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Abstract: Energy harvesting, a process of capturing ambient waste energy and
converting it into usable electricity, has been attracting more and more
researchers’ interest because of the limitations of traditional power sources. In
this study, fabrication of flexible piezo composite material was investigated
using lead zirconate titanate (PZT) powder (3 p and 1 p particle size),
multiwalled carbon nano tubes (MWCNT) (diameter 5-20 nm, length up to
10 p), polydimethyl siloxane (PDMS) synthetic silicone rubber and solvents
THF, chloroform. These materials have been tested for their peak performance,
lifetime and durability under different conditions. The foremost aim will be to
extract usable power which can run various devices having low power
requirement such as mobile devices and wireless sensor networks and the
recent advent of the extremely low power electrical and mechanical devices
such as micro electromechanical systems (MEMS).
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1 Introduction

With rapid strides in the field of microelectronics, electronic devices of daily use are
shrinking in size by the day. Moreover, their power requirements are shrinking too.
Therefore there is an increasing need to have a portable power source that can power
these devices, independent of conventional power sources such as batteries, domestic
power supplies, etc. and could be accessible from any corner of the world (Paradiso and
Starner, 2005; http://sroeco.com/solar/most-efficient-solar-panels). Lots of efforts have
been made previously on energy conversion to convert different forms of energy into
electrical energy. There are basically three common mechanisms used for energy
scavenging applications which are electrostatic, electromagnetic and piezoelectric
(http://en.wikipedia.org/wiki/Energy harvesting). In the 90s, researchers turned their
attention towards anthropomorphic energy scavenging. In simple terms extraction of
energy unobtrusively from human activities and processes such as walking, breathing,
body heat, etc. Power generation by body heat, breathing or motion can potentially power
a computer (Flynn and Sanders, 2002). A comparison of three different methods of
energy harvesting is shown in Table 1 (Roundy and Wright, 2004).

The phenomenon that has shown great promise in the area of energy harvesting is
piezoelectricity. Piezoelectric materials are most suitable for anthropogenic energy
harvesting owing to their high energy density (Table 1), high electromechanical
conversion efficiency and their ability to be drawn into films, sheets and other flexible
structures that can be incorporated unobtrusively into body wear. Piezoelectricity is the
phenomenon by which certain materials convert mechanical energy into electrical energy
(direct piezoelectric effect). Naturally occurring materials such as quartz, Rochelle salt,
etc exhibit this phenomenon. Man made materials viz. ceramics like lead zirconate
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titanate (PZT), polymers like polyvinylidene fluoride (PVDF) also exhibit this
phenomenon. The reverse effect that is change in shape of these materials in response to
application of electric current also exists. Piezoelectric materials are so versatile that they
find application in a diverse range of gadgets from the simple gas lighter and telephone
buzzers to ultrasonic cleaners and missiles.

Table 1 Summary of maximum energy densities of three kinds of transducers
Type Energy density (mJcm™) Equation Assumptions
Piezoelectric 354 ( % ) o2 k% PZT 5H
Y c

Electromagnetic 24.8 ( y ) B2 0.25T

2

Ho

Electrostatic 4 ( y ) E2 3% 10" Vm'!

2)%

Piezoelectric materials convert mechanical energy from pressure, vibrations or force into
electricity. They are capable of generating electrical charge when a mechanical load is
applied on them. This property of piezoelectric materials has prompted researchers to
develop various piezoelectric harvesters such as ENERCHIP, ultrasonic actuators,
accelerometers in order to power and control different applications. Due to their inherent
ability to detect vibrations, piezoelectric materials have become a viable energy-
scavenging source. Currently a wide variety of piezoelectric materials are available and
the appropriate choice for sensing, actuating or harvesting energy depends on their
characteristics. Polycrystalline ceramic is a common piezoelectric material. With their
anisotropic characteristics, the properties of the piezoelectric material differ depending
upon the direction of forces and orientation of the polarisation and electrodes. However,
using piezoelectric materials to harvest energy requires a mechanism of storing the
energy generated. This means we can either implement a circuit to store the energy
harvested for using it later or develop a circuit to utilise the energy as it is harvested.
Moreover, the energy harvested can be stored in rechargeable batteries instead of using
capacitors.

Out of many manmade piezoelectric materials, the promising one in generating
electrical energy is PZT. It can also be used as a mechanism to convert ambient
vibrations into electrical energy. This energy can be stored and used to power up
electrical and electronics devices. With recent advancements in micro and nanoscale
devices, PZT power generation can provide a conventional alternative to traditional
power sources used to operate certain types of sensors/actuators, telemetry and micro
electromechanical systems (MEMS) devices. The major application of MEMS
technology is in sensors which include sensors for medical (blood pressure), automotive
(pressure, accelerometer) and industrial (pressure, mass air flow) applications. Among all
the MEMS energy harvesting devices, piezoelectric MEMS have attracted a lot of
research interest for its simplicity. Under vibration force, piezoelectric material will
generate electrical energy. Figure 1 shows the energy conversion of piezoelectric
material. The source of vibration can be easily obtained from our daily life. It can be
fabricated into dimensions as small as few millimetres which is a perfect match to
provide free continuous power output for low power micro devices. Figure 1 shows the
basic idea of energy conversion of a piezoelectric element. Figure 2 shows an equivalent
model for vibration energy harvesting.
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Figure 1 Piezoelectric energy conversion
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Figure 2 An equivalent model for a piezoelectric vibration energy harvesting system (see online
version for colours)
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2 Real life applications of piezoelectric materials

We hypothesised that these piezoelectric materials could be utilised to generate electricity
at a place where there is no conventional sources of electricity. As an example, our army
soldiers are stationed at high altitude posts like Siachen, Khardungla, Kupwada which are
situated between 14,000 and 18,000 feet above MSL where there is no source of
electricity.

These are regions of extremely low pressure and temperature. Moreover, the oxygen
content in the air is low. The temperature falls below —30°C in peak winter. Soldiers are
generally stationed at these locations on an average for two years and face a lot of natural
hardships due to the extreme climatic conditions. Due to the harsh climatic conditions,
the soldiers have to be covered from head to foot. At some places they also have to carry
oxygen cylinders. The frequently occurring problems are frostbite, snow blindness,
sunburn. Therefore, there is a need for a portable generator utilising piezoelectric
materials that gives enough energy to run microelectronic devices that they use and help
them in mitigating the severe conditions. Of all anthropogenic activities, human
ambulation (walking) has drawn special interest in the area of energy harvesting. About
67 watts of power is reportedly available from the heel strike (Flynn and Sanders, 2002)
of which 5 watts can be extracted by an appropriately shaped piezoelectric insert (Starner
et al., 2004).

3 Pioneering work

One of the first attempts at investigating the harvesting of energy from human ambulation
using piezoelectric materials was by Antaki et al. (1995). Another notable attempt at
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designing a shoe powered piezoelectric generator was at MIT by Paradiso and Co. In his
paper Parasitic Power Harvesting in Shoes (1998), Kymissis et al. described the design
of a shoe powered piezoelectric generator in which two kinds of piezo materials were
used viz PVDF and PZT shown in Figure 3. A PVDF stave was inserted in the insole and
a PZT unimorph was inserted into the sole. The average powers produced by the stave
and the unimorph were 1 mW and 2 mW respectively with the collective power being
enough to power a RF encoder which could be used to give the location of a person.

Figure 3 Shoe generator designed by Paradiso & Co at MIT, (a) PVDF stave (b) PZT unimorph
(see online version for colours)
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Later, they also designed another piezo generator shoe insert shown in Figure 4. This
time it was a bimorph customised using two unimorphs. The average power obtained was
1.8 mW for a vertical displacement of 4.8 mm.

Around the same time, research was also carried out on materials known as
electroactive polymers (EAP) or dielectric elastomers (DEE) which demonstrated a
similar ability as piezoelectric materials but had a different mechanism. DARPA in
collaboration with SRI International designed a shoe generator using such a material
which was able to generate 800 mW of power at two steps per second for a heel
compression of 3 mm shown in Figure 5. The energy density of this prototype was
measured as 0.4 J/gm. The prototype received a patent in 2004 (Pelrine, 2004).

Figure 5 Shoe generator using EAP/DEE

In 2001, well known British inventor Trevor Bayliss trekked the Namibian desert for
100 miles wearing prototype piezo generator shoes developed by the Defense Evaluation
Research Agency of the UK Ministry of Defense. This prototype was able to generate
about 150 mW of power.

In 2010, McAlpine et al. published a paper in Nano Letters describing a method to
manufacture flexible nanogenerators. The team fabricated PZT nanofibers and transferred
them onto a silicone substrate to get a highly flexible nanogenerator. The advantage of
such a generator is that it can be used as a universal, implantable generator. It is flexible
and removes the drawbacks due to rigidity and brittleness of PZT sheets. Applications
may include implants inside the human body (using lead free materials) to power life
support deivices like pacemakers (McAlpine et al., 2010).

Dr. Zhong Lin Wang of the Korea Advanced Institute of Science and Technology in
collaboration with Georgia Institute of Technology has made quite a few breakthroughs
in flexible nanogenerator technology. Dr. Wang and his team have worked on zinc oxide
studying it’s piezoelectric and semiconductive properties. They have fabricated ZnO
nanowires, nanobelts, etc. In vivo experiments were conducted by implanting the
nanowires into the heart and diaphragm of rats where 30 pA at 3 mV and 4 pA at 2 mV
were generated respectively (Wang and Song, 2006).

The next attempt at making a flexible nanogenerator was by Wang et al. appeared in a
paper in Advanced Materials in June 2012. In this paper a nanocomposite generator
(NCG) was fabricated using a simple low cost method. The materials used were barium
titanate nanoparticles, carbon nanotubes and silicone. The advantage of the method used
besides being simple and low cost is that a large area generator can be fabricated (Wang
et al., 2012). NCG is giving consistent output. Outputs with finger compression and foot
compression were measured with the outputs being 4 nA at 150 mV and 150 nA at 1.5V
respectively. The prototype was used to charge a capacitor bank which was used
successfully to light a LED.
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Figure 6 Silicone embedded PZT (see online version for colours)

Figure 7 Piezoelectric disc (see online version for colours)
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Figure 8 Piezoelectric ring (see online version for colours)

Our recent data show that piezoelectric materials could be utilised to produce electricity.
We have tested three types of piezoelectric materials viz. the piezocomposite fabricated
inhouse, piezoelectric composite flexural discs (Figure 7) and piezoelectric rings (Figure
8) obtained commercially. The rings and the transducer are of the same material viz. PZT
of grade SP 5H (PZT 5H equivalent). The grade SP 5H was particularly selected as it is a
soft grade PZT most suitable for low power applications and is commonly used to make
sensors and transducers. The discs were obtained from ordinary electrical buzzers.

Figure 9 A stack of four piezo discs connected in parallel (see online version for colours)

A stack of four piezo discs (two discs were of diameter 3.2 cm and two were of 4 cm)
shown in Figure 9 was constructed with the discs connected electrically in parallel. The
maximum output current measured across a 100 k resistor was 380 pA. The maximum
voltage was about 20 volts (AC).

The following materials were used to fabricate a flexible Piezo composite material:

1 PZT 5 Hpowder (3 pnand 1 p particle size)
multiwalled carbon nano tubes (MWCNT) (diameter 5—20 nm, length upto 10 p)
polydimethyl siloxane (PDMS) synthetic silicone rubber

A WD

solvents THF, chloroform
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Two types of composites were fabricated. One contained only PZT and PDMS. The other
contained MWCNTs in addition to the two components mentioned earlier. Different
techniques were used for mixing of the ceramic (PZT) in the polymer (PDMS). To begin
with, a composite was made using a shear mixer (muller). 10 gm of PDMS and 1 gm of
PZT powder (3 p) were shear mixed at a rotation speed of 100 rpm in the muller. Curing
agent was added to the composite in the ratio 10:1 and the composite was mixed
thoroughly. A film was cast using the composite in a Petri dish. It took 24 hrs for the
composite to cure fully and transform into a rubber like material.

To reduce the size of the PZT particles, planetary milling was used. Zirconia balls and
PZT powder were taken in the ratio of 2:1 and 4:1 by weight and mixed with propanol to
form slurry which was enclosed in a pot and milled in the planetary ball mill for 24 hrs.
The particle size of the sample removed from the mill after 12 hrs was analysed using a
Beckman Coulter Delsa Nano Z particle size analyser. It was found that the particle size
decreased from 3 p to 1 p. Thereafter, no change in particle size was observed at the end
of the milling process.

For the second composition, PZT (1 u) + CNT + PDMS were mixed in specific
percents by weight. The weight percent of PZT in the composite was taken as 9% and
16% in two different compositions. MWCNT was taken in 0.5 wt% and 1 wt%
proportions respectively in the two compositions. Two methods were used to mix these
materials. Firstly they were mixed in a bottle with zirconia balls using a roller mill for
about 24 hours. The composite was then removed and mixed manually with curing agent
in the ratio 10:1. It was then cast in a square Teflon mould and allowed to set at room
temperature for 24 hrs. The composition mentioned above was again formulated but this
time the mixing was done manually. The compositions were cured at room temperature
as well as under heat treatment. The cured rubber films ranged in the thickness of 1 mm
to 2 mm. They were cut into square pieces of an inch square in size and silvered on one
side with silver paste. They were kept aside for 24 hrs at room temperature for the silver
paste to cure completely. Then these samples were subjected to corona poling with the
silvered surface acting as the ground. The conditions maintained in the corona poling
setup were — temperature 70°C and electric field 50-80 kV. The poling was carried out
for about 30 min with the hot plate in the setup switched off after about 20 min and the
electric field kept on. The samples were removed and kept aside for a few minutes. The
second sides of the samples were then silvered and they were kept aside for another
24 hrs at room temperature. The next day the samples were tested for piezoelectric
constant values using a Piezotest PM300 d;; meter. No significant values were observed.
Electrically conductive copper tapes (by Klim Enterprises, Vasai, Maharashtra, India) of
thickness 50 p were adhered to both sides of the samples to act as leads. The samples
were also tested with a DSO to check for any voltage generated. But no significant
signals were observed. However, upon testing with a digital multimetre, a peak AC
voltage of around 300 mV was observed indicating that the material had some
piezoelectric property.

4 Conclusions

Composite piezoelectric materials have shown potential as sources of alternate electrical
power capable of generating enough energy to power ultra low power microelectronic
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devices. Attempts were previously made to fabricate piezoelectric materials in shoes for
generating electricity for the purpose of army personnel situated at high altitudes.

Although our initial experiments have not yielded significant results, we intend to
further refine the fabrication procedure of flexible piezo harvesters to get better outputs
as we believe the problem is in the fabrication process. We will also try to make energy
harvesters out of flexural composite piezo discs in our future trials as they have shown
promise as small scale energy harvesters.
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