: NG ISSN (Print) : 2320 - 3765
: ., ISSN (Online): 2278 — 8875

= I)AREEIE @
Y

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An ISO 3297: 2007 Certified Organization)

Vol. 2, Special Issue 1, December 2013

Experimental Study on Dimension Effect of
PVDF Film on Energy Harvesting

Sophia Markose', SivaSubba Rao Patange”, Raja S*, Anjana Jain*, Bindu Elias’

Department of Electrical and Electronics Engineering, Mar Athanasius College of Engineering, Kothamangalam,
Kerala, India'”.

CSIR NATIONAL AEROSPACE LABORATORIES, Bangalore, India***

Abstract: Recent research focus is on converting vibration to useful energy. The vibration energy from automobiles,
electrical motors, and aircraft structures can be used for low power applications by energy harvesting. Piezoelectric
energy harvesting is the most efficient method for this purpose. In this paper experiments are carried out using
Polyvinylidene difluoride (PVDF) film which is a piezoelectric material for comparative study. Three different
dimensional PVDF film with same input conditions are experimented and their output voltage generated are compared.
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L INTRODUCTION

Nowadays efficient use of energy is a concern field of research. In vibration applications we observe different
vibration of motors, structural part of aircrafts, automobiles as unaccounted energy. Coming to specially vibration of
aircraft structures are buffet and fluttering. Buffet is a type of random vibration which is usually caused by an
interruption of airflow. It is often felt when the aerodynamic brakes are used or when the aircraft flies through the
turbulence. Flutter is an unstable condition in which unsteady aerodynamics excite the natural frequencies of the
structure over which air flows. The resulting vibrations can grow to a magnitude that causes the structure to fail. The
energy wasted due to all these types of vibrations can be used effectively by energy harvesting system [1].

Energy harvesting is the conversion of ambient energy present in the environment into electrical energy. By
converting ambient energy in the environment the energy harvester can provide the required electrical power for the
lifetime of the wireless system which is also free to be embedded or placed wherever it is best suited to program its
functions. Energy harvesting system converts energy from ambient sources like 1) mechanical 2) thermal 3)
environmental 4) biological. Among these the mechanical energy harvesting can be taking place by piezoelectric
conversion, electromagnetic conversion, magnetic conversion, electrostatic conversion [2].

Piezoelectric materials have received the most attention due to their ability to directly convert applied strain energy
into usable electrical energy is called piezoelectric effect and conversely undergo deformation when an electric field is
applied across them. This is called converse piezoelectric effect. Thus they can be used both as sensors and actuators
[3]. Piezoelectric energy harvesting system includes a transducer to convert kinetic energy into electrical energy and
electrical interface to manage this energy, which includes rectifier and voltage regulator. Basic piezoelectric energy
harvesting system is shown in Fig: 1. Transducer means, it is a sensor which transfer the vibrating energy into
electrical energy. Output of the transducer that is the electrical energy is strong and irregular function of time. Hence
ac-dc converter is required. The output from the rectifier is stored in the battery or capacitor for other applications.
Voltage regulator is needed to regulate suitable voltage.

Transducer(PVDF) P AC-DC converter [®| Energy storage [P Voltage regulator [® Electrical Load

Fig: 1 Block diagram of piezoelectric energy harvesting system.
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In this paper the vibration of a structure was generated using PZT film as actuator. By applying voltage to the PZT
film at different frequencies generates the vibration corresponding to polarization of the crystal along with mechanical
deformation of the molecule. PVDF films are used as sensors for harvesting energy from vibrations. Here PVDF films
with different dimensions are used. Experiments are carried out on an aluminum cantilever beam and energy is
measured by different PVDF film and based on this comparative study is carried out.

II. PIEZOELECTRIC CONVERSION
Direct piezoelectric effect is shown in the Fig: 2. Here stress to charge conversion is taking place [4].

Fig: 2 Direct piezoelectric effect
Different piezoelectric materials available are naturally occurring crystals, manmade ceramics and polymers.
Naturally occurring piezoelectric materials are Berlinite, Cane sugar, Quartz and Rochelle salt. Man made ceramics are
Barium titanate, Lead titanate, Lead Zirconate Titanate (PZT) and Lithium niobate. Polymers are Polyvinylidene
Fluoride (PVDF). A majority of piezoelectric generators have been fabricated and tested using some variation of PZT.
Piezoelectric energy harvesters can work in either d;; mode or d;; mode as shown in Fig: 3 [4].

31 Mode
33 Mode E

LI
Fig: 3 Modes of operation, F is the force applied, V is the voltage generated

In d3; mode a lateral force is applied in the direction perpendicular to the polarization direction. In d5; mode force

applied is in the same direction as the polarization direction. Piezoelectric energy harvesters have high output voltage

but low current level. They have simple structure. However most of the piezo materials have poor mechanical

properties. Therefore the life-time is a big concern for piezoelectric energy harvesters. Piezoelectric energy harvesters

normally have very high output impedance, which makes it difficult to couple with follow on electronics efficiently.

Commonly used material for piezoelectric energy harvesting are BaTiO3, PZT-5A, PZT-5H, Polyvinylidene fluoride
(PVDF).

I11. PROPERTIES OF PZT ACTUATOR

Lead zirconium titanate is an inorganic compound with the chemical formula Pb[Zr,Ti;,]JO; (0<x<1). Also
called PZT, it is aceramic perovskite material that shows a marked piezoelectric effect, which finds practical
applications in the area of electro ceramics. It is a white solid that is insoluble in all solvents. The dielectric constant of
PZT can range from 300 to 3850 depending upon orientation and doping. The material exhibits an extremely large
dielectric constant at the morphotropic phase boundary (MPB) near x=0.52. The increased piezoelectric response and
poling efficiency near x=0.52 is due to the increased number of allowable domain states at the MPB [5]. PZT actuator
used for this experiment was manufactured by Sparkler Ceramic Ltd, Pune. Sparkler manufactures piezoelectric
ceramics based on the solid solutions of Lead Titanate (PbTiO3) and Lead Zirconate (PbZrO3) which are popularly
known as PZT. These are manufactured from their respective oxides/carbonates of Pb, Zr, Ti, rare earths, alkaline
earths, transition metals etc. to the specified compositions well tuned to the end properties, by mixing and solid state
reactions [6].

PZT actuator converts electrical signals into mechanical displacements or forces. The operating frequency range of
actuators is from static up to about half the resonant frequency of the mechanical system. PZT actuators can divide into
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three main groups as axial (ds3 mode), transversal (d;; mode), and flexural (d3; mode). First and second actuators
have high stiffness and are used for small movements and high forces. The flexural is used where larger movements are
required [7]. PZT possess high dielectric constant, high dielectric permittivity and strong electromechanical coupling
ensuring good actuation capabilities. But PZT is brittle, non-flexible and cannot be formed onto curved surface,
limiting design flexibility of the transducers.

IV. PVDF- ENERGY CONVERTER

Polyvinylidene fluoride or Polyvinylidene difluoride (PVDF) is a highly non-reactive and pure thermoplastic
fluoropolymer produced by the polymerization of vinylidene difluoride. PVDF is a specialty plastic material in the
applications requiring the highest purity, strength and resistance to solvents, acids, bases and heat and low smoke
generation during a fire event. It has low density (1.78) and low cost compared to other fluoropolymers. PVDF exists in
several forms alpha (TGTG), beta (TTTT) and gamma (TTTGTTTG) phases depending on the chain conformations as
Trans (T) or gauche (G) linkages. Processed materials are typically in the non piezoelectric alpha phase. The material
must either be stretched or annealed to obtain the piezoelectric beta phase.

Unlike PZT, PVDF has a negative ds5 value. Physically this means that PVDF will compress instead of expand or
vice versa when exposed to the same electric field [8]. PVDF pressure sensor has high sensitivity to pressure, low
sensitivity to temperature, and linear response to the pressure and has no phase transition at the operation temperature.
PVDFs are lighter in weight and more flexible compared to PZT [9]. PVDF is typically a member of the family of
alkenes exhibiting high piezoelectric properties. It can be prepared into any forms like needles, tubes, fibers, and paints
or formed into a sensor package itself. Thus based on the application and space available PVDF can be fabricated into
various shapes and sizes. These features make it more popular in energy harvesting [11].

V.  EXPERIMENTAL SETUP
In order to investigate the impact of dimension of PVDF film on energy harvesting application the experimental setup
needed is as shown in the Fig: 4. It consists of aluminum beam mounted on the table using a C-clamp. PZT film used as
actuator is mounted on the bottom of this beam. PVDF film acts as sensor is mounted on the top of this film. Signal
generator is used to give the input necessary for actuator operation. The output from the PVDF is observed on the
oscilloscope.

Fig: 4 Experimental setup for energy harvesting

Three different dimensional PVDF films are used. For this experiment three aluminum beams are used but with same
dimension. The actuator PZT used are also of same dimension. The dimension and properties of aluminum beam,
PVDF, and PZT are shown in Table: 1. Three specimens are nomenclature as A, B, and C.
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TABLE: I DIMENSION OF SPECIMEN AND SENSORS

Length Breadth | Capacitance
(mm) (mm)
Aluminu - 5 25 A B | C
m beam
11.8 21.5 | 15.7
PZT
nF nF nF
A 40 20 13.2pF
PVD
F B 40 10 9.4pF
C 10 10 7.8pF

Schematic diagram of the aluminum beam with PVDF and PZT patches are shown in Fig: 5 (a & b). Fig: 5 (c) shows
the actual specimen used for the experiments.

l Wires

PVDF
25mn Aluminum strip = 1
— PVDF [
¢ =~ N
PZT
— > -
300mm
(a) (b)

()

Fig: 5 (a) Top view of the specimen (b) Side view of the specimen (c) Actual specimen

The experimental block diagram is shown in Fig: 6. The input signal applied to PZT actuator was set us 10V peak to
peak and offset voltage OV using Tektronix AFG 3022B signal generator. The frequency of the signal generator is
varied from 10Hz to 450 Hz to calculate the impact of vibration on PVDF sensor output. By varying the signal
generator frequency interval, vary the vibration of the aluminum beam and the PVDF voltage monitored continuously
on LeCroy wave Surfer 64X5A oscilloscope.
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Specimen PZT on aluminum beam

2

Specimen PVDF on aluminum beam

A\ 4

Signal generator

Rectifier Circuit

v

Oscilloscope

A

Fig: 6 Experimental block diagram
VI.  RESULTS AND DISCUSSIONS

The output voltage obtained from PVDF film for different frequencies are noted on the Table II. Input signal voltage
from signal generator is set as 10V peak to peak for all the experiments.

TABLE: Il READINGS OBTAINED FROM EXPERIMENTS

Input voltage (Pk-Pk) 10V
40x20 40x10 10x10
PVDF PVDF PVDF
Frequency Pk-Pk Pk-Pk Pk-Pk
(Hz) Voltage Voltage Voltage
%) (mV) (mV)
10 17.1 160 80
20 18 192 96
50 20 368 128
100 21 560 144
150 22.6 800 160
200 23 1060 188
210 22.7 1070 192
220 22.7 1120 200
250 22.6 1230 192
300 22.6 1410 224
350 21.3 1580 224
400 21.7 1760 256
420 22 1840 262
450 24 1900 272

Based on the values in table: 2 graph is plotted as in Fig: 7. From the graph we can observed that the output voltage for
20x40 mm PVDF film is higher as compared to the other two PVDF. Since the output voltage of 10x10 mm PVDF
film is in mV range it cannot be rectified with a common bridge rectifier circuit. Hence the comparison is carried out on
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the basis of output peak to peak voltage. For the three PVDF films the output voltage increases with increase in the
frequency.
Output voltage Vs Frequency

30

—+—A40%20 PVDF

20 7 10%10 PVDF
15

25

10

a 200 400 600

Peakto peak output voltage in volts

Frequencyin Hz

Fig: 7 Graphical comparison based on unrectified output voltage

Output voltage obtained from a 40x20 and 40x10 can be rectified using a common bridge rectifier circuit as shown
in Fig: 8. Diode used for rectification is schottky diode (BAT8S5). Also capacitor filters (1000uF) with resistive load
(5.4KQ) used. Rectified output voltage across the resistor was measured on Yokogawa JKL 4035 digital multimeter

and listed on Table: III. Based on these data we can calculate the amount of energy harvested using the equations 1 and
2.

p=2 (1)
E=Pxt )

Where P =Power in watt
V =Voltage in volts
R =Resistance in ohms

t =Time in second

I

$ Dicde é& Dicdea

R 3
Capacitor == Resistor é \
$ Dinde'lég Dicdez

1

Fig: 8 Bridge rectifier circuit
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Energy is calculated and listed in Table: IV. Energy Vs frequency graph is plotted in Fig: 9.
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TABLE: IIT RECTIFIED OUTPUT VOLTAGES ACROSS THE RESISTIVE LOAD

Input voltage(pk-pk) 10V
Frequen 40x20PVDF 40x10PVDF
cy(Hz) Rms value(mV) Rms value(mV)
10 24 0.248
20 43 0.25
50 114 0.265
100 207 0.307
150 303 0.37
200 405 0.453
210 415 0.472
220 435 0.49
250 494 0.556
300 584 0.662
350 686 0.786
400 782 0.913
420 819 0.966
450 873 1.053

TABLE: IV ENERGY HARVESTED BY THE PVDF FILMS

Load resistance 5.4kQ
Capacitance 1000uF
Time (t) Isec
Energy harvested
Frequency
40x20(ul) 40x10(nJ)
10 0.107 0.011
20 0.342 0.012
50 2.406 0.013
100 7.935 0.017
150 17 0.025
200 30.375 0.038
210 31.893 0.041
220 35.041 0.044
250 45.191 0.057
300 63.15 0.081
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350 87.14 0.114
400 113.24 0.154
420 124.21 0.172
450 141.135 0.205
Energy Vs Frequency
1s80
140 =—#—40*20 PVDF

N
120 / == 40*10 PVDF
100 /
80
&0 /
40 /
20
0 -iﬂd—-.—u—u—-.—

Frequencyin Hz

Erargy inp

Fig: 9 Comparison based on the energy harvested

The experimental result showed that as the area of contact of PVDF film increases the energy harvested also
increases. This means that as the dimension of PVDF increases its capacitance value also increases, hence the energy
harvested also increases.

VIL CONCLUSION

Experiments are carried out using different dimensional PVDF film on the aluminum cantilever beam and
comparative study is carried out. In summary, to scavenging high energy from mechanical vibration PVDF film with
higher area of cross section is required. Due to the flexibility advantage of PVDF film it can be used on any curved
surfaces as compared to brittle PZT sensors. The energy harvested at 450 Hz of the PVDF of dimension 40x20 is
around 141pJ is the highest energy harvested in the experiment done. This harvested energy can be used for low power
applications like nano powered microcontroller for smart structure applications.
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