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Abstract: This article investigates piezoelectric materials
for harnessing vibrational energy. A nano hollow cylin-
drical structure based on various piezoelectric materials
was designed and utilised to generate the voltage. An ac-
curate and efficient model is developed here, so as to
optimized the efficiency of the piezoelectric energy
harvester. This work analyses the piezoelectric actuator
deflection and involves the Eigen frequency computation.
A measurement methodology for investigating the me-
chanical and electrical behaviour of vibrational harvester's
was modelled and analysed by finite element method using
COMSOL software. The energy harvesting structure was
developed and tested with different piezoelectric materials
to attain appreciable voltage through a small deflection.
The Simulated results predicts that for the same pressure
range, different piezoelectric materials have the different
output voltage and Eigen frequencies. The maximum
voltage was observed for Barium Titanate (3.0847 V at
250 pm), along with poled Polyvinylidene fluoride. In
addition, a comparison was made with different piezo-
electric materials ideally suited to intelligent cantilever
structure. For optimizing the performance of the piezo-
electric energy harvester an accurate and efficient model is
required, which was developed in this simulation study. A
high voltage value with a small deflection through a cy-
lindrical hollow structure was designed and tested using
various piezoelectric materials in this study.
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Introduction

The growth of the electronic industry has resulted in a new
generation of small electronic devices with a low power
consumption. Energy harvesting is the mechanism by
which electricity is obtained from the surrounding me-
chanical vibratory devices. In order to harvest the energy
from vibration by means of an energy transfer process, a
smart structures made of piezoelectric, electrostatic mate-
rials are employed. Microelectromechanical-based wire-
less sensors have substantially raised the requirement for
generation of local electrical energy for low power elec-
tronic systems. One of the most recent applications is to
power the remotely located weather forecasting station and
environment monitoring systems. The vibrational energy
harvesting devices could extract mechanical energy from
the natural environment and turn it into electricity, and
this has received great interest from academia and industry
in past few years. The electronic devices are supposed to
work with in a continuous and autonomous power source
with scalable energy harvester, without any interference
from the surrounding. The mechanical vibrations have
been found to be the most suitable source of energy for
small scale devices with in the vast field of micropower
production. Conventionally the batteries are the most
common source of electricity, which have not kept pace
with those devices which demand for the miniaturization.
He et al. (2020) investigated a magnetic excitation canti-
lever type piezoelectric energy harvester for the rotational
motion application, in which rotational angle is varied to
modify the output voltage. Tang et al. (2015) reported a
vibration energy harvester which generates the electrical
power independently for powering of RF devices. Rezaei-
Hosseinabadi, Tabesh, and Dehghani (2016) demonstrates
the utilisation of multilayer topology that allows a device to
have wider band feature while operating with single
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resonance frequency. Todaro et al. (2018) and Azad and
Vaish (2017) reported the piezoelectric energy harvesting
(PEH) system used for low power electronics and autono-
mous wireless sensor and microsystems. Chen et al. (2016)
reports the piezoelectric and triboelectric structure that can
generate power from periodic vibration of PVDF cantilever
caused by vortex shedding. Similarly Chen et al. (2020)
proposed a PEH with two anti-symmetrical trapezoidal
cantilever plates surrounded by a rigid frame for energy
harvesting and able to generate a high voltage in lower
frequency range.

Manavizadeh, Nourafkan, and Mohammadi (2019)
discussed three different vibration based nano-structures
for energy harvesting, utilizing a finite simulation method
to analyse the output response. Similarly Damya, Abbas-
pour Sani, and Rezazadeh (2020) proposed structure which
has the ability to produce a higher potential difference and
power with smaller dimension even at lower variable nat-
ural frequency. For extracting the vibration energy from
vacuum pump, a rectangular hole based cantilever energy
harvester was designed and was able to extract a maximum
output voltage of 1.19 V (Tian et al. 2018). According to
Sokolov et al. (2020), electro-mechanical coupling is one of
the essential prerequisites of boosting the power output
from PEH devices that makes it an effective energy con-
version process. The PEH has been reported to be the most
common selection among different types of vibration en-
ergy harvesters due to its significant advantages in power
density, simple structure and ease of application. Due to its
large deflection response under the purely bending mode
configuration, most piezoelectric energy harvesters are at
the early stages of development. Beak et al. (2017) inves-
tigated BaTiO; Nano Wire arrays that were used in PEH for
the conversion of vibration energy extracted from me-
chanical deformation.

Piezoelectric structures have a long history of uti-
lisation in energy harnessing applications. Under me-
chanical deformation, these materials precisely produce
electric charges which can be utilised to charge the batte-
ries. The Piezoelectric Polymer, such as Polyvinylidene
fluoride (PVDF), has attracted great attention among
different types of piezoelectric materials due to their
excellent versality, flexibility and ease of use (Gaur and
Rana 2015). Acciari et al. (2017) studied the generation of
energy using rain as a source to feed small and low con-
sumption electronic components. Energy harvester have
different type of geometry, Alameh, Gratuze, and Nabki
(2019) shows variations that can be obtained by changing
the design geometry for the same type of structure. Li, Xu,
and Tam (2019) studied another type of energy harvesting
handrail structure with two working modes. Kordrostami
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and Roohizadegan (2019) reported different energy har-
vesting structures, each capable of generating their
maximum power from biomorph trenched-C-PEH. Nabavi
and Zhang (2019) proposed a structure that has unique
geometry comprising of a doubly clamped set of piezo-
electric cantilevers with a serpentine shape along with
three proof of mass distributors. Wei et al. (2020) investi-
gated the design simulation and performance character-
ization of the tower shaped piezoelectric energy harvester,
which consists of metal mass, acrylic bases and curved
beams of PVDF. Compared with traditional cantilever
beams, the circular array of curved beams with PVDF
scavenge vibrations efficiently from multiple directions.
Chen et al. (2018) presents an alternating resistive match-
ing circuit to harvest energy from the micro wind impact
type PEH, which aims to optimize the load resistance for
both periods, impact and vibrations. Similarly, Balpande,
Kalambe, and Pande (2019) reported EHD as an alternative
perpetual power source for WBDS with prime focus on
bio-compatibility. The magnetic type of energy harvester is
another recent development in this field. Ando et al. (2019)
demonstrated the operation of non-linear vibration
harvester operating in the vertical direction and, the har-
vester's performances without the repulsive mechanism
shows an appreciable energy output that could be used for
powering wireless devices. Chamanian et al. (2019) devel-
oped an efficient hybrid energy harvesting interface to
synergistically scavenge power from -electromagnetic
sources, which was able to drive single phase load. Cos-
tanzo, Schiavo, and Vitelli (2019) reported an structure for
extracting energy from non-sinusoidal vibrations and was
utilised for supplying power to the small electronic de-
vices. Rui et al. (2020) discussed a piezoelectric energy
harvester design specifically targeted to supply power to
low-consumptions devices in intelligent vehicles.

Several researchers have suggested a variety of
multidirectional structure for PEHs to address the various
limitations of energy harvesting. When excited by multi-
directional vibration sources, traditional vibration energy
harvesters (CVEH) might perform poorly in terms of energy
harvesting. In this paper, a simple design of the PEH is
proposed which is essentially a cylindrical structure
designed with piezoelectric material. The study uses the
finite element method in COMSOL Multiphysics software
and revealed that PEH has a great potential for the vibra-
tion energy harvesting (VEH) in multi directionally
vibrating applications. The various sections of the paper
are organized as follows. The methodology and design
consideration of the energy harvester are presented in
Section 2. The modelling and simulation of the piezoelec-
tric energy harvesting device was presented in Section 3.
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The result and discussion were elaborated in Section 4
followed with conclusion.

Methodology and design
considerations

In this research work, the nano cylindrical rod structure is
designed which is essentially made up of piezoelectric ma-
terial. Due to the deformation of cylindrical rod, the curvature
appears in piezoelectric cylindrical structure. The electric
charges were produced during the bending of the piezoelec-
tric layers. With the electrodes embedded on the top and
inside of hollow cylindrical rod, an external electrical circuit
is then attached to these electrodes. By connecting a resistive
load, the output voltage could be measured for analysis
purpose. Figure 1(a) shows the hollow piezoelectric structure
and Figure 1(b) shows the meshed structure developed in
COMSOL evaluation version.

In general, the piezoelectric constitutive equations
(Ozdemir 2019) are given as stress-charge form which is
utilised in this study for obtaining the output voltage from
the designed structure.

T =ctS-¢€'E 1)

D=eS+¢€E ()]

where T, S, D, E denotes the vector of the stress variable,
vector of the strain variable, vector of the electric
displacement variable, the vector of the electrical field
component, the elasticity matrix, piezoelectric coupling
matrix, and electrical permittivity coefficient matrix are the
cf, e, € the superscripts E, S denotes the parameter at
constant electric field and at constant strain, respectively,
the superscript t represents the transpose.

The generated charges in the piezoelectric materials
are calculated through the electric displacement D by the
following relation,

Q = ¢p, Da¥ €)

where ¥, is the area of the effective electrode on the piezo-
electric materials. Any metallic contacts can be utilised as
electrode, but generally aluminium or copper electrodes are
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utilised for charge/voltage measurement. The output voltage
V is calculated across the resistive load (Ry) as Voutput = IR
and] = % where Iis the current passing through the electrical
circuit.

Energy harvester main aim is to utilize the waste en-
ergy and converts into electrical energy. In PEH, various
vibration sources could be utilised that includes wind,
pressure, vibrations etc. The throughput of the energy
harvester depends mainly upon the properties of piezo-
electric materials that includes density, young's mod-
ulus's, charge constant, voltage constant etc. as well as the
structure of the harvester. By using the different configu-
ration structure, enhance the energy output from PEH
could be enhanced. Figure 2(a) illustrates the arrangement
of cylindrical hollow structure used to scavenge the energy
from the vibrations. The force/vibration is applied on the
top of surface and output voltage can be obtained from the
electrodes embedded on top as well as on the bottom
layer. Figure 2(b) shows in detail the various components
required for piezoelectric energy harvesting system. The
energy received from PEH is rectified prior to the battery
charging circuit. The battery charging circuit delivers the
power to the Li ion battery which provides the electrical
energy to various devices such as weather monitoring
system, mobile charging system, smart lighting system etc.
The added advantage of this proposed system is that it can
be embed in the shoes of the individual which can be uti-
lised for powering of smart health monitoring system.

Modelling of PEH

For modelling of hollow cylindrical rod as energy
harvester, a structural mechanics and piezoelectric mod-
ules of COMSOL were selected. These modules involve the
studies based on Eigen frequency, stationary, time
dependent and customized analysis. Each study involves
the formation of set of equations by applying appropriate
boundary conditions to the developed model. First of all,
the nano hollow cylindrical structure was designed and
then appropriate materials are selected for the structure.
For electrical contacts, aluminium is selected for the inner
and outer surface. In between the two electrodes, a nano
hollow cylinder is inserted which is consist of piezoelectric

Figure 1: (a) Design of nano-piezoelectric
cylindrical rod. (b) Meshing of piezoelectric
cylindrical structure.
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Figure 2: (a) Schematic of piezo nano energy generator, (b) block diagram of piezoelectric energy harvesting.

materials. For simulation purpose different piezoelectric
materials were selected that includes Barium Titanate, PZT
4, PZT5H and PVDF. Table 1 lists the properties of piezo-
electric materials used for simulation.

The structural mechanics module was selected to
perform the Eigen frequency analysis. The developed model
calculates the 36 Eigen frequencies for different length of
beam for different materials. The mode shapes are shown in
Figure 3 for first six Eigen frequencies. Table 2 lists the length
versus frequency comparison for the nano cylindrical struc-
ture. The developed model comprises of 13,886 elements
which takes almost 24 s to solve with 62,847 degrees of
freedoms.

Table 1: Properties of piezoelectric material used in simulation.

Material Density Poisson's Young's

(kg/m>) ratio modulus (GPa)
Barium titanate 5700 0.28 79
PZT 4 7500 0.30 63
PZT 5H 7500 0.33 64
PVDF 1780 0.34 3

Modelling of piezoelectric hollow cylindrical
rod

The complete piezoelectric structural module was devel-
oped with piezoelectric materials. The deflection pattern of
developed model is shown in Figure 4(a). The simulation
involves the finite element model where the whole struc-
ture of piezoelectric hollow cylindrical rod made up of
different piezoelectric materials. The whole structure was
formed with one of the boundaries fixed and other
boundaries were free to deflect. For deflection analysis
pressure was applied on the top of the body of the hollow
cylindrical rod which act as reference electrode and bottom
inside layer act as ground. Figure 4(b) shows the potential
distribution along the length of nano energy harvester.

Results and discussion

Figure 5 shows the variation of Eigen frequency with the
length of beam. The different Eigen frequencies at different
length were computed through simulation and plotted for
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Figure 3: Modes shapes of piezoelectric hollow cylindrical rod of PVDF for 300 pm length at different frequencies (a) 48.345 kHz (b) 48.412 kHz

(c) 291.79 kHz (d) 291.98 kHz (e) 592.66 kHz (f) 774.63 kHz.

different piezoelectric materials i.e. Barium Titanate, PZT-4,
PZT-5H, PVDF. The length of beam was varied from 50 to
300 um. The length cannot be varied further due to limited
memory capacity from computing facility available for the
simulation. It is observed from the curves that Barium
Titanate and PVDF has highest Eigen frequencies in com-
parison to other two materials i.e. PZT-4 and PZT-5H.

The simulated deflection of piezoelectric actuator at
different length in range of 50-300 pm is shown in Figure 6.
The simulation results show the deflection for different
piezoelectric materials for Barium Titanate, PZT-4, PZT-5H,
PVDF. It can be observed from the curve that maximum
voltage was obtained for Barium Titanate which was
approximately 3.0847 V at 250 pm. This confirms the
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Table 2: Comparison of Eigen frequencies of nano hollow energy
harvester.

Length (um) Eigen frequencies of different materials (in Hz)
PVDF PZT 5H PZT 4 Barium titanate
50 1450.6 3419.00 3951.8 5344.2
100 415.81 977.02 1137.8 1513.6
150 190.3 446.69 521.35 690.89
200 108,140 259,010.00 296,390 392,270
250 412,940 166,440.00 190,610 252,130
300 48,412 115,840.00 132,720 175,510

Barium Titanate as a potential piezoelectric material for
development of micro actuator as compare to other
piezoelectric materials, but it suffers a limitation that it is
not elastic. So other material that suits energy harvester
structure is PVDF owing to its good elasticity and is also
resistant to harsh environment (Gaur and Rana 2014).
Figure 6 shows the curve between voltage versus length of
micro actuator. It is observed from curve, as the length
increases so the deflection of micro actuator also increases.
At one particular point known as saturation point, further
increase in length there is no appreciable increase in
deflection. Thus, optimal dimension must be computed in
order to achieve high energy output from nano cylindrical
energy harvester.

Conclusion

The piezoelectric cylindrical-based energy harvester was
proposed in this study. The modelling and simulation
study was carried out using finite method (FEM) in
COMSOL Multiphysics. The simulated results reveals that
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Figure5: Frequencyversus voltage of modelled piezoelectric energy
harvester.

the harvester can be used to collect the energy generated
by cylindrical rod in different motion states. The devel-
oped model can be used to predict the output voltage from
the energy harvester. Also, the Eigen frequency analysis
was performed and electric potential generation were
studied for different length of nano cylindrical rod.

Figure 4: (a) Deflection pattern of micro sensor, (b) potential distribution in micro sensor.



DE GRUYTER

——BARIUM TITANATE = ]

S 3.096
o 3.053
()]

& 3.010
N )
S 29671 §

0 50

7100 150 200 250 300
Length (um)

Figure 6: Voltage versus length of modelled piezoelectric energy
harvester.

Simulated results indicated that different piezoelectric
material have different output voltage and different Eigen
frequency. By changing the material, the output voltage
and Eigen frequency can be tuned, so as to optimize the
performance of energy harvester. Also, a comparison of
the Eigen frequencies of different materials with the
identical length was carried out and calculates the Eigen
frequency where maximum output voltage could be ob-
tained. It was observed that maximum the deflection,
more energy conversion can take place from vibrational
energy to electrical energy or vice versa. Future work in-
cludes design and structure improvement of the PEH
harvester mechanism to enhance the output voltage that
can be utilised for powering of medium power wireless
electronic devices.
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