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ABSTRACT

Piezoelectric energy harvesting is the process of extracting electrical energy using energy
harvester devices. Any stress in the piezoelectric material will generate induced voltage.
Previous energy harvester device with stiff cantilever beam was generated low harvested
energy. A flexural piezoelectric energy harvester is proposed to improve the generated
harvesting energy. Polyvinylidene difluoride is a polymer piezoelectric material attached
to a flexible circuit made of polyimide. Four interdigitated electrode circuits were designed
and outsourced for fabrication. The polyvinylidene difluoride was then attached to the
interdigitated electrode circuit, and a single clear adhesive tape was used to bind them.
Four piezoelectric energy harvesters and ultrasonic ceramic generators were experimentally
tested using a sieve shaker. The sieve shaker contains a two-speed oscillator, with M1=0.025
m/s and M2=0.05 m/s. It was used to oscillate the energy harvester devices. The resulting
induced voltages were then measured. Design 4, with the widest width of electrode fingers
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INTRODUCTION

In recent years, energy harvesting has been an interesting field of study among researchers.
Some of the energy harvested were used to keep a large amount of energy for consumption
by large-scale electric consumers, and some were used to recycle back the energy capable
of supplying energy for sensors or small-scale electric consumers.

Nowadays, many sensors have been installed in various places for measurement. Thus,
energy harvesting needs to be done to balance the energy used by these sensors. In the
internet of things (IoT) era, sensors were installed on industrial machines, home appliances,
and wearable technology for collecting data (Bito et al., 2017; Du et al., 2020; Soli¢ et al.,
2021). In monitoring human health, sensors were installed on the human body (Baloda et
al., 2020; Luo et al., 2020). Energy harvester design for human body attachment should
be flexible due to the range of human movements. Fakhri et al. (2019) was designed a
flexible hybrid structure piezoelectric nanogenerator based on zinc oxide (ZnO) nanorod
and polyvinylidene difluoride (PVDF) nanofibers to increase the low generated output. The
nanogenerators were tested under load forces of 4, 6.6, 9, and 21 N, and their frequencies
were 6 Hz. The generated output was obtained at 356 mV for forces of 4 N, and it was 2.8
times higher than without hybrid piezoelectric.

In this author’s work, the energy harvesters were installed on the arm of the human
body. They are in amorphous solar cells from Sanyo, which respond to light sources with
wavelengths within the 400 nm to 700 nm spectrum range. It is for indoor application. A
supercapacitor was used to store the harvested energy. The average indoor power harvested
was 7.1 pW, and the average outdoor power was 171.4 uW (Fan et al., 2018). Piezoelectric
fiber composites (PFC) were installed as a head-mounted chin strap to harvest jaw
movements’ energy. Each PFC was placed under the chin and attached to a head-mounted
device by two elastic rubber straps. Any movement of the mouth or face causes side stress
and generates voltage. The maximum power transfer obtained was 7 uW (Delnavaz & Voix,
2014). Another harvester device was composed of multiple piezoelectric stacks with frame
and heel-shaped aluminum plates. The energy harvester was designed to be placed underfoot
and harvest energy during walking. The piezoelectric stacks contain lead zirconate titanate
(PZT) layers with a thickness of 0.1 mm and silver electrodes with a thickness of 0.1 pm.
The piezoelectric stack has a length of 32.34 mm with piezoelectric layer sizes of 7.0
mm x 7.0 mm x 0.1 mm (length x width x thickness) as the energy harvesting element
of the device. The maximum average power generated with eight piezoelectric stacks
were 6 mW, 7 mW, and 9 mW for walking speeds of 4.0 km/h, 4.8 km/h, and 5.6 km/h,
respectively (Qian et al., 2018). The piezoelectric-based bridge transducers had a length of
32 mm and a thickness of 2 mm. The maximum power generated by the bridge transducer
was 2.1 mW for a weight of 2267.96 kg and a frequency of 5 Hz. The piezoelectric material
area has affected the harvested energy (Yesner et al., 2019).
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One of the important elements in gaining high generated output is the high conversion
performance of mechanical to electrical energy. Azmi et al. (2020) was designed energy
harvesting with multi-layered electrospun nanofibers to increase the generated output. The
nanofibers have increased the mechanical-to-electrical conversion of sensing elements and
improved the generated outputs. The results showed that the piezoelectric materials were
based on textile to improve the energy conversion with different piezoelectric coefficients.
An electrospun PVDF nanofibers’ webs improved 94.49% electrical output conversion with
the force of 2.6 N. The results also showed the PVDF nanofibers improved their generated
outputs at different angles of forces hit to nanofibers. A further study on nanofibers was
by Bafqi et al. (2021) and showed the improvement of output performance. The improved
output voltage when applied pressure with a new energy harvesting design with nanofibers
piezo-polymers has shown great sensitivity of generated output in the results. PiezoTester
was designed to evaluate the performance of an energy harvesting device based on tapping
and bending mode. The sensitivity of the device was calculated based on electrical output
for the given load, and the unit was mV/N. PiezoTester effectively measured the flexibility
of PVDF nanofibers polymers.

Piezoelectric energy harvesters were mostly designed in cantilever beams (Fu et al.,
2020; Gao etal., 2017; Li et al., 2014). A piezoelectric vibration energy harvester (PVEH)
was designed using a bimorph-type cantilever beam. It consists of the electrodes, two
piezoelectric layers, and an elastic layer sandwiched between the piezoelectric layers.
PVEH with bimorph improved the bending stiffness by incorporating mesh structure to
increase the harvested power. The power generated by PVEH was 12.3 uW (Tsukamoto
et al., 2018). A mechanically plucked piezoelectric energy harvester (Mech-PEH) was
designed to improve the energy output. The Mech-PEH used a cantilever beam as the
swing of a beam to generate voltage. A cantilever beam consists of rectangular plectra
embedded in the outer ring, made from 125 um thick of polyimide film. The flexible plectra
led to a high impact on the bimorph cantilever beam and generated output energy of 0.037
mJ (Kuang & Zhu, 2017). The PVDF-based thin film was used to harvest more energy
due to its capacitance of 570 pF. The PVDF cantilever beam has a length of 160 mm, a
thickness of 0.9 mm, and a width of 23 mm. The cantilever was attached to a shaker with
a frequency of 25 Hz and a maximum power generation of 1.61 pJ/min (Huang & Chen,
2016). Another design of PVDF cantilever energy harvesting was applied to raindrops. Hao
et al. (2020) was an energy harvester device based on a PDVF cantilever and applied to a
raindrop. A multi-mode electromechanical was modeled to obtain the dynamic response
of the PVDF cantilever due to water droplet impact. A wide range of droplet sizes from
2.4 mm to 4.6 mm and velocities impact range of 0.9 m/s to 3.4 m/s were prepared. The
results showed that the droplet splash on a super-hydrophobic beam surface positively
affects voltage generation. Small-scaled droplets in splash regime allow higher voltage
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from a super-hydrophobic beam surface than from an untreated hydrophilic beam surface.
The flexible substrates positively affect droplet splash in generating electric output and are
related to Weber number (We).

This paper designed the flexible piezoelectric with flexible polymer cantilever beam
with flexible IDE circuit, PVDF, and adhesive tape. The next section describes the
methodology of flexible piezoelectric with flexible polymer cantilever beam with a design
approach and experimental setup. Then, the results and discussion are demonstrated with
figures and tables to analyze the results. Lastly, the conclusion of this study is made based
on the objective that has been approached.

METHODOLOGY
Design of Interdigitated Electrode Circuit with PVDF

An interdigitated electrode (IDE) circuit was designed to improve energy conversion from
stress to electrical energy. The d;; mode polarization method, which is a combination of
stress inside piezoelectric and IDE circuits, was used, which is shown in Figure 1.
Figure 1 shows the piezoelectric energy harvester (PEH) consisting of an IDE circuit
on polyimide thickness of 161 pm, PVDF with a thickness of 110 um, and adhesive tape
with a thickness of 90 um. The arrow from the negative electrode to the positive electrode
shows the direction of polarization inside the PVDF. At both ends of the cantilever, the
beam is tightly clamped to the wall, and between the walls, the cantilever beam was in
free movement. The movement up and down of the cantilever beam generated stress inside

Stress during

Wwall Work as compress or
transducer stretch Air
—_—— Work as adhesive

—>

Wall

Work as substrate Work as electrode  Moved up and down

Single clear adhesive tape . PVDF
Copper . Polyimide

Figure 1. Interdigitated circuit technique with d;; mode polarization method
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the PVDF during its compression and stretch. In addition, the process generated induced
voltage at the positive terminal electrodes. The substrate used polyimide to reduce stiffness
and improve the movement of the cantilever beam. The equation of the induced voltage
inside the PVDF is shown in Equation 1 (Shen et al., 2013).

V=Es= —iT s [1]
&€

where V' is induced voltage, E is the induced electric field, and s is the distance between
electrodes. Next, £ is equal to —(d/e,¢) T where T is stress component, d is the piezoelectric
coefficient, ¢, is the permittivity of vacuum, and ¢ is the relative permittivity of PVDF.
The piezoelectric coefficient, ds;, is higher than d;,. So, the induced voltage is higher using
the d;; mode polarization compared to d;;. The relative permittivity, € of PVDF, is lower
than other piezoelectric materials. The parameters of the piezoelectric energy harvesters
are shown in Table 1.

Table 1

Parameters of piezoelectric energy harvesters

Ultrasonic
No Parameter Design1 Design2 Design3 Design 4 piezoelectric ceramic
generator

IDE
1 electrode 0.5mm 0.5mm Imm Imm -
width

IDE gap
2 between 0.5mm Imm 0.5mm Imm -
electrode

fingers

IDE
3 electrode 20.5mm  26mm 25mm 29mm -
length

4 Diameter - - - - 27mm

Four different piezoelectric energy harvesting devices, Design 1, Design 2, Design 3,
and Design 4, have been devised based on different IDE electrode finger widths, IDE gaps
between electrode fingers, and IDE electrode finger lengths. In addition, the ultrasonic
generators bought from the market were used as a reference to compare the efficiency of
the PEH. The schematic diagram of the IDE fingers and ultrasonic generators is shown
in Figure 2.
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—— JE— IDE Iengths

| el
I IDE width

* Diameter of piezoelectric ceramic

f

Gap between electrodes

(a) (b)
Figure 2. Schematic diagram of piezoelectric energy harvesters, a) top view of IDE circuits, and b) top view
of ultrasonic generators

The harvested energy was on the capacitance of piezoelectric ceramic. The
interdigitated electrode can be assumed to behave like a parallel plate capacitor. The
electric power between the positive finger and the negative finger is given by Equation 2
(Jasim et al., 2018).

P:%CVz.f 2]

where, P is the electric power, fis the frequency of vibration or wave, C is the capacitance
of piezoelectric ceramic, and Vis the voltage generated during Equation 1. The capacitance
generated on the piezoelectric material can be determined from Equation 3 (Jasim et al.,
2018).

e A
t

C= (3]
where, ¢, is the dielectric constant of vacuum (8.885 x 1072 Farad/m), ¢, is the relative
dielectric constant of piezoelectric material in the third axial direction, ¢ is the thickness
of the piezoelectric membrane, and 4 is an area of the piezoelectric membrane. The gap
between electrodes fingers can be affected the harvested energy.

Figure 2 shows the schematic diagram of the IDE circuit, specifically, the top view,
which shows the gap between electrode fingers, the width of electrode fingers, and the length
of electrode fingers. Next, Figure 2 also shows the top view of the ultrasonic generators,
including the diameter of piezoelectric ceramic of ultrasonic generators.

The complete fabricated IDE circuit and piezoelectric energy harvesters are shown in
Figure 3. The IDE circuit was designed in Proteus and saved in the Gerber file format. The
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file was then sent to a flexible company for outsourcing fabrication. The schematic and
fabrication of IDE circuits are shown in Figure 3a and Figure 3b, respectively. Then, PVDF
was placed on top of the IDE circuit, and adhesive tape was used to bond the PVDF to the
electrode fingers. The completed piezoelectric energy harvesters are shown in Figure 3c.

£

£

a8n, Y

Width {
=05mm E
OL 3
* ®
> :1.23 mm
()

PIEZOELECTRIC SENSOR

(©)

Figure 3. Piezoelectric energy harvesting devices,
a) schematic diagram of IDE circuit design 1, b) top
view of fabrication IDE circuits, and ¢) photo image
of piezoelectric energy harvesting devices

The output of PEH was in alternating
current (AC) voltage. Therefore, it needs to
be converted to direct current (DC) voltage.
The readout circuitry, consisting of a
rectifier circuit and an energy storage circuit,
was developed and is shown in Figure 4.

The readout circuitry has two parts:
the rectifier circuit and the energy storage
circuit. The rectifier circuit consists of four
diode bridges (IN5817). The storage energy
circuit consists of a load capacitor (C) with
a value of 1 pF and a load resistor (R) with
a value of 10 kQ. The induced DC voltage
was measured across the load resistor (R).
The circuit was designed by Motter et al.
(2012). The rectifier circuit was tested and
suitable for low-frequency energy harvester.
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D2
__C R Capacitor ‘:,,
—Energy D3
-harvester D4
=T device
(@) (b)

Figure 4. Readout circuitry, a) schematic diagram of bridge rectifier circuit, and b) photo image of bridge
rectifier circuit.

Experimental Setup

The experiment was carried out to investigate and characterize the effect of vibration on
piezoelectric energy harvesters. PEH was placed on top of the sieve shaker at the end of
both sides. A metal plate is attached under PEH, and PEH is hung in between the metal
plate. Figure 5 shows the setup of the vibration experiment on PEH.

Piezoelectric
energy harvesters

/

Readout
circuitry

Metal Iner

Multimeter

(|
>

(@)
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(b)

Figure 5. Vibration experimental setup, a) schematic diagram, and b) photo of experimental setup

The experimental vibration setup consists of a sieve shaker, piezoelectric energy
harvesters, readout circuitry, and multimeter. The readout circuitry consists of rectifier
circuits and storage circuits. The sieve shaker shakes the piezoelectric energy harvesters
at a fixed frequency of 50 Hz. The piezoelectric energy harvesters generated voltage from
the stress due to shaker vibration. The alternating current (AC) voltage induced at the
piezoelectric energy harvester terminals was converted to direct current (DC) voltage by the
rectifier circuit, and the energy was stored in the capacitor. A multimeter was used to read
the DC voltage at the output terminal of the readout circuitry. Two amplitudes were used
for the shaker, namely 1.0 mm and 0.5 mm. These two amplitudes represent the speed of
up and down oscillation with distances of 1.0 mm and 0.5 mm. The detailed specification
of the vibration setup is shown in Table 2.

Table 2

Specification of sieve setup for vibration experiment

Input frequency 50 Hz
Cycle per second 50 cycle
1 cycle A1-0.0005m, A2 -0.001 m
Speed of oscillation: 50 cycle MI1 - 0.025 m/s, M2 — 0.05 m/s
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RESULTS AND DISCUSSION

Four designs of PEH, namely Design 1, Design 2, Design 3, and Design 4, and ultrasonic
ceramic generators, were devised to characterize the piezoelectric energy harvesters and
ultrasonic ceramic generators. The tabulated results for Design 1 until Design 4 of PEHs
and ultrasonic ceramic generators are shown in Table 3. The output voltage results shown
in Table 3 were the mean value of three measurement values.

Table 3

Tabulated results of induced DC voltage and power generated for all energy harvester devices

Mean value of voltage stored

Power (uW
. Name of (mV) W)
Time
(min) energy Speed of Speed of Speed of Speed of
harvesters oscillation, oscillation, oscillation, oscillation,
M1=0.025 m/s M2=0.05m/s M1=0.025m/s M2=0.05 m/s
1 Design 1 10.4 12.6 0.108 0.159
1 Design 2 15.5 17.1 0.240 0.292
1 Design 3 18.9 20.1 0.357 0.404
1 Design 4 23.0 27.3 0.529 0.745
Ultrasonic
1 ceramic 8.0 10.2 0.064 0.104
generators

Figure 6 illustrates the power generated by all designs of piezoelectric energy harvester
and ultrasonic ceramic generator. Two speeds of the oscillator, which are 0.025 m/s and
0.05 m/s, were applied to the sieve shaker. The impact of the vibrator stressed the energy
harvesters, which generated power at the output load. The power generated by the oscillation
speed of 0.05 was higher than the oscillation speed of 0.025 for every design of piezoelectric
energy harvesters and ultrasonic ceramic generators. The speed of oscillation impacted
the harvested vibration energy. Design 4 generated the highest power compared to other
piezoelectric energy harvester designs and ultrasonic ceramic generators.

Design 4 has wide electrode fingers and a wide gap between the electrode fingers.
This work hypothesized the wide gap between the electrode fingers, and the high power
generated by the wide gap design in Design 4 proves that hypothesis. Comparing Design 3
and Design 2, Design 3 has wider electrode fingers but a narrower gap between electrode
fingers. Design 3 also generated higher power at the output load compared to Design
2. The surface of the electrode area paired to the surface of the PVDF area generated
more induced voltage for the narrow gap between the electrode fingers. The highest
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power generated by Design 4 was 0.745 uW using an oscillation speed of M2=0.05 m/s.
Ultrasonic ceramic generators generated the lowest power at the output load compared to
others. Ultrasonic ceramic generators have a wide piezoelectric ceramic area of 27 mm;
however, their harvested energy was low due to no cavity or gap between the electrodes.
The targeted hypothesis of the proposed design and the result obtained by the proposed
design are summarized in Table 4.

Power generated by energy harvesters device

o8 0.745
% 0.7
§- gg 0.52
B 0.35%-404
o 04 0.292
g 03 159 -
» 02 0.108" 0.104
Design 1 Design 2 Design 3 Design 4 Ultrasonic
ceramic
generators
Name of energy harvesters
M Speed of oscillation, M1=0.025 B Speed of oscillation, M2=0.05%
Figure 6. Power generated by energy harvester devices
Table 4
Summary of targeted hypothesis and result obtained by piezoelectric energy harvesters
Wide ga . .
£ab Wide width of Output power .
Parameter between Hypothesis
fingers electrode generated
electrodes fingers
Design 1 No No Low As expected
. Higher than
Design 2 Yes No £he As expected
design 1
. Higher than . .
Design 3 No Yes £ Not in hypothesis
design 2
The highest
Design 4 Yes Yes compared to As expected
others
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Table 4 shows that Design 1, with a narrow gap between electrode fingers and narrow
width of fingers, generated low output power as expected in the hypothesis. Meanwhile,
Design 2, with a wide gap between electrodes but a narrow width of electrode fingers,
generated higher output power compared to Design 1, as expected in the hypothesis. The
new finding here was Design 3 with a narrow gap between electrode fingers, but a wide
width of fingers generated higher output power compared to Design 2. The observation
shows that piezoelectric energy harvesters with a wide width of electrode fingers gave more
impact for generating output power compared to the wide gap between fingers. Design 4,
with both wide gaps between electrode fingers and width of fingers, generated the highest
output power of 0.745 uw with an oscillation speed of 0.05 m/s.

Table 5 shows the performance of previous works using piezoelectric material. Table 5
shows three related works presented; two of them are complicated design and fabrication
tools, and one of them is an easy design and fabrication tool similar to this work. Related
work no 2 was design pillars fabricated from PDMS and PVDF. Preparation of thin layer of
PDMS and PVDF in micro-meter needs a complicated machine and fabrication procedure.
A thin layer of PVDF and PDMS gave more flexibility and increased harvested energy.
Related work no 3 was designed energy harvester using very thin layer PVDF of 40 pm
and mesh-core SU-8 of 200 pm. Fabrication of a thin layer of PVDF needs a complicated
machine and process. Furthermore, the fabrication of mesh-core SU-8 needs a complicated
process to prepare the mesh-core. This related work also gave high energy harvesting due
to flexible mesh-core and a thin layer of PVDF. The related work no 1 was designed to
cantilever beam using bimorph PZT with a thickness of 910 pm, and the overall thickness
of the cantilever beam was 21 mm. This related work was simple fabrication due to their
simple fabrication process. Their work has low harvested energy compared to this work.
This work used flexible polymer piezoelectric material, PVDF, flexible IDE circuit, adhesive
tape as an efficient, flexible cantilever to increase harvested energy. The design using d;;
mode where the piezoelectric coefficient of ds; is higher than the d;; piezoelectric coefficient
in PVDF material was improved the energy harvested conversion.

Table 5

Summary table of performance related works

No.  Author Description Complexity  Voltage Power Frequency
of design V) (nWw) (Hz)
and
fabrication
tool
1. Motter et Cantilever beam consist Easy 0.020 0.417 58

al. (2012) of bimorph lead zirconate
titanate (PZT) sandwiched
between copper.

616 Pertanika J. Sci. & Technol. 30 (1): 605 - 619 (2022)



Characterization Piezoelectric Energy Harvesting

Table 5 (Continue)

No.  Author Description Complexity Voltage  Power  Frequency
of design and V) (LW) (Hz)
fabrication
tool

2. Cetin and Elastomer Complicated N/A 58.4 62

Stimer pillars consist of

(2015) polydimethylsiloxane
(PDMS) and a
piezoelectric polymer
(PVDF).

3. Tsukamoto et  Bimorph piezoelectric ~ Complicated 14.4 24.6 18.7

al. (2018) vibration energy

harvester with flexible
mesh-core elastic layer
(PVDF).

4. This work Polyvinylidene Easy 0.027 0.745 50
difluoride-based
Energy Harvesting
with IDE Circuit
Flexible Cantilever
Beam

CONCLUSION

Piezoelectric energy harvesters were successfully designed and characterized. Four IDE
circuits were designed and outsourced for fabrication. The piezoelectric energy harvesters
were also successfully fabricated, and the PVDF was attached to the IDE circuit. All
piezoelectric energy harvesters and ultrasonic generators were successfully experimentally
investigated in a vibration movement. Design 4, with the widest width of electrode fingers
and the widest gap between electrodes, generated the highest power at 0.745 uW. It is
concluded that the piezoelectric energy harvesters with wider gaps between electrode fingers
and wider widths of fingers can harvest higher energy. The observation also shows that
piezoelectric energy harvesters with a wider width of electrode fingers gave more impact
to energy harvesters compared to piezoelectric energy harvesters with a wider gap between
electrode fingers. The oscillation speed of the sieve shaker also impacted all tested energy
harvester devices where higher speed generated high power.
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