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1. INTRODUCTION

The process of capturing and storing a small amount of energy from heat, light, sound, vibration or
movement is called energy harvesting. The generated energy can be used to power up low-energy electronic
devices. There are many types of energy harvesting materials or devices that have been used and investigated
such as thermoelectric material, pyroelectrics material, photovoltaic, electrostatic, the ambient radiation
source, and piezoelectric materials. Different types of energy harvesting materials use different approach and
principle to scavenge the energy.

Piezoelectric materials have the ability to convert mechanical stress or vibration to usable electrical
power through piezoelectric effect. There are two types of piezoelectric effects which are direct and inverse
in which the direct piezoelectric effect is used for energy harvesting purpose.

Numerous efforts of research and investigation have been reported on piezoelectric energy
harvesting [1-13]. Piezoelectric materials that are commonly used include Polyvinylidene Fluoride (PVDF)
[14, 15], Lead Zirconate Titanate (PZT) [16, 17] and Zinc Oxide (ZnO) [18, 19]. A piezoelectric thin film as
a power generator for wearable device application has been developed by using poly(vinylidene
fluoride-trifluroethylene) thin film [1]. It is able to produce 0.4 V of the maximum open-circuit voltage at
approximately 0.25 Hz frequency of human hand. Another related work of energy harvesting in the wearable
device was also demonstrated in [2]. PVDF and PZT were chosen to generate sufficient power to transmit a
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short-range identification code during walking by placing the RFID tag in a shoe. With 0.9 Hz. frequency of
walking pace, the power generates from PVDF stave and PZT dimorph is 1.3 mW and 8.4 mW, respectively.
Previous work also reported a prototype of a windmill that can generate electricity [3]. With controlled
frequency of 6 Hz of rotation, the prototype generates 10.2 mW of power while 7.5 mW of power was
generated when the fan is exposed to 10 mph of wind. It was also reported that PVDF nanofibers that was
directly written on the flexible substrates shows higher efficiency compared to PVDF thin films [4]. An
optimization of PVDF based cantilever is proposed and validated with finite element circuit simulation [5].
Hence, the aim of this paper is to investigate the potential of PVDF material as a piezoelectric energy
harvester. Several tests were conducted in this project which is simulation, release and bending test,
functionality test and application test.

2. PVDF FILM AS PIEZOELECTRIC ENERGY HARVESTER

Piezoelectric materials have the ability to convert mechanical stress or vibration to usable electrical
power. For energy harvesting, the direct piezoelectric effect is used. Polyvinylidene fluoride (PVDF) has
been chosen as a piezoelectric material due to its chemical strength, flexibility, and stability compare to other
materials. PVDF thin film has the lowest density of 1.78 x 10° kg/m® compare to PZT and BaTiO; with each
7.5x10° kg/m® and 5.7x10° kg/m®, respectively. PVDF thin film also has the highest gs; constant with
216x10° Vm/N compare to PZT with only 10x10° Vm/N and BaTiO; with 5x10°° Vm/N. The g; represents
the voltage coefficient while current coefficient is presented by d;. The g;; value determines the voltage based
on (1) where n is 1, 2 and 3 (1=length direction, 2=width direction, and 3=thickness direction); g is
piezoelectric coefficient for the axis of applied stress; X, is the stress applied; t is the thickness of the film.

Vo=g3n Xn t (1)

The ga; is the piezoelectric stress constant which is given as shown in (2) where where E is an
electric field; T is the stress; V is voltage; and t is the sample thickness of the film.

E v
|gs1l = T O 2
Meanwhile, d; coefficient determines the value of charge density developed by the PVDF film. The dj; is a
charge coefficient that carries the value piezoelectric strain constant depends on type of piezoelectric material
used. From (3), it is shown that the charge density, D is directly proportional to the charge coefficient dj;
where n is 1, 2 and 3 (1=length direction, 2=width direction, and 3=thickness direction); D is the charge

density develop; Q is charge develop, and X is stress applied.

D=9/ = dux, @3)

3. RESEARCH METHODOLOGIES

The research work consists of few stages including COMSOL simulation to predict the behavior of
PVDF thin film, functionality test to study the energy conversion mechanism and application test to validate
the performance of PVDF thin film as potential energy harvester.

3.1. Simulation

The purpose of the simulation is to predict the behaviour of the PVDF thin films as energy
harvester. The measured value from the simulation will be used as a reference for further experimental
works. COMSOL Multiphysics is used to simulate the PVDF thin film in 3-D model environment.

3.2. Functionality test

Functionality test comprises of three parts which are release and bending test, single film test and
multiple films test. The material used for this test is a PVDF thin film manufactured by Pro-Wave Electronics
Corp. The dimension of the film is 25 mm x 13 mm of length and width, respectively.

3.2.1. Release and bending test

The release and bending test are conducted to measure the voltage generated from PVDF film as
shown in Figure 1. The PVDF thin film is then connected to a basic rectifier circuit where 4 diodes are used
to convert AC voltage produced from the PVDF film to DC voltage. A capacitor with a value of 100 pF is
used to store the generated voltage to be measure against time which is 1 minute.
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(@) (b)

Figure 1. (@) The PVDF film in release state, (b) The PVDF film in bending state

3.2.2. Single film with constant force test

For single film application, output voltage produced from a single PVDF film is supplied to a
rectifier circuit in which the voltage is stored in a capacitor for one minute. A multimeter and oscilloscope
probes are attached in between the capacitor to measure the output produced from the film. It is worth noted
that a DC servo motor is used in this test as a constant input to act as a force given to the PVDF film.

3.2.3. Multiple film with constant force test

For this section, the same test as previously described is conducted except now multiple films are
being used. In multiple films test, the films are stacked in parallel and the number of films is increased from
two to 10 films. The setup of the test is shown in Figure 2(a) while the arrangement of the PVDF films is
shown Figure 2(b).

(@) (b)

Figure 2. (a) Experimental setup, (b) The arrangement of PVDF film with DC servo motor as an input

3.3. Application test

In this application test, 5 pieces of PVDF films are used and connected in parallel. The test
conducted is similar to the tests described in section B except the DC servo motor is now replaced by the
movement of the hand. It should be noted that the movement of human’s hand when bending is about 1.5 Hz.
The setup of the test is shown in the following Figure 3.

(@) (b)

Figure 3. (a) Release movement of hand, (b) Bending movement of hand
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4, RESULTS AND ANALYSIS
In this section, results are obtained based on the tests described in Section 3.

4.1. Simulation
Simulation work comprises of two analysis which are eigenfrequency analysis and electric potential
analysis. It was found out that for a given load of 1 N/m?, the resonant frequency of the PVDF thin film is

0.02607 kHz with electric potential generated at about 2 V along the x-axis of the film as depicted in
Figure 4.
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Figure 4. Electric potential of 2 V generated on PVDF thin film at 1 N/m? applied load

4.2. Functionality test
Results of functionality test are divided in three parts as below.

4.2.1. Release and bending test

The purpose of this test is solely to test the maximum voltage that can be produced by the PVDF
film with a maximum force exerted by releasing and bending using hand. The maximum open circuit voltage
recorded after converted to DC is around 0.24 V. In one minute, the PVDF film managed to produce and
store the voltage in a capacitor up to 0.055 V. The result is presented in Figure 5.
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Figure 5. Graph of voltage stored in the capacitor versus time

4.2.2. Single film with constant force test

For constant force test, DC servo motor has been used to give a constant input of 80 rpm. The output
voltage generated by a single film of PVDF based on average value is 0.368 V. It is also shown that a single
film of PVDF can store only around 219 mV for 1 minute as shown in Figure 6. By this rate, it will take
about 15 minutes to charge a capacitor to 3 V to apply it for only blinking an LED for example.
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Figure 6. Graph of voltage stored against time with constant force

4.2.3. Multiple film with constant force test

Hypothetically, the more the number of films used, the higher the voltage will be generated in a
period of time. For this experiment, all parameters from previous tests are kept constant except for the
numbers of PVDF films used. The numbers of films used in this experiment is 2, 4, 6, 8 and 10 films which
were connected in parallel. The lowest voltage produce in one rotation is 0.293 V for 2 pieces of films and
the highest voltage was 1.115 V by using 10 films. Meanwhile, the voltage stored in a capacitor for 2, 4, 6, 8,
and 10 films are 0.223 V, 0.320 V, 0.516 V, 0.617 V and 0.688 V respectively which are shown in Figure 7.

From the graph, it is shown that the voltage stored in a capacitor is directly proportional to the number of
films that has been used.
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Figure 7. Graph of voltage stored vs time for various numbers of films

4.3. Application test

There are two steps involve in this test where the first step is to measure the maximum voltage
generated by 5 films when it was attached to the glove and the other one is to store a voltage into the
capacitor for 200 times of bending a hand with periodic frequency of 1.5 Hz. For the first step, the maximum
voltage recorded for the device is 0.184 V. Meanwhile, for the second step, the voltage stored in a capacitor
is 0.101 V after 200 times periodically of bending a hand with 1.5 Hz as shown in Figure 8. The main goal of
this test is to try to implement the piezoelectric material as an energy harvester device in practical application
in daily life. By considering the human activity or movement can virtually generate some force and energy,
the piezoelectric material is used to harvest this energy and convert it to a useful energy.
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Figure 8. Graph of voltage stored in a capacitor vs number of bending and releasing

5. CONCLUSION

As a conclusion, PVDF thin film can be used as potential energy harvester device for low power
devices such as hearing aid, RFID tag and many MEMS devices which can be extended for Internet-of-
Things application. The investigation of PVDF thin film resulted promising outcomes. For functionality test,
the highest voltage produced for a single film of PVDF is 0.368 V which charges up 100 uF capacitor to
0.219 V in one minute. The highest voltage produced for multiple films is 1.238 V by stacking 10 films of
PVDF in parallel and it charges up to 0.688 V in one minute.

This area of interest has huge potentials to be discovered. The prospect of piezoelectric itself can
benefit many parties as it is a unique material that can produce voltage from only mechanical forces. In this
study, the only piezoelectric material that has been used is PVDF. There are many other materials that exhibit
piezoelectric effect such as PZT and ZnO. For future studies, all of these materials can be compared in
determining how much output voltage and power that can be produced. Other than that, there is a lot of
rooms of improvement in terms of design of the energy harvester device itself as well as integration of power
optimization circuit to ensure maximum output power can be generated.
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