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Experimental study on the piezo-based energy harvester utilizing the ambient

vibrations for smart applications

K. S. Jaibhavani and S. Visalakshi

Department of Electronics and Instrumentation Engineering, SRM Valliammai Engineering College, Chengalpet, India

ABSTRACT

The proposed energy harvester has novel construction, its performance evaluated through fre-
quency response, force response and power harvested under an optimum load, is presented.
This harvester is more suitable for low power applications like loT devices, Wireless sensor nodes
and biomedical implants. The suggested harvester has two sections namely truncated cone and
rectangular beam section (TCRB). The analytical model is formulated and natural frequencies
are obtained using FEA tool. Simulations for natural frequencies and associated comprehen-
sive parameters are done along with distribution of stress across the piezo patch. The tapered
radius ratio of the truncated cone is analysed to obtain the optimal value. The simulated model
is fabricated and verified experimentally. The result is compared with uniform cantilever beam
harvester. The voltage produced by a TCRB harvester is 56.76 % higher than the harvester with a
homogeneous rectangular cantilever beam. The rectangular harvester has a resonant frequency
of 52.8 Hz, while the TCRB harvester has 39.4 Hz. Also, the TCRB type piezoelectric vibration
energy harvester with optimum taper radius ratio provides greater power, than uniform and
trapezoidal cantilever beams. The obtained experimental results match the simulation results,
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ascertains the validity of the proposed harvester.

1. Introduction

In recent years, several applications with lower power
supply requirements have been pursued, including
tiny electronic instruments, distributed wireless sensor
nodes and embedded sensor nodes, powering auto-
mated guided vehicles, and operating security systems
in residential areas. Batteries are inappropriate for wire-
less sensor nodes or implanted device applications
because they have a limited lifetime and may require
maintenance and replacement. By harvesting ambi-
ent energy, a completely autonomous system can be
achieved for these low-power applications. This enables
the development of “deploy and forget” sensor nodes
that do not require maintenance or replacement after
installation and can operate for several years. Energy
harvesting [1] is the process of converting waste energy
into long-term electrical energy. Energy harvesting is
also called power or energy scavenging, transform-
ing available ambient energy from the environment
into useful energy. Light, heat, mechanical vibration,
electromagnetic radiation, and chemical energy from
microbial reactions are considered energy sources that
can be collected [2]. The power density of outdoor solar
energy is 15 mW/cm?, which is two times higher than
the orders of magnitude of other energy sources. On
the other hand, solar energy is unsuitable for usage
indoors, because its power density diminishes between

10 and 20 pW/cm?>. The most appealing alternatives are
mechanical vibrations with a power density of about
300 pWatts/cm® and airflow with a power density of
360 pWatts/cm3. In addition to mechanical motions,
the stray magnetic fields created by alternating cur-
rent equipment and flowing through the earth, pave-
ment, and the majority of metals, including lead, can
be used to generate electricity. This is possible because
of the flow of alternating current through these mate-
rials. Among these techniques, piezoelectric ones offer
advantages, and these materials are not as suscepti-
ble to environmental circumstances as solar panels are
as they use mechanical energy to provoke electricity
[3]. They can also be made very thin, which makes
them easy to add to a system with wireless sensor units
that demand low power. Because of this, many stud-
ies have used piezoelectric materials to collect vibra-
tions from the environment [4-6]. Because of this, there
have been several investigations in which piezoelectric
materials have been utilized to collect vibrations from
the surrounding environment [7]. Thus the piezoelec-
tric energy harvester with different host structures has
gained more importance in the research field [8]. They
can be made quite thin [9], which allows easy integra-
tion into the PVEH structure along with sensor nodes
that need to be powered [4-6]. For the meso scale,
a review of piezoelectric energy harvesters employing
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Table 1. Different energy sources and its potential power den-
sities.

Energy Source Potential power density

~ 10's mW/cm?
~10's uW/cm?

Solar - in an outdoor environment
Solar —in an indoor environment

Vibrations due to Machineries ~100’s uyW/cm?

Human Movements ~10's yW/cm3 t01000's pW/cm?
Thermoelectric ~10's uW/cm?

RF waves ~100's yW/cm?

Airflow ~100’s uyW/cm?

Acoustic noise ~ 10's uW/cm?

low-profile transducers is offered, as well as the out-
comes of several energy harvesting devices are given
[10]. Regarding the Nano-Scale PVEH, many obser-
vations proposed by several researchers are presented
in the literature. Zinc Oxide Nano Rods (ZnO NRs)
research was first done by Wang and Song [11]. They
grew ZnO NRs on Sapphire substrate using vapour
liquid solid deposition where gold nanoparticles were
deposited on the tip of the rods. Theoretical calcu-
lations show that the energy density of piezoelectric
devices is three hundred to five hundred per cent
surpassing electrostatic and electromagnetic devices.
Ambient sources available and the associated density
for the potential power that can be harvested are pre-
sented in Table 1 Pierre and Jacques Curie developed
the piezoelectric phenomenon in thenineteenth cen-
tury. It’s the capacity of several materials, particularly
crystals and some specific ceramics, to create an elec-
tric potential energy in reaction to the experienced
mechanical stress. A piezoelectric material, when sub-
jected to stress, will undergo an alteration in its atomic
architecture, which will result in the formation of dipole
moments. This applied strain is directly proportional
to the electrical polarization. This is called the direct
piezoelectric effect, and it happens when the force on
the piezoelectric material causes it to make electricity.
So, if a periodic force (tension or compression) is put
on the material, the output will be an alternating cur-
rent(AC) voltage. On the other hand, if the piezoelectric
material is electrically polarized, the inverse piezoelec-
tric effect happens and the material lengthens or short-
ens when an electric voltage is applied. The direct and
inverse piezoelectric effect is shown in Figure 1.
Piezoelectric-based energy harvesters usually work
either in 33 mode or 31 mode, as shown in Figure 2.
When operating in 33 mode the force applied direc-
tion and the poling direction are the same and thus
experience a compression in piezo material where the
electrodes are placed on the top surface and bottom
surface. [1] In the case of 31 mode, the direction of
force applied and poling direction is at right angles that
are perpendicular to each other. This coupling mode is
commonly used because the beam that experienced lat-
eral stress is easily coupled to the beam and the piezo
material is patched on the surface of the beam.

Electrodes
>
i ‘ O '

==

[}
-V <=

Do

Al [A)

()

Figure 1. (a) Direct piezo effect (b) Inverse piezo effect.

Piezoelectric-type Vibration Energy Harvester
(PVEH) is a promising solution for power supply prob-
lems due to (i) Maximum energy storage density [12]
(ii) Low-frequency excitation (iii) Easy integration with
MEMS technology [10] (iv) It is not subjected to elec-
tromagnetic interference (v) low cost and resilience.
The vital factors to be considered while designing an
optimum PVEH are the materials to be used, operating
modes, design configuration and shape of the harvester.
Harvester’s performance can be improved by appropri-
ate investigation and analysis of the following factors: (i)
Material selection (ii) Input frequency operating mode
range (iii) Design configuration. Regarding the design
configuration, the bridge, diaphragm and cantilever
types are followed in PVEH. The two edges are clamped
in the case of bridge configuration [13]. The force at
the free end of the bridge experiences dislocation of
the beam which is clamped between rigid supports at
the two ends. The membrane begins to vibrate when a
central force is applied. With a cantilever [14], one end
is fixed and the other is left free, when a mechanical
force is activated at the free end of the beam - can-
tilever, a strain is developed near the fixed end. Various
vibrations in the ambience which vibrate at different
frequencies are discussed in [15].

Numerical modelling and analytical models of can-
tilever beams with tapered cavities have been proposed
with the conclusion that by modifying the proposed
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Figure 2. Modes of piezo electric material 31 and 33 mode.

coupling shortly, a more efficient model can be devel-
oped so that the first two resonant frequencies are in
a wide range of energy collection frequencies. It leads
to high performance [16]. formulation and simulation
of analysis using Euler Bernoulli beam theory with
Bessel functions was developed by [17]. According to
the results of the experimental tests and simulation,
the energy harvester can be well-worn in an extended
frequency range. Finally, stated that an analytical anal-
ysis of the stiffness impact as well as a standard design
approach should be completed shortly. [18] investigated
a piezoelectric vibration energy harvester with varying
structural geometry. They used COMSOL Multiphysics
to investigate the impact of structural parameter vari-
ations on harvester voltage/power. They developed an
analytical method based on the Euler-Bernoulli beam
theory, which is solved using Bessel functions, and then
according to the Rayleigh-Ritz method, it is assumed
that the semi-analytic deviation determines the natu-
ral frequency of the bond [18]. Irregular cross-sections
of the trapezoidal cantilevers with a cylindrical gap
and trapezoidal cantilevers with a trapezoidal gap have
been developed. Small changes have been made to
the cross-section to improve the cantilever strain and
its distribution. Compared to the conventional trape-
zoidal beam, the modelled beam generated more elec-
tric energy and it has high power density [19]. In [20],
a simulation of a meander-styled piezo-based energy
harvester for low-frequency range using Ansys is pre-
sented. PZT, Polyvinylidene fluoride-PVDEF [21], and
MFC- Macro-Fibre Composite [22] are the most fre-
quently used materials in piezoelectric-type electrical
power generation.

A PVEH comprises a piezoelectric component with
a certain shape, the tweaked geometrical structure
of the PVEHs, and an electrical circuit placed exter-
nally for processing harvested electricity. The efficiency
and power density of vibration-based power harvesters
are substantially frequency-dependent because the best
operating conditions are at their highest vibration
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amplitude when they are at their resonance [23], Figure
3 describes the various vibration sources and the build-
ing blocks of piezo-based vibration energy harvester.

A wide range of piezoelectric materials are avail-
able [24], some are naturally occurring like quartz
and some are synthesized piezoelectric materials like
Barjum Titanate and Lead Zirconate Titanate popu-
larly known as PZT. PZT is one of the most com-
monly used piezoelectric materials. Harvesting energy
through wearable shoes is done in [25] using the lead
zirconate ceramic coated with UV resin to withstand a
periodic compression of about 60 kgs.

The constitutive equations for a piezoelectric mate-
rial are given by

o

S = — - E 1
Y+d (1)

D=¢-E+d-o (2)

where the mechanical strain is denoted as §, the
mechanical stress is denoted o, Young’s modulus of
the material is given by Y, the coefficient of strain of
the piezoelectric is given by d, E is the electric field,
the electrical displacement termed as the charge density
mentioned as D and the piezoelectric material dielectric
constant is given as €.

2. Description of the proposed piezo electric
vibration energy harvester (PVEH)

In this work, a new kind of PVEH with a truncated
cone-like structure is proposed along with a rectangular
cantilever beam (TCRB) to evaluate its operation. The
proposed method is the first one with such a structural
difference. The suggested truncated cone with rectan-
gular cantilever beam PVEH is analytically modelled
and solved, and the effective high power is then experi-
mentally verified. The work’s technical uniqueness and
contributions are summarised as follows:

(1) To increase the PVEH power at ambient frequen-
cies, a new geometric structure has been created. This
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Sources from aircrafis,
automobiles and industrial
machineries

Piezoelectric type
vibration Energy
Harvester

Sources of
Vibration

' Sources from human activities
like walking, swimming ,
trekking etc

Power conditioning
and management
unit

Low Power
Applications

Figure 3. Building blocks of the vibration-based Piezoelectric energy harvester with different sources.

Table 2. Truncated cone with rectangular beam-type PVEH
dimensions and piezo patch dimensions.

Table 3. Dimensions for the compared uniform cantilever
beam type PVEH and its piezo patch.

Tapered Cone Section Rectangular section Attached Patch Uniform Cantilever beam Attached Patch
Radius 1 = 16 mm (R7) Width = 100 mm (Ls—L;) Width = 15 mm (Wp) Width = 160 mm Width = 15 mm
Length = 60 mm (L) Depth = 30 mm (By,) Depth = 0.5 mm(By) Depth = 30 mm Depth = 0.5mm

Radius 2 = 7mm (Ry) Height = 10 mm Height = 15mm (Lp)

structure is composed of two sections: one section is
a truncated cone, and the other half is a rectangular
beam. The originality of this work is the demonstra-
tion that a truncated cone rectangular cantilever beam
PVEH produces more power for the same input force
and vibration given at the tip of the beam compared to
various structures. This idea is regarded as the original
contribution made by the work.

(2) An analytical model of the truncated cone with a
rectangular beam structure is developed and the analy-
sis of the associated comprehensive parameters is sim-
ulated. It is understood that the TCRB type PVEH
with optimal taper radius ratio provides great power
at a very low frequency of vibration and the same was
verified experimentally by fabricating the harvester in
aluminium material.

The graphical view of the proposed energy har-
vester with a truncated cone-like structure along with
the rectangular beam is shown in Figure 4 (TCRB).
The proposed harvester design boosts the output
power and the voltage in ambient frequency ranges
Tables 2-4.

Height = 20 mm Height = 15mm

The TCRB-type PVEH consists of a truncated cone
section that begins at the fixed end and has a length
of L;. This is then followed by a rectangular cantilever
beam section, as shown in Figure 4. The length of the
beam section that is a rectangle is (Ly—L;). The piezo
patch is placed about a distance of L, (length from fixed
end to the start of the piezo patch) to L3 (length from the
fixed end to the end of the piezo patch) on the rectangu-
lar beam. The length, width and thickness of the piezo
patch are Ly, W, and Ty, respectively. The vibration
exciter is responsible for evaluating the harvester’s over-
all performance. The output power of any piezoelectric
vibration energy harvester will be greater if it operates
at its natural frequency, which can be well established
by the material and dimension selection.

The maximum power is attained by operating the
TCRCB PVEH at its natural frequency, equation (3)
gives the maximum power Py,

2,3
mR*w;,

v 3)

Ppax =
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Figure 4. Geometrical structure of the truncated cone with rectangular cantilever beam (TCRB).

Table 4. TCRB, Uniform cantilever beam and Piezo patch materials and their properties.

Piezoelectric

Young's coefficient g31 Piezoelectric
Beam/Piezopatch Material Density (kg/m3) modulus (GPa) (1073 x Vm/N) constant (C/m?)
TCRB Aluminium 2700 70 - -
Uniform cantilever beam Aluminium 2700 70 - -
Piezopatch PZT-5A 7750 61 —11 —5.7

The average power produced by the TCRCB energy
harvester is determined by

1
Ry = 4
L= o (4)
V2
P — rms 5
avg R, (5)
Vpven
Vims = 7 (6)
Vrms
Liys = 7
rms RL ( )

wy is the natural frequency (Hz), Cv is the capaci-
tance of piezoelectric material (nF), Py, is the average
power, Vi, is the RMS voltage, Vpygy is the open
circuit voltage, I s is the current and Ry is the load
resistance.

3. TCRB harvester numerical analysis and
discussions

COMSOL Multiphysics was used to do the numerical
analysis of the TCRB energy harvesters [28-30]. Table 1
provides the coordinates for the geometric dimensions,
as well as the material parameters, of the beam and
piezo patch. The fields of physics that were utilized in
numerical analysis were solid mechanics, electrostatics,
and electrical circuits. One end of the beam was con-
strained by the boundary conditions, while the other
end was free. Figure 4 shows the first four bending
modes and the corresponding stress distribution. The
natural frequency at the first mode is 38 Hz and TCRB

PVEH is allowed to operate at this frequency value for
better output. Many mesh sizes were analysed, and it
was determined that the typical triangular mesh yields
the best results at the smallest time step and the low-
est frequency steps of about 0.20 Hz. Eigen frequency
analysis was used to determine the primary mode eigen
frequency of TCRB energy harvesters. According to
the stress analysis results, the TCRB experiences the
most stress in the Rectangular section, as illustrated
in Figure 4. The piezoelectric patch element is placed
on this top rectangular surface of section II, 30 mm
from the beam’s base. The proposed piezo-based TCRB
harvester is allowed to oscillate at resonance using the
vibration exciter of varied amplitude to extract maxi-
mum power.

Table 5 illustrates the first mode frequency produced
from a simulated model. A frequency sweep [16] from
20 to 65 Hz was used to obtain the response of out-
put voltage vs frequency for the suggested harvesters.
Figures 5 and 6 show the numerical outcomes of this
simulation. The results of the numerical simulation
show that the TCRB harvester with the piezoelectric
patch produces an output voltage of about 65.3 volts,
which is greater than the harvester of the uniform can-
tilever beam type, which produces an output voltage
of 40 volts at frequencies of 38.3 and 59.7 Hz, respec-
tively. Figure 7 shows the numerical simulation of the
force voltage characteristics of the TCRB and uniform
cantilever beam. Figures 8 and 9 show the numeri-
cal simulation results of Input force and voltage and
Input force and the harvested power for TCRB-type
harvester compared with uniform cantilever beam-type
harvester.
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v iox Yoy

(a) (b)

Figure 5. Simulated structure of the truncated cone with rectangular cantilever beam (TCRB).

(a) - ()

= (c) et (d)

Figure 6. The first four bending modes and the corresponding stress distribution (a) first mode-38.3 Hz (b) second mode-46.4 Hz (c)
third mode-54.2 Hz (d) fourth mode-69.7 Hz.
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Figure 7. Simulation results input frequency vs. Output voltage for the TCRB-type harvester compared with the uniform cantilever
beam-type harvester.
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Figure 8. Simulation results input force vs. output voltage for the TCRB-type harvester compared with the uniform cantilever beam-

type harvester.
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Figure 9. Simulation results input force vs. harvested power for the TCRB-type harvester compared with the uniform cantilever

beam-type harvester.
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Figure 10. Influence of the taper radius ratio on the von stress.
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DAQ Card i Virtual Instrument

TCRCB piezo harvest
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Figure 11. Experimental setup—-graphical representation.
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Figure 12. Experimental results input frequency vs. output voltage for the TCRB-type harvester compared with the uniform
cantilever beam-type harvester (Experimental).
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Figure 13. Experimental results Input Force vs. output power for the TCRCB-type harvester compared with the uniform cantilever
beam-type harvester (Experimental).
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TCRB harvester
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Figure 14. Photograph of the experimental setup of the TCRB piezoelectric vibration energy harvester.
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Figure 15. Input force vs. Output voltage for the TCRCB-type PVEH and the Uniform cantilever beam-type PVEH (Experimental).

The influences of radius ratio on the stress distri-
bution, fundamental modes and natural frequencies on
the TCRB harvester are analysed using COMSOL sim-
ulation for different radius taper ratio values 0.2,0.3,
0.4,0.43, 0.5, 0.6, 0.8, and 1. The radius taper ratio («)
enhances the average distribution of stress throughout
the piezoelectric material and, as a result, the harvested
output voltage produced by the piezoelectric material
also improves.

Figure 10 shows the results of the parametric analysis
of the TCRB-type PVEH using simulation for differ-
ent values of truncated cone taper radius ratio. The
equation (8) gives the taper radius ratio.

o = Rz/Rl (8)

The optimal radius taper ratio o = 0.43 for the
TCRCB harvester, which generates higher voltage and
power by experiencing the maximum stress over the
piezoelectric layer.

4. TCRCB experimental results evaluation and
discussions

Figure 11 depicts the experimental setup for the TCRB-
type PVEH harvester. The TCRB structure is fabricated
using the aluminium material. The piezo patch is

Table 5. Comparative study first mode frequencies and open circuit voltage.

Experimental Analysis

Numerical Analysis

PVEH beam structure Frequency (Hz) Voltage (Volts) Frequency (Hz) Voltage (Volts)
Uniform cantilever beam structure 55.2Hz 40V 59.7 Hz 405V
TCRCB structure 39.4Hz 65V 38.3Hz 653V
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Figure 16. Frequency vss voltage (rms) performance evaluation of the TCRB-type PVEH and the uniform cantilever-type PVEH both

experimental and simulation.
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Figure 17. Force vs. Harvested power performance evaluation of the TCRB-type PVEH and the uniform cantilever-type PVEH both

experimental and simulation.

LabVIEW-based virtual instrument is developed to dis-

bonded on the surface of the TCRB-type PVEH using
a standard epoxy resin, Araldite. The vibration exciter
is operated from a vibration analyser and the output
from the piezo patch bonded on the TCRB-type PVEH
is acquired using a data acquisition card (NI 9219).

play the harvested energy.

As seen in equation (9), the optimal load resistance
varies with driving frequency. As a consequence, within
the studied frequency range, the best resistances are



6.37 M (at 10 Hz) to 1.27 M. (at 50 Hz). External recti-
fier circuits are required since piezoelectric alternating
current is rarely used in actual energy harvesting sys-
tems [26]. In their most basic configuration, these rec-
tification circuits frequently use discrete components

and have an input impedance of less than one megaohm
[27].

1
RIdealLoad =5 _ _ r_ A (9)

2xmwxfxC

Rectification circuits can function successfully within
this impedance range and frequency range. The
experimental frequency response for the TCRB type
harvester is produced by rolling the vibrating frequency
ranging between 0 and 100 Hz. Figure 12 illustrates the
performance parameters of the TCRB harvester exper-
imental compared with the uniform cantilever beam
when vibrating the frequency is at its first resonance.
Figures 13 and 15 show a comparison of the perfor-
mance of a TCRB harvester with a uniform cantilever
beam-type harvester in terms of resonance frequency,
output voltage, and harvested power Figure 14. Figure
15 depicts the input force output voltage character-
istics of TCRB-type PVEH compared with uniform
cantilever beam.

When comparing harvesters for this study, it was
discovered that TCRB harvesters had higher voltages
and powers than those of the uniform cantilever ones.
The TCRB-type PVEH produces nearly 38.58 per cent,
more voltage than the uniform rectangular-type PVEH.
Also compared to the Tapered Section with Rectangu-
lar Cavity Beam the TCRB produces 25 per cent more
voltage.

The relative frequency error between modelling and
experiment findings for the TCRCB harvester was less
than 1.6 per cent.

The optimal load resistance is determined by
the host harvesting structure’s inherent frequency
and internal capacitance. The findings, presented in
equation 8, indicate that the harvester’s power pro-
duced an optimal load for a variable input force.

The TCRCB energy harvester gives more power
compared to uniform rectangular-type PVEH, and the
results obtained from simulation and experimentation
are close in agreement. Figure 16 reveals the frequency
output voltage characteristics and Figure 17 reveals
the relationship between force power characteristics in
both simulation and experimental.

5. Conclusions

To harvest more power at very low ambient frequen-
cies, a unique geometric construction called a truncated
cone-like structure is proposed along with a rectan-
gular beam (TCRB). The proposed harvester has been
designed, simulated, and built, and its functionality has
been tested in the actual world. COMSOL Multiphysics
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is used to conduct the simulations and comprehensive
parametric analysis of the suggested harvesters. The
influence of truncated cone radius tapering ratio on
comprehensive parameters, such as stress distribution,
natural frequencies and mode shapes along the length
of a truncated cone rectangular cantilever beam, has
been thoroughly addressed. To substantiate the precise-
ness of the results obtained from the developed model,
a prototype of the suggested harvester has been fab-
ricated. According to the findings, a TCRB harvester
generates a maximum voltage that is higher than that
produced by a harvester with a uniform rectangular
cantilever beam. The simulation outcomes are in excel-
lent agreement with the experimental data and are
greater than the output gathered from a rectangular
cantilever beam with a piezoelectric patch. The trun-
cated cone with rectangular cantilever beam type piezo-
electric vibration energy harvesters described here is
simple to manufacture and offer a greater power of
about 9.5 milliWatts in ambient vibration range. This
power is enough to drive any sensor or any biomedi-
cal implant. Thus the energy can be utilized to power
wireless sensor nodes.
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