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AIR CAVITY-BASED VIBRATIONAL PIEZOELECTRIC ENERGY HARVESTERS

Introduction. Known vibrational energy harvesting methods use a source of vibration to harvest electric energy. Piezoelectric
material works as a sensing element converted mechanical energy (vibration) to electrical energy (electric field). The existing
piezoelectric energy harvesting (PEHs) devices have low sensitivity, low energy conversion, and low bandwidth. The novelty of the
proposed work consists of the design of PEH’s structure. Air cavity was implemented in the design where it is located under the
sensing membrane to improve sensitivity. Another novelty is also consisting in the design structure where the flexural membrane was
located at the top of electrodes. The third novelty is a new design structure of printed circuit board (PCB). The purpose of
improvised design is to increase the stress in between the edges of PEH and increase energy conversion. With the new structure of
PCB, it will work as a substrate that absorbs surrounding vibration energy and transfers it to sensing element. Methods. Three
techniques were successfully designed in PEH and fabricated namely PEH A, PEH B, and PEH C were characterized by two
experiments: load and vibration. The load experiment measured load pressure towards the PEH, whereas the vibration experiment
measured stress towards the PEH. Results. PEH C has the highest induced voltage for a weight of 5.2 kg at the frequency of 50 Hz
and the highest stored voltage for a period of 4 min. The three techniques applied in PEHs were showed improvement in transducer
sensitivity and energy conversion. Practical value. A piezoelectric acoustic generator was used in the experiment to compare the
performance of the designed PEH with available piezoelectric transducers in the market. The new flexible membrane worked as a
sensing element was worked as a cantilever beam. PVDF was used as a sensing element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating bandwidth. References 21, tables 6, figures 19.

Key words: piezoelectric energy harvester, air cavity, flexural membrane.

Bcmyn. Bioomi memoou 360py eibpayiiinoi enepeii guxopucmogyloms Odcepeno 6ibpayii ona 360py enrekmpuunoi enepeii.
IT’e30enekmpuynuil mamepian npayloe AK 4YMiuUll enemenm, nepemeopioloyu Mexaniuny ewepeilo (8ibpayiio) 6 erekmpuumny
enepeito (enekmpuune noae). Icnyioui npucmpoi 360py n’eszoenexmpuunoi enepeii (3I1E) marome HU3bKY uymaugicme, HU3bke
nepemeopenns enepeii i many cmyey nponyckaunsa. Hoeusna sanpononosanoi pobomu nonszae 6 npoexmyeanni koncmpyxyii 3[1E. ¥V
KOHCMPYKYIi peanizoeana nogimpana nopodlcHuna, AKa po3mauio8ana nio 4ymaueoi memobpanoio ona nioguwenns wymausocmi. Lje
00UH eneMenm HOBU3HU NONA2AE 8 KOHCMPYKYIi, 8 AKIll gueuHuCma Memopana po3mauiosana y 6epxuit yacmuni eiekmpoois. Tpems
HOBU3HA - Ye HOBA KOHCMPYKYia Opykoeanoi niamu. Mema 3anponoHosanoi KOHCMpyKyii - 30iibuumu Mexaniuny Hanpyay Mixc
kpasmu 3IIE i nidsuwumu nepemsopenns emepeii. 3asosaku Hogiti KoHcmpykyii Opykoeanoi niamu 6ona Oyde npaylosamu 5K
nioKnaoKa, sika NO2IUHAE HABKOIUWIHIO eHepzito ibpayii i nepedac ii na uymausui enemenm. Memoou. Tpu memoou Oynu ycniuno
suxopucmani ons npoexmysannsi 3IIE, i 6ionogiono nazeawni eucomoeneni 3IIE A, 3[IE b i 3I[IE B 6ymu onucani 0éoma
eKCnepUMEeHMANbHUMY XaPAKMePUCMUKAMU. HA6aumaicents i 6ibpayis. B excnepumenmi 3 HABAHMANCEHHAM SUMIPIOBABC MUCK
nasanmaxcenns na 311E, 6 moui uac Ak 6 excnepumenmi 3 gibpayicio sumiproganaca mexaniuna nanpyea na 3I1E. Pesynomamu. 311E
B mac naiisuwyy inoyxosany nanpyey ons eazu 5,2 ke npu wacmomi 50 Iy i naiisuwy 36epeosiceny nanpyzy npomsazom 4 xeunun. Tpu
Memoou, wo 3acmocogyromscsa 0as 3I1E, noxasanu noainwenns wymaueocmi nepemeopiosaya i nepemgopenns enepeii. Ilpakmuuna
yinnicmey. B excnepumenmi 6uxopucmogysagcs h’€30eieKmpudHuil aKyCcmudHull 2eHepamop 01 NOPIGHAHHA XApaKmepucmux
pospobnenoco 3IIE 3 docmynuumu Ha punKy n’€3oerekmpuunumu nepemeopiogavamu. Hoea emyuxa membpana npayrosana sk
YYMAUBULl enemMerm, wo npedcmagisng cobolo KOHCoabHy baika. B saxocmi yymaueozo enemenma 6uKopucmos8y8ascs nonisininioen
@dmopuo 3a60aKu SHYUKOCMI NONIMEPHO20 MAMeEPIany, AKUl, AK O4IKYEMbCA, NOMNUUMb YYMAUGICIb | pOOOUY cMyey NPONYCKAHHSL.
Bi6mn. 21, Tabmn. 6, puc. 19.

Kniouosi cnosa: 30Mpad 1’€30eJIeKTPUYHOI eHeprii, MOBITPsiIHA MIOPOKHUHA, BATHHHCTA MeMOpaHa.

Introduction. Energy harvesting is a process to
collect and store energy from energy sources, such as
wind [1], solar [2], thermal [3], vibration [4], and
biomechanical [5] sources. The facilities for harvesting
wind, solar, and thermal energy are designed in huge sizes
and generate high energy, whereas the components for
harvesting vibration and biomechanical energy are
designed in small sizes and sometimes generate energy in
microvolts only. Vibration is an energy source that can be
harvest at any place. Among the examples are vibration
energy created by bridges [6], machines [7, 8],
compressors [9], airport walkways [10] and railway tracks
[11]. These vibrational energy sources are wasted if not
harvested. Two methods that can harvest vibration energy
are electromagnetic energy harvesters (EEHs) [9, 10] and
piezoelectric energy harvesters (PEHs) [10, 11]. The basic
components of an EEH consist of a spring, a coil, and a
permanent magnet.

A vibrational force is applied to the spring to make it
swing and the permanent magnet moves through the coil.
An induced voltage is generated by the coil during the

movement of the permanent magnet through the coil [12].
Some design has used a ring to replace the spring to make
the permanent magnet move freely [13]. However, these
designs suffer from the limitation of ageing, such as a
spring loses its stiffness with time and a permanent
magnet also loses its magnetization with time. Hence,
PEHs are used to solve these problems [14]. A PEH
consists of a piezoelectric material, a cantilever beam, and
a proof mass. The piezoelectric material is a sensing
element to convert mechanical energy to electrical energy.
It was attached together with cantilever beam which is
worked as a swinging component. Proof mass was placed
at the end of the cantilever worked as a load that makes
the cantilever beam swing after a vibration force is acted
to the cantilever. When the cantilever beam swings, it
causes stress inside the sensing material; subsequently, an
induced voltage is generated.

PEH consists of the cantilever beam and the proof
mass was free at the end and mounted beneath its base,
which is known as base-mounted piezoelectric (BMP)
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harvesters. A BMP harvester with a 0.267 mm thick layer of
PZT5H was attached to a polymer beam (1.6 mm X 4.9 mm
x 20.0 mm) and a steel tip mass. The peak voltages
increased to 6.20, 15.1, 29.2, and 54.3 V with resonant
frequencies of 45 Hz at 0.25 g to 44 Hz at 1 g. Shorter
beams were preferred in the design to improve
electromechanical coupling and generate more induced
voltage [15]. A cantilever beam consisted of a sensing
element called piezoelectric bimorph and an electrode
called copper with the dimension of 79 mm x 1.55 mm
(length x thickness) and attached to the proof mass with
the dimension of 20 mm X 4 mm (length x thickness).
This device generated an induced voltage of 37 V and
output power at 145 Hz. It was installed under a smart
road system [16]. For a low mechanical damping ratio, a
vacuum package energy harvester (VPH) was designed to
cater the problem of 50 % power drop, corresponding to
2 % deviation of frequency. The VPH was similar to the
design previously which was consisted of a piezoelectric
bimorph with the dimension of 28.6 x 12.7 x 0.508 mm’
and stiffness of K = 760 N/m. The VPH generated output
power of 90.3 uW at the frequency of 50 Hz [17].

A multi-degree of freedom vibration system has
been added in the design of PEHs to improve the
wideband performance. This design offers high power
density and increases the generated induced voltage.
Three proof masses were located at the centre, top left,
and bottom right. Then, the cantilevers were attached to
the mass centre, top left mass, and bottom right mass. The
bandwidths were increased to 5.3, 9.8, 14, and 16 Hz
for the acceleration of 0.2, 0.5, 0.7, and 1 m/s%
respectively. The average power harvested by the PEHs
were 0.34-2.80 uW [18]. Two parallel beam structures
were designed to improve the operating bandwidth of
PEH. Each beam consisted of a top electrode and a
bottom electrode, then a zinc oxide (ZnO) was a sensing
element with a thickness of 2.73 um sandwiched between
the electrodes. This PEH generated an induced voltage of
18 V at the frequency of 142 Hz with a bandwidth of
15 Hz [19]. A cantilever beam was sandwiched with two
sensing element and one end of the cantilever beam was
installed with a tip mass, whereas the other end was
nailed to the wall. The PEHs generated an average power
of 25 uW at the frequency range of 33-35 Hz [20]. This
type of design can be applied for slow swinging
movement.

The goal of the paper is to design a new flexible
membrane worked as sensing element called piezoelectric
polymers, polyvinylidene fluoride (PVDF) were attached
together with a printed circuit board (PCB) and it was
worked as a cantilever beam. PVDF was used as a sensing
element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating
bandwidth. A PEH with good sensitivity can generate a
high induced voltage. A new technique of substrate, PCB
was used to absorb impact of surrounding vibration and
transfer it to flexible sensing element which to improve
sensitivity and bandwidth.

Subject of investigations. The PEH design focused
on the design of the electrode circuit. Figure 1 shows the
interdigitated electrode (IDE) circuit designed on a PCB.
The IDE circuit consists of the IDE finger, the IDE path,

and a terminal pad. The IDE finger used generated an
induced voltage together with the sensing element, PVDF.
Then, the IDE path lays the current to the terminal pad.
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Fig. 1. IDE design circuit on a PCB: (a) schematic diagram
and (b) digital microscope image of the IDE circuit on a PCB

Three different electrode finger widths were
fabricated and the width of electrode fingers were 0.5, 1,
and 2 mm. The gap between the electrode fingers for all
designs was fixed to 0.5 mm and the number of electrode
finger pairs was 4. Three fabricated designs were namely
PEH A, PEH B, and PEH C. They are shown in Table 1.

Table 1
Parameters of the IDE circuit for PEH A, PEH B, and PEH C

PEH design Finger width, | Finger gap, Area of PVDF, mm?
W,, mm W,, mm
A 0.5 142.5
B 1 0.5 218.5
C 2 370.5

The IDE design constructed using Proteus software
is shown in Fig. 2.

Fig. 2. IDE circuit design constructed using Proteus

D;3; mode piezoelectric energy harvester. The new
design structure of PEH using the method of ds; mode
piezoelectric material was implemented in the design. The
first number of d3; mode indicates the voltage generated
at z-axis and the second number indicates the force
applied to the piezoelectric material that causes stress
inside the piezoelectric material. A new design structure
applied in PEH was the flexible sensing element placed at
the top IDE electrode. The substrate of PEH was PCB
used to absorb surrounding vibration energy and transfer
to flexible sensing element, thus the sensing element got
stress and converted to electric field. Ds;; component
inside sensing element was converted two times energy
compared to d3; mode.

Two new techniques approach, (1) flexible sensing
element on top of electrode, and (2) substrate made of
PCB were improved energy conversion and sensitivity.
The operation of d;; mode piezoelectric material on the
PEH is shown in Fig. 3.
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Fig. 3. D33 mode piezoelectric energy harvester:
(a) schematic diagram and (b) cross-sectional digital microscope
image of the PEH

The operation of d3; mode polarization is that when
stress occurs between the electrodes in three directions,
polarization is also created between the electrodes in three
directions. The electron ¢ moves from low potential
(negative terminal) to high potential (positive terminal)
and the movement of electrons induces voltage, as shown
in Fig. 3,a. Figure 3,b illustrates the cross-section of the
PEH, where the top of the PEH is a single tape, followed
by PVDF, a row of copper and air space, and lastly the
FR4. The new design structure of backing layer called air
cavity was placed under sensing element and in between
of finger electrodes. When the cantilever beam moves up
and down, more stress occurs at the sensing element at
cavity side and generated more induced voltage, as
illustrated in Fig. 4.

Stress occurred inside
PVDF when cantilever
beam move up and down

Stress occurred inside
PVDF when cantilever
beam move up and down

Cavity
Fig. 4. Schematic diagram of stress occurring inside PVDF
during the movement of the cantilever beam

Development of readout circuitry. The induced
AC voltage accumulates at the terminal of PEH, and then
the readout circuitry is rectified, filtered, and stored the
DC voltage in a capacitor. Figure 5 shows the schematic
diagram of the parallel synchronized switching harvesting
inductor circuit (SSHI) readout circuit introduced by [21],
which consisted of the PEH, a switch (S), an inductor (L)
of 22 uH, bridge diodes (D1 — D4) of Schottky type, a
capacitor (C) of 12 nF, and resistor of 600 kQ.
The maximum working voltage for the capacitor is 35 V.
A multimeter was used to measure the output DC voltage
at V(¢). Diodes D1 to D4 worked as full-wave rectifiers to
rectify all AC to DC.

O

v

Ve(t)

PEH

Fig. 5. Schematic diagram of a parallel SSHI readout circuit
for energy harvesting

Fabrication. The overview of the fabrication
process is shown in Fig. 6.

Fabricate
IDE circuit
on PCB

i

Attached
sensing element,
PVDF
on |IDEcircuit

i |

Used tape to bind
sensing element
and PCB

Fig. 6. Flowchart of the fabrication process

The steps presented in Fig. 6 were the flow of PEH
fabrication. First, the IDE circuit was fabricated on a
PCB, as shown in Fig. 7. Next, a PCB was cleaned using
a brushing machine. The final step of the fabrication
process was attaching PVDF on top of the fabricated IDE
circuit using 3M single tape. The terminal pad was
soldered with two wires and the completed fabricated
PEH is shown in Fig 8.

Fig. 7. Fabricated IDE circuits

Fig. 8. Fabricated piezoelectric energy harvesters

Experimental setup. The PEH was characterized
using load and vibration experiments. The load
experiment measured load pressure towards the PEH,
whereas the vibration experiment measured stress towards
the PEH. A piezoelectric acoustic generator was used in
the experiment to compare the performance of the
designed PEH with available piezoelectric transducers in
the market. The parameters of the piezoelectric acoustic
generator are listed in Table 2.

Table 2
Diameter and area of the piezoelectric acoustic generator
Parameter Value
Diameter of piezo ceramic, mm 20
Area of piezo ceramic, mm? 314.16
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Figure 9 presents the piezoelectric acoustic generator.
The diameter of the piezoelectric ceramic was 20 mm,
which was sandwiched between two copper layers.

Fig. 9. Illustration of a piezoelectric acoustic generator:
(a) schematic diagram and (b) camera image

Load experiment. The experiment was carried out
by obtaining the output from different mass ranges of
200 g to 5.2 kg with a step of 1 kg placed on top of the
PEH. The study investigated the induced voltage for
different weights and designs of PEHs. The equation for
pressure P in load experiment is:

P=flA, @)
where f is the gravitational force; and A4 is the area of
PVDF surface.

The equation of gravitational force is:

f=mg, 2

where m is the mass; g is the gravity acceleration (9.81 m/s?).

Six different weights were used: 200 g, 1.2 kg, 2.2 kg,
3.2 kg, 4.2 kg, and 5.2 kg. The load experiment is shown
in Fig. 10. Figure 10,a shows the schematic diagram of
the load experiment setup; Fig. 10,b shows the use of 200 g
and 1 kg loads. Meanwhile, Fig. 10,c shows the DC
voltage measurement setup using a digital multimeter and
an energy harvester circuit.

Mass
Tve gnd Multimeter
Energy
Are:orce harvester \
R B cireut o'——
/ +ve gnd +ve gnd O gnd +ve

4

Fig. 10. Load experiment setup: (¢) schematic diagram; (b) 200 g
and 1 kg loads; (c) DC voltage measurement setup at the output
of the energy harvester circuit using a digital multimeter

For load experiment, the loads were placed on the
PEH and the output of the PEH was rectified and stored in
a capacitor using an energy harvester circuit. The output
of the energy harvester circuit was measured using a
digital multimeter. For every measurement of load, three
readings were recorded and the average reading for each
load was recorded in a table.

Vibration experiment. The experiment was carried
out by placing the PEH on a vibration machine. This
experiment investigated the induced voltage generated by
the PEH during vibration. A sieve shaker was used as a
vibrator machine at 50 Hz and the AC voltage of the PEH
output was measured using an oscilloscope. The vibration
experiment setup is presented in Fig. 11.

PEH
+ve gnd
O O 8 —1— Oscilloscope
/ +ve gnd
Sieve
shaker

Fig. 11. Vibration experiment setup: (a) schematic diagram and
(b) digital image of vibration experiment setup

Three different designs of PEHs were investigated in
this experiment. A sieve shaker was set at 4 min of
vibration and the generated AC output voltage of the PEH
was recorded every minute. Two parts of measurement
were conducted in this experiment, namely the
measurement of the generated voltage versus input
frequency and the measurement of the generated voltage
for a period of time. The input frequency was set to 50 Hz
because almost all vibration equipment in Malaysia used
50 Hz as an input of the machine.

Results and discussion. This section is divided into
two parts, which are induced DC output voltage from load
experiment and induced AC output voltage from vibration
experiment. Both parts are discussed in terms of the
performance of output voltage produced by the PEH.

DC output voltage from load experiment. The DC
output voltage for all PEH designs (PEH A, PEH B, and
PEH C) with different mass ranges of 0.2 g to 5.2 kg was
measured and the mean values of the recorded voltage are
shown in Table 3, 4, 5, respectively. Each table presents the
weight, mean output voltage, and standard error for the
particular design. The mean output voltage was calculated
from three readings of the same weight measurement and
divided by the number of readings. For this experiment,
three readings were taken for calculating the mean output
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value and the standard error was a standard deviation of the
mean value. The pressure was calculated from the input
weight and area of PVDF.

Table 3
Results for PEH A
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % f14, N/m?
0.2 0.202 5 1401.43
1.2 0.402 6 8408.57
2.2 0.607 3 15415.71
32 0.810 4 22422.86
4.2 1.097 5 29430
5.2 1.123 3 36437.14

The standard error for all readings is acceptable
because the error is less than 10 %. The highest standard
error of 6 % was recorded for the load weight of 1.2 kg.
The mean induced voltage increased proportionally with
the input pressure given by load weight. Figure 12 shows
that at the pressure of 29430 to 36437.14 N/m?, the mean
output voltage was saturated at 1.123 mV. The mean
output from 0.202 to 1.097 mV was proportional with the
increase of pressure from 1400 to 29430 N/m’,
respectively.
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Fig. 12. Plot of mean output value versus pressure for PEH A
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The results for PEH B are tabulated in Table 4. The
readings are also acceptable because the standard error is
less than 10 %. The input pressure started at a lower value
of 897.94 N/m* compared to PEH A of 1401.429 N/m’
and until the final load of PEH B, the input pressure was
less than the final load of PEH A.

Table 4
Results for PEH B
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % fi4, N/m*
0.2 0.306 2 897.94
1.2 0.904 3 5387.64
2.2 1.103 3 9877.35
3.2 1.303 5 14367.05
4.2 2.004 4 18856.75
5.2 2.301 5 23346.45

Figure 13 shows a significant output voltage because the
mean output voltage from the range of 0.306 to 2.301 mV
increased proportionally with the input pressure from
897.94 to 23346.45 N/m”. The mean output voltage of
PEH B was higher than PEH A for the low pressure input.
It is shown that PEH B is more sensitive and generated
more induced voltage than PEH A.

Table 5 shows the tabulated results for PEH C. The
mean output voltage was generated in the range of 0.7 to
2.5 mV for the pressure range of 529 to 13768 N/m”. The
standard error shows that the readings are in the
acceptable range for PEH C.

no/p voltage (mV)

Significant output
voltage

Mea

$97.9405034

5387.643021

9877345538 14367.04805
Pressure (N/m?)

1885675057 23346.45309

Fig. 13. Plot of mean output voltage versus pressure for PEH B
Table 5
Results for PEH C
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 1A, N/m?
0.2 0.702 3 529.55
1.2 0.903 4 3177.33
2.2 1.199 3 5825.10
32 1.504 3 8427.87
4.2 1.901 5 11120.65
5.2 2.502 5 13768.42

Figure 14 shows that PEH C is more sensitive
compared to PEH B and PEH A. The low pressure input
generated high induced voltage. PEH C has the widest IDE
electrode finger width, followed by PEH B and PEH A.
Furthermore, the highest generated induced voltage was
obtained by PEH C, followed by PEH B and PEH A.
Therefore, the width of finger electrodes improved the
generated induced voltage and sensitivity of PEH.
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Fig. 14. Plot of mean output voltage versus pressure for PEH C

11120.64777 13768.42105

Table 6 tabulates the results for the commercial
piezoelectric acoustic generator. The mean output voltage
generated by the piezoelectric acoustic generator was in
the range of 0.124 to 0.365 mV for the range of input
pressure input of 6248 N/m” to 162458.6 N/m™.

Table 6
Results for piezoelectric acoustic generator
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 14, N/m?
0.2 0.124 3 6248.41
1.2 0.185 2 37490.45
2.2 0.191 2 68732.48
3.2 0.212 2 99974.52
4.2 0.255 3 131216.60
5.2 0.365 3 162458.60

Figure 15 shows the mean output voltage for the
piezoelectric acoustic generator. The generator has low
sensitivity due to the low generated induced voltage as
high pressure input was introduced to the acoustic
generator. All PEH designs have high sensitivity
compared to the piezoelectric acoustic generator. The IDE
design shows good performance compared to a simple
sandwiched piezoelectric acoustic generator. Although the
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area of the electrode of the piezoelectric acoustic
generator is larger than the area for PEH A, this design
has more induced voltage compared to the piezoelectric
acoustic generator.
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Fig. 15. Plot of mean output voltage versus pressure
for piezoelectric acoustic generator
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Output voltage from vibration experiment. For
vibration experiment, two parts of the results were
obtained. Part B.1 shows the results of the generated
output voltage versus input frequency of 50 Hz and part
B.2 shows the results of the generated voltage for the
given period.

Output voltage versus input frequency. Figure 16
shows the generated output voltage versus the input
frequency of 50 Hz for PEH A. The generated output
voltage generated fluctuated from 0.23 to 0.28 mV.

035 Generated voltage from
0.23 mV to 0.28 mV

Frequency (Hz)
Fig 16. Generated output voltage versus input frequency
for PEH A

Figure 17 shows the generated output voltage versus
the input frequency of 50 Hz for PEH B. The generated
output voltage fluctuated from 0.25 to 0.52 mV for the
input frequency of 50 Hz. The generated voltage of
PEH B consists of two parts: 0.25 to 0.30 mV and 0.45 to
0.50 mV.
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Fig 17. Generated output voltage versus input frequency
for PEH B

Figure 18 shows the generated output voltage for
PEH C for the given input frequency of 50 Hz. The
pattern of PEH C output is almost similar to the pattern of
PEH B output, where the generated output of PEH C
oscillated from 0.28 to 0.55 mV. The generated voltage of
PEH C also consists of two parts: 0.28 to 0.30 mV and
0.50 to 0.55 mV.

Generated voltage fluctuated
from 0.28 mV to 0.55 mV

Output Voltage (mV)
=
b

Frequency (Hz)
Fig. 18. Generated output voltage versus input frequency
for PEH C

All three plotted graphs show that the generated
output of load weight is higher compared to vibration. In
this experiment, PEH C has higher generated voltage than
PEH B and PEH A, where PEH C recorded the generated
voltage of 0.55 mV.

Output voltage versus period of time. The results
of generated voltage for the period of time are shown in
Fig. 19. The generated voltage for all design of PEHs
increased significantly at 3 to 4 min. The highest energy
stored in the capacitor was generated by PEH C with
34560 mV.
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Fig. 19. Generated voltage stored versus period of time

Conclusions.

1.A new design structure of PEH using flexible
sensing element, PVDF and PCB substrate with IDE
circuits were successfully design, fabricated and
characterized in this project. Three PEHs with different
IDE circuit width were fabricated together with a PVDF
sheet and single transparent tape.

2. All designs namely PEH A, PEH B, and PEH C
were successfully characterized by two experiments
namely load and vibration experiments. PEH C generated
the highest voltage in load experiment of 2.502 mV for
the weight of 5.2 kg. In vibration experiment, PEH C
generated the highest voltage of 0.55 mV for the input
frequency of 50 Hz. PEH C also stored the highest
voltage of 34560 mV for the time period of 4 min.

3. PEH C is the best design of an energy harvester if
applied for a vibration machine of 50 Hz or from
footsteps in the walking area of an airport. For future
recommendations, this device can be installed in the
walking area of an airport and used as a free energy
source for charging a small electronic device. The device
can be placed under the walking area, and then the energy
is harvested and stored in a battery bank.
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