increased
gradually from 0.25 g - 2 g. Apparently, ZnO cantilever assembled on steel substrate yields an optimum value of voltage of approximately 20 V at a resonant
frequency of 170 Hz. Whereas ZnO cantilever assembled on aluminum and silicon substrates yields a voltage of 16.4 V, 10.4 V at a resonant frequency of 173.5
Hz, 175 Hz, respectively.
Figure 14 and Figure 15 illustrate the mechanical power input and the calculated electrical power output of the ZnO cantilever assembled on aluminum,
steel, and silicon substrates. As can be seen from Figure 15, the ZnO cantilever
assembled on steel substrates yields the maximum electrical power value of approximately 41 mW at a resonant frequency of 170 Hz.
DOI: 10.4236/ojapps.2019.94016
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Figure 11. Mechanical power input versus frequency of ZnO cantilever assembled on
aluminum, steel, and silicon substrates.

Figure 12. Calculated electrical power output versus frequency of ZnO cantilever assembled on aluminum, steel, and silicon substrates.

Figure 13. Calculated voltage versus host acceleration (g) of ZnO cantilever assembled on
aluminum, steel, and silicon substrates at fixed predetermined resonant frequency.
DOI: 10.4236/ojapps.2019.94016
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Figure 14. Mechanical power input versus host acceleration of ZnO cantilever assembled
on aluminum, steel, and silicon substrates at a predetermined fixed resonant frequency.

Figure 15. Calculated electrical power output versus host acceleration of ZnO cantilever
assembled on aluminum, steel, and silicon substrates at a predetermined fixed resonant
frequency.

4.3. All Cantilever Materials with All Substrate Materials
Table 3 and Table 4 summarize the voltage and electrical power output of the
three cantilever materials (ZnO, LiNbO3 and AlN) assembled on aluminum,
steel and silicon substrates calculated at a predetermined fixed resonant frequency. The tables summarize our main findings described in details in the text.

5. Conclusions
In Summary, LiNbO3, AlN and zinc oxide (ZnO) cantilever materials assembled on aluminum, steel and silicon substrates have been investigated using
COMSOL Multiphysics based on Finite Element Method (FEM).Voltage, mechanical power input and electrical power output versus frequency for each system were calculated and found to change linearly with the frequency.
DOI: 10.4236/ojapps.2019.94016

193

Open Journal of Applied Sciences

A. M. Alsaad et al.
Table 3. The voltage yielded at the predetermined fixed resonant frequency of ZnO,
LiNbO3, AlN cantilevers assembled on aluminum, steel and silicon substrates.
ZnO

LiNbO3

AlN

Aluminum

173.5 Hz, 8.20 V

187.5 Hz, 1.67 V

279.5 Hz, 3.80 V

Steel

170.0 Hz, 9.82 V

183.5 Hz, 1.49 V

272.0 Hz, 4.86 V

Silicon

175.0 Hz, 5.19 V

189.0 Hz, 1.00 V

281.0 Hz, 4.4 V

Table 4. The electrical power output yielded at the predetermined fixed resonant
frequency of ZnO, LiNbO3, AlN cantilevers assembled on aluminum, steel and silicon
substrates.
ZnO

LiNbO3

AlN

Aluminum

173.5 Hz, 2.80 mW

187.5 Hz, 0.12 mW

279.5 Hz, 0.61 mW

Steel

170.0 Hz, 4.02 mW

183.5 Hz, 0.10 mW

272.0 Hz, 0.92 mW

Silicon

175.0 Hz, 1.12 mW

189.0 Hz, 0.04 mW

281.0 Hz, 0.81 mW

The resonant frequency of LiNbO3, AlN and ZnO cantilevers are found to be
187.5 Hz, 279.5 Hz and 173.5 Hz, respectively. Interestingly, ZnO cantilever
yields the maximum voltage and electrical power values of 8.2 V and 2.8 mW,
respectively when examined at resonance frequency of 173.5 Hz for different
host accelerations. We attributed this striking result to the dissymmetrical
atomic configuration of wurtzite ZnO, in which Zn2+ cations and O2− anions exchange their position under the influence of external load heterogeneously.
Simply, the voltage and electrical power output of LiNbO3, AlN and ZnO cantilevers were found to increase linearly with the host acceleration.
Examination of electric properties of different cantilevers assembled on the
three different substrates as a function of frequency indicates that the voltage,
mechanical power input and electrical power output of all possible combinations
of cantilever/substrate changes linearly with frequency. Among all the cantilever/substrate structures studied as a function of frequency, we found that the resonant frequency of ZnO cantilever assembled on aluminum, steel, and silicon
substrates to be 173.5 Hz, 170 Hz and 175 Hz, respectively. When examined as a
function of host acceleration, our results indicate that ZnO cantilever assembled
on steel substrate at resonant frequency of 170 Hz attains maximum voltage and
electrical power output of 9.83 V and 4.02 mW, respectively. We hope that our
results on different cantilevers investigated in this study could improve the cantilevers applications ranging from aircraft design to architecture, medical diagnostics, nanoscale measurement systems, and forensics.
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