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1. Introduction

In this time of technological advancements, conventional materials such as metals and alloys
are being replaced by polymers in such fields as automobiles, aerospace, household goods,
and electronics. Due to the tremendous advances in polymeric materials technology, various
processing techniques have been developed that enable the production of polymers with
tailor-made properties (mechanical, electrical, etc). Polymers enable new designs to be
developed that are cost effective with small size and weights (Gurunathan et al., 1999).
Polymers have attractive properties compared to inorganic materials. They are lightweight,
inexpensive, fracture tolerant, pliable, and easily processed and manufactured. They can be
configured into complex shapes and their properties can be tailored according to demand
(Gurunathan et al.,, 1999). With the rapid advances in materials used in science and
technology, various materials with intelligence embedded at the molecular level are being
developed at a fast pace. These smart materials can sense variations in the environment,
process the information, and respond accordingly. Shape-memory alloys, piezoelectric
materials, etc. fall in this category of intelligent materials (Zrinyi, 2000). Polymers that
respond to external stimuli by changing shape or size have been known and studied for
several decades. They respond to stimuli such as an electrical field, pH, a magnetic field,
and light (Bar-Cohen, 2004).These intelligent polymers can collectively be called active
polymers.

One of the significant applications of these active polymers is found in biomimetics —the
practice of taking ideas and concepts from nature and implementing them in engineering
and design. Various machines that imitate birds, fish, insects and even plants have been
developed. With the increased emphasis on “green” technological solutions to
contemporary problems, scientists started exploring the ultimate resource—nature—for
solutions that have become highly optimized during the millions of years of evolution.
There are many types of active polymers with different controllable properties, due to a
variety of stimuli. They can produce permanent or reversible responses; they can be passive
or active by embedment in polymers, making smart structures. The resilience and toughness
of the host polymer can be useful in the development of smart structures that have shape
control and self-sensing capabilities (Bar-Cohen, 2004).
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186 Piezoelectric Ceramics

Polymers that change shape or size in response to electrical stimulus are called electroactive
polymers (EAP) and are classified depending on the mechanism responsible for actuation as
electronic EAPs (which are driven by electric field or coulomb forces) or ionic EAPs (which
change shape by mobility or diffusion of ions and their conjugated substances). A list of
leading electroactive polymers is shown in Table 1.

Ionic EAP Electronic EAP
Ionic polymer gels (IPG) Dielectric EAP
Ionic polymer metal composite (IPMC) Electrostrictive graft elastomers
Conducting polymers (CP) Electrostrictive paper
Carbon nanotubes (CNT) Electro-viscoelastic elastomers

Ferroelectric polymers

Liquid crystal elastomers (LCE)

Table 1. List of leading EAP materials

The electronic EAPs such as electrostrictive, electrostatic, piezoelectric, and ferroelectric
generally require high activation fields (>150V/um) which are close to the breakdown level
of the material. The property of these materials to hold the induced displacement, when a
DC voltage is applied, makes them potential materials in robotic applications, and these
materials can be operated in air without major constraints. The electronic EAPs also have
high energy density as well as a rapid response time in the range of milliseconds. In general,
these materials have a glass transition temperature inadequate for low temperature
actuation applications.

In contrast, ionic EAP materials such as gels, ionic polymer-metal composites, conducting
polymers, and carbon nanotubes require low driving voltages, nearly equal to 1-5V. One of
the constraints of these materials is that they must be operated in a wet state or in solid
electrolytes. Ionic EAPs predominantly produce bending actuation that induces relatively
lower actuation forces than electronic EAPs. Often, operation in aqueous systems is plagued
by the hydrolysis of water. Moreover, ionic EAPs have slow response characteristics
compared to electronic EAPs. The amount of deformation of these materials is usually much
more than electronic EAP materials, and the deformation mechanism bears more
resemblance to a biological muscle deformation. The induced strain of both the electronic
and ionic EAPs can be designed geometrically to bend, stretch, or contract (Bar-Cohen,
2004).

The principles of operation of EAP in actuator mode consist of applied electric field thought
the thickness that contacting this one, and stretching in the area. As with many actuator
technologies, electronic EAP are reversible and can be operated in generator mode. In this
mode of operation, mechanical work is done against the electric field, and electrical energy
is produced. Thus, the electronic EAP is acting as an electromechanical generator transducer
in this mode of operation.

Technologically, the generator mode of electronic EAP is potentially as important as the
actuator mode. Actuators are indeed pervasive in modern technology, yet the critical need
for new energy systems, such as generators, may be more important than the sheer number
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of possible applications. Moreover the current trend in electronic devices is their integration
in most of common systems in order to extend the number of functions and to improve their
reliability. The recent progresses in ultralow-power electronics allow powering complex
systems using either batteries or environmental energy harvesting. Although large efforts in
battery research have been made, such powering solution raises the problem of limited
lifespan and complex recycling process. The current energy requirement thus leads to the
research of other energy sources for mobile electronics. Strong research effort and industrial
development deal with energy harvesting using piezoelectric materials, one of the most
promising solutions for direct power supply and energy storage for low power wearable
devices. However, those materials tend to be stiff and limited in mechanical strain abilities;
so for many applications in which low frequency and large stroke mechanical excitations are
available (such as human movement). Organic materials, however, are softer and more
flexible; therefore, the input mechanical energy is considerably higher under the same
mechanical force. Piezoelectric polymers such as PVDF, unfortunately, have a much lower
piezoelectric coefficient compared to the piezoelectric ceramic materials. A study has shown
that the energy harvesting is lower than with piezoelectric ceramic bimorphs (Liu, et al.,
2004). Electrostatic-based systems, such as dielectric elastomers, typically require a very
high electric field intensity (20-120 V/pm) to achieve a significant energy harvesting
(Pelrine, et al., 2001). A recent research shown that the polyurethane and P(VDF-TrFE-CFE)
which are an electrostrictive polymers were capable of generating strains above 10% under a
moderate electric field (20V/pm) ) ( Guiffard, et al. 2006; Guiffard, et al., 2009), thus leading
to them being considered as potential actuators. Furthermore, these materials are
lightweight, very flexible, have low manufacturing costs and are easily moulded into any
desired shapes. Moreover the mechanical energy density is comparable to that piezoelectric
single crystals (Ren, et al., 2007).

There exist different methods for harvesting mechanical to electrical energy using
elestrostrictive polymer, the first point of this chapter provide a brief overview of the most
used methods. The second paragraph presents a method for enhancing the
electromechanical responses of elestrostrictive polymer using conductive particules, with a
presentation of the process of fabrication. The third points discusses pratical consideration
such as circuit topologies, but also a comparison between the other technology for
harvesting energy. In fact, electrostrictive polymer is much more competitive for some
applications compared with others, and it is important to identify general advantage or
attractive features of electrostrictive polymer for energy harvesting.

2. General principles of the electrostrictive polymer generator mode

Electrostriction is generally defined as a quadratic coupling between strain (S;) and
polarization (Pr):

Em = 81;3;11)?1 + 2‘lemn']—;d‘l)n
S" = Sij')kl']-;d + Qyman })n

y

Q)

where sPyq is the elastic compliance, Qju is the polarization-related electrostriction
coefficient, €Ty is the inverse of the linear dielectric permittivity, and Ty is the stress.
Assuming a linear relationship between the polarization and the electric field, the strain S;;
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188 Piezoelectric Ceramics

and electric flux density D; are expressed as independent variables of the electric field
intensity Ei, E; and stress T by the constitutive relations according to equation (2)(Ren, et
al., 2007):

Sl'j = Mijkl.Ek E, + S;kl'Tkl )
D, =&, .E, +2.M,, .E,.T,

1

here sEjq is the elastic compliance, M is the electric-field-related electrostriction coefficient,
and Ty is the linear dielectric permittivity.

There exist two methods for harvesting energy when using an electrostrictive material, the
first consists in realizing of cycles, whereas the second involves in working in the pseudo
piezoelectric behaviour.

2.1 Energy harvesting using cycles

This method, proposed by Y. Liu et al (Liu, et al., 2005), was inspired by the process for
harvesting energy in the case of dielectric elastomers. The mechanical-to-electrical energy
harvesting in electrostrictive materials is, as an example, illustrated in the mechanical
stress/strain and electric field/flux density plots shown in Fig. 1. Initially, the material
presented in Fig. 1 had no stress applied to it. When a stress was applied, the state traveled
along path A. Finally, the applied stress was reduced. Due to the change in the electrical
boundary conditions, the contraction path did not follow path A but path B. Both in the
mechanical and electrical planes, the material state traversed a closed loop. In the
mechanical plane, the rotation designated that the net energy flow went from the
mechanical to the electrical. The areas enclosed in the loop of the mechanical and electrical
planes were equal and corresponded to the converted energy density in units of J/m3.

w2

I'B Dt ‘Er

> >

T, E,
Fig. 1. An energy harvesting cycle

Ideally, the energy harvesting cycle consists of a largest possible loop, bounded only by the
limitations of the material. Y. Liu et al. have analyzed electrical boundary conditions that
can be applied in order to obtain an optimized energy harvesting. They demonstrated that
elestrostrictive materials have significant electric energy densities that can be harvested. Of
the electrical boundary conditions investigated in their work, the best energy harvesting
density occurred when the electric field in the material was increased from zero to its
maximum value at a maximum stress, and then returned to zero at a minimum stress (Fig.
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2). They used the concept of a coupling factor, as defined in the IEEE standard of
piezoelectrics (IEEE 1988), which is a useful figure of merit for energy harvesting, and is

given in equation (3):
k= L (3)
\ W, +W,

Here W1+W3 is the input mechanical energy density, and W is the output electrical energy
density.

A constant electric field Ey exists from state 1 to state 2 as the stress is increased to Tpmax.
From state 2 to state 3, the electric field is increased from Ey to E;, then kept constant until
the stress is reduced from Tmax to 0 from state 3 to state 4. At zero stress, the electric field is
reduced to Ey, returning to state 1. In the dielectric-field plot, the paths 1-4 and 2-3 are not
parallel, which is due to the stress dependence of the dielectric constant. The converted
energy Wi can be expressed by equation (4):

W, =T, (E - E;) @

The input energy density W, = (1/ 2)S T Hzlax , and thus the coupling factor, are given by
equation (5):

M(E; -E;)
‘- ! T +M(E —E’ ©)
ES max T ( 1T o)

S D; 3
71 3
N
x\\\\\\\ 2 4
N I
l >
Tl Eo Fi E3

Fig. 2. An energy harvesting cycle under constant electrical field condition as the material is
stressed and unstressed.

K. Ren et al (Ren, et al., 2007) investigated a means of using this method for harvesting
energy. The experiment was carried out under quasistatic conditions at 1 Hz. The electric
parameters were Ey=46 MV /m and E;=67 MV/m, and with this technique, they were able to
harvest 22.4 mJ/cm3 for a transverse strain of 2%. This can be compared to results reported

www.intechopen.com



190 Piezoelectric Ceramics

in the literature, for piezopolymers and piezoceramics with a conventional energy harvesting
scheme, in which the energy harvesting was below 5 mJ/cm? (Poulin, et al., 2004).

2.2 Energy harvesting in pseudo piezoelectric behaviour

Another way of harvesting energy using electrostrictive polymers consists of working in the
pseudo piezoelectric behavior. For this, the electrostrictive polymer was subjected to a DC-
biased electric field. As the polymer was not piezoelectric, it was necessary to induce
polarization with a DC bias in order to obtain a pseudo piezoelectric behavior (Guyomar, et
al., 2009; Lebrun, et al., 2009; Cottinet, et al. 2010).

An isotropic electrostrictive polymer film contracts along the thickness direction (the electric
field direction) and expands along the film direction when an electric field is applied across
the thickness, assuming that only a nonzero stress is applied along the length of the film
(Fig. 3). The constitutive relation (2) can then be simplified as:

6)

S :M31.E32 +SlE1'T1
D, =¢l.E, +2.M,,.E,.T,

oD,
ot

A corresponds to the area of the electrostrictive polymer. The current produced by the
polymer can thus be related to the strain and electric field by:

dA, where

The current induced by the transverse vibration can be measured as | = I

oM, B g,

_ f | oE, (g; L 2:M,.8, —6.M321.E32]+ o, -
A

E E
ot Si i

where 8E3 / Ot and 8S1 / Ot are the time derivates of the electrical field and strain.
Since a DC can be given by:

oS
I, =2.M Y.E,| a_tl'dA 8)

A

with ]/Sﬁ =Y, and where Y is the Young modulus.

Assuming a constant strain, the relation between the displacement and the strain S; in the
polymer can be expressed according to equation (8):

AL u
LT ®
0 0
where AL=u is the amplitude of the transverse displacement, and Ly is the initial value of the
length.
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Fig. 3. Mechanical configuration of an electrostrictive polymer

The electric impedance of a polymer vibrating at a given frequency can be modeled by an
equivalent electric circuit. Figure 4 displays the most commonly adopted form of an
electrical scheme (Cottinet, et al. 2010), where C; is the capacitance of the clamped polymer
and Rp(w) is a resistance representing the dielectric losses and conduction (static losses at
zero frequency). Both these factors are functions of the frequency caused by the relaxation
phenomenon. The third branch is the motional branch, modeled by a current source Iy (7)
that is capable of modeling the harvested current from vibrations.

In 4 A

[ Cp

Fig. 4.The equivalent electric circuit of an electrostrictive polymer
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A previous study (Cottinet, et al. 2010) has demonstrated that it was possible to neglect R;.
The dynamic model of the current can thus be simplified as:

ou CGV

P « 10
ot P ot a0

I,=a(E,)

> 2.My\ .Y AE, and where u is the displacement.
LO

This expression is similar to the typical system of an equation in the case of the
piezoelectricity (Badel, et al. 2005). Results obtained with this method are presented in
section 4.

with ( E, )

2.3 Conclusions

For both techniques presented above, the electrostrictive coefficient M appears to be an
important parameter in order to increase the energy harvesting of the polymer. Therefore,
the next section provides a description of the various methods available to increase this
coefficient.

3. Enhancing the electrostrictive coefficient

The electromechanical transduction properties of any electrostrictive polymer are
intrinsically regulated by the dielectric permittivity of the material. In fact, Eury et al. (Eury,
et al., 1999] and Guillot et al. (Guillot, et al., 2003) have demonstrated that the electrostrictive
coefficient (M) was proportional to &(e-1)?/(Y. &). The aim of the present section is to
provide an overview of the available methods for increasing the permittivity of an
electrostrictive polymer. Modifying a polymer matrix in order to increase its dielectric
permittivity means acting on the dipolar moments of the material and, therefore, on its
polarization.

3.1 Methods for increasing the dielectric permittivity

Currently, a variety of methods are available in order to increase the dielectric permittivity
of polymer materials. These may be classified into two main groups: those involving
composites and those based on new synthetic polymers. The first approach concerns the
dispersion of a filler into the polymer matrix. The second strategy, on the other hand, deals
with the synthesis of new materials with tailored characteristics.

A composite is a heterogeneous substance consisting of two or more materials which does
not lose the characteristics of each component. Moreover, this combination of materials
brings about new desirable properties. Naturally occurring composites include tendon,
bone, bamboo, rock, and many other biological and geological materials. Composite
engineering has become a very common methodology in the field of materials for achieving
a set of specific properties.

There exists a large choice of fillers that may increase the dielectric and conductive
properties, among others, of a polymer. The use of high-permittivity inorganic fillers is a
well-established approach to improve the dielectric constant of a polymer matrix (Mazur,
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1995). In particular, powders of ferroelectric/piezoelectric ceramics, showing very high
dielectric constants (e,=1000 for lead magnesium niobate- PMN), can, in principle, give rise
to significant increments of the permittivity. Gallone et al. (Gallone, et al. 2007) have
demonstrated that it was possible to obtain a fourfold increase in permittivity of a silicone
elastomer at 10 Hz by charging the material with 30vol% lead magnesium niobate-diacrylate
(PMM-PT).

Despite it being possible to considerably improve a material’s dielectric properties by using
ceramic fillers, such a method is not always suitable for enhancing the actuation or
mechanical-to-electrical conversion properties (Szabo, et al.,, 2003). In fact, ferroelectric
ceramic fillers are usually extremely stiff, which is likely to cause a loss of strain capabilities
in the resultant composites as well as a loss of flexibility.

Insulators are not the sole candidate materials as suitable fillers. In fact, dielectric
improvements can also be achieved with conductive fillers, as described in the following.
The use of conductive fillers as a possible means to increase the dielectric permittivity is
interesting since free charges not only contribute to conduction, but also possibly give rise to
Maxwell-Wagner polarization. Such insulator-conductive composite systems are prone to
show losses with a peroclative behavior, which may result in a dramatic increase of their
conductivity at filler concentrations exceeding a certain threshold. The percolation threshold
represents the filler concentration at which conducting paths are formed between particles
in contact with each other in the matrix. The increase of the dielectric permittivity in a
composite follows equation 11.

Vpercolation -V filler

gcomposi te — “matrix

(11)
Vﬁller

Here, €composite and emawix represent the dielectric permittivity of the composite and the
matrix, respectively, Vpercolation 15 the filler percolation concentration, and viers is the filler
concentration.

Unfortunately, the maximum increase in composite permittivity is achieved close to the
percolation threshold (Dang, et al, 2002). In light of this fact, reducing the stiffening
introduced by inorganic filler and simultaneously exploiting the dielectric enhancement
when conductive fillers are introduced to a polymer matrix is very interesting. The work of
Zucolotto et al. (Zucolotto, et al., 2004) demonstrated that the perocolation threshold can be
lowered down to 5 wt% in a case of a styrene-ethylene-butylene terpolymer with carbon
black particles, which is an evident advantage in terms of mechanical properties.

An ideal approach in order to obtain elastomers with specific improved dielectric properties
is represented by a challenging synthesis of new molecular architectures. There exists
various approaches for obtaining polymer-like blends of known polymers, or
copolymerization,etc. Lehmann et al. developed a process for synthetically modifying the
dielectric properties of liquid -crystalline elastomers; in this type of material, the
polarization phenomena can be enhanced by the rearrangement of the lateral group chains
and the creation of crystalline regions (Lehmann, et al., 2001).

Blending of different polymers can result in novel materials with potentially attractive
properties. For example, Huang et al. (Huang, et al., 2004) proposed a blend of polyurethane
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and phthalocyanine, which also included PANI, and at 1 Hz, they obtained a permittivity of
800 for the composition 14-15-85 vol % PANI-Pc-PU.

The different methods available for enhancing the dielectric permittivity of polymers are
listed in Table 2 which also gives the advantages and drawbacks of each technique. Random
composites represent readily applicable approaches suitable for increasing the dielectric
permittivity of elastomers. In the long run, the challenge consists in synthesizing a new
highly polarizable polymer. All this research is necessary to achieve new generations of
electrostrictive polymers, operating at lower electric fields.

Type of fillers Advantages Drawbacks
£ | Dielectric + high dielectric permittivity | - large percentage of filler
§ - increase in elastic modulus
S
S
§ Conductive + high dielectric permittivity | - increase in conductivity
E for low percentage of filler - decrease of maximum
é voltage possible to apply.
s | Nofillers + very high dielectric - process of realization
= permittivity complex
5 + no problem of conductivity
§ + no mechanical
E reinforcement

Table 2. Comparison between the different methods for enhancing the dielectric permittivity

3.2 Methods developed in the laboratory

Smart materials are primary elements in energy harvesting in that they represent the first
stage of converting ambient vibrations into electrical energy. Consequently, the
optimization of such a material is very important.

According to the amazing physical properties of nanofillers, e.g., carbon nanopowders or
silicon carbide nanowires, random composites can be realized in the laboratory. Two types
of commercially available polymers have been employed in this work: polyurethane and
P(VDE-TrFE-CFE). Moreover, two composites were synthesized specifically for the study.
These polyurethane composites were prepared in the laboratory, using a thermoplastic
polyurethane - the 58887 TPU elastomer (Estane) - as the matrix. The neat polyurethane (PU)
films as well as their filled counterparts were prepared by solution casting (Guiffard, et al.
2006; Guiffard, et al., 2009). The PU granules were dissolved in N,N-dimethylformamide
(DMF) at 80°C for 45 minutes, and two types of inorganic fillers (i.e., a carbon black
nanopowder (C) and silicon carbide (SiC) nanowires coated with a carbon layer) were
individually ultrasonically dispersed in DMF. Subsequently, the SiC nanowire solution at
0.6 g/1 was mixed with the dissolved PU under mechanical stirring at 80°C for 1 hour, after
which this viscous mixture was poured onto glass plates and cured at 50°C for 24 hours to
remove most of the solvent. Figure 5 summarizes the fabrication process of the composites.
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Fig. 5. Principle of realization of the polymer composite

3.3 Characteristics of the composites

The microstructure of the composites was investigated by scanning electron microscopy (SEM)
on samples fractured in liquid nitrogen and sputtered with a thin gold layer prior to the SEM
observations. The degree of filler dispersion in the polymer matrix and the binding between
the nanocharges and the matrix determined the properties of the composite materials. SEM
images of the fracture surfaces of the composites are presented in Fig. 6. Figures 6.a and 6.b
respectively depict the dispersion of a carbon black nanopowder and SiC nanowires within the
PU matrix. Both filler types were found to be well dispersed in the matrix which was in good
agreement with the nonconduction state observed in the composites.

Fig. 6. (Left to right) Morphology of fractured surfaces of the composites filled with (a) a
carbon black nanopowder fillers and (b) SiC nanowires.

In order to evaluate the contribution of space charge, the dielectric constant of the

composites loaded with fillers was measured using an HP 4284A LCR meter over a broad
range of frequencies (from 0.01 Hz to 1 MHz) at room temperature. Figure 7 shows the
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variation in dielectric constants for a pure PU material and filled composites versus
frequency. A large decrease in the dielectric constant was observed at around 1 Hz for both
composites when the frequency increased. Such a behavior is known to be due to the loss of
one of the polarization contributions (interfacial polarization, orientation polarization,
electronic polarization, atomic polarization, etc) of the dielectric constant value (Mitchell,
2004). Considering the value of the frequency, this decrease can be unambiguously
attributed to the loss of the space-charge-induced interfacial polarization contribution. It can
moreover been seen that the contribution of the space charge can be neglected for
frequencies below 5 Hz.

As further shown in Fig. 7, the dielectric constant of the C-filled and SiC-filled
nanocomposites was consistently higher than that of the pure PU composite. As expected, at
higher frequencies, the gap between the values of the dielectric constant for pure PU as
opposed to for the nanocomposites was not very high, which confirmed the fact that the
filler content was low in comparison to the threshold value. Moreover, the space charge
mechanism did not contribute to the dielectric constant. The incorporation of conductive
charges probably also increased the space charge density in addition to intrinsically induced
by the existence of soft and hard segments within the matrix. Similar observations have been
reported by Dang et al.,, (Dang, et al., 2002), who assumed an additional contribution to the
quantity of accumulated charge when fillers were used.

As previously reported, (Nurazreena, et al. 2006) the percolation threshold depends not only
on the size, shape, and spatial distribution of the fillers within the polymeric matrix but also
on the processing. It is clear that the percolation threshold must be different when
employing SiC nanowires as opposed to a carbon black powder as fillers. This remark can
explain the slight difference observed between the permittivity of the two composite types
in addition to the fact that the two fillers had not been incorporated in equal content.

16

—— PU pur
PU 1v%C
14 PU 0.5wt%SiC ||

12

-
o

dielectric permittivity
o]

0 2 4 6
10 10 10 10
frequency (Hz)

Fig. 7. The variation in the dielectric constant for a pure PU material and filled composite vs
frequency.
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4. Energy harvester characterization

This section describes the setup developed for characterizing the harvested power. It also
includes a discussion of the obtained results and a comparison to the model mentioned in
section 2.2.

4.1 Principle of measurement of the harvested power

Figure 8 provides a schematic representation of the setup developed for characterizing the
power harvested by the polymer film. The mechanical system consisted of a shaker and a
capacitive sensor. The shaker produced a vibration force in sinusoidal form, causing the
sample to undergo a transverse vibration. The capacitive sensor (Fogale MC 940) recorded
the transverse displacement of the sample from which the strain S; was calculated. The
electrostrictive polymer was subjected to a DC biased electric field, produced by a function
generator and amplified by a high-voltage power amplifier (Trek Model 10/10). As the
polymer was not piezoelectric, it was necessary to induce a polarization with a DC bias in
order to obtain a pseudo-piezoelectric behavior. The electroactive polymer was excited both
electrically and mechanically, in order for its expansion and contraction to induce a current
measured by the current amplifier (Keithley 617), thus giving rise to “an image” of the
power harvesting by the polymer, due to electrical resistance (R.). In this setup, the current
was chosen as it is known to be less sensitive to the noise from the electrical network (50 Hz)
and in order to avoid problems of impedance adaptation. All the data was monitored by an
oscilloscope (Agilent DSO 6054A Mega zoom).

Power amplifier

1 1
1 1
oscilloscope s : i
: ; ! T High-voltage
o : amplifier
A A | !
Current Dﬂ [ ;
» 1
amplifier — ' .
i : : Function
i L— Polymer generator
: 1 !
Capacitiv b
v — @ T
sens - 1 ! Function
1 1
1
h ! generator
1
1 1
Shaker ; i
1
y i
1 1
1 1
! 0
1 i
1
1

/77777

Fig. 8. A schematic of the experimental setup for the energy harvesting measurements.

A purely resistive load was directly connected to the electrostrictive element (Fig.8). In this
case, the voltage on the load R. was alternating. Considering equation (10) and the
resistance of the load, the dynamic voltage on the electrostrictive element can be expressed
in the frequency domain as a function of the displacement, the angular frequency .
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~  alE, )R, ~
V:Mja).u (12)
1+ jR..C, L0

Starting from equation (12), the harvested power can be written as a function of the
displacement amplitude um:

= BLE it (13)

with Vi, as the maximum voltage.

The harvested power reaches a maximum Pharvested_Ac_max for an optimal load Ry ac, and the
optimal load resistance can be calculated according to :

2
8P/mr’vesz‘ea/iAC _ 1- (RC pr) ch-a)z Mrzn

oR = 2 5 (14)
o (1+(rc0))
P
M —(Qwhen pR2 _ 1 and thus the power is at maximum for
OR, ¢ C .o
R ! R
¢ = = opt _AC (15)
C,o
Consequently, for the matched load the maximum power harvested is equal to
2
a(E,) .ou

_ ( dc) m (16)

harvested _AC _max ~— 4 ' Cp

4.2 Validation of the model
Preliminary measurements for the determination of the theoretical results of the harvested

power have also been performed to evaluate the values of a( E dc) =2M Y. AE B / L.

Current measurements under short circuit conditions have been carried out for the former,
as the short-circuit current magnitude Iy is given by equation (7). Assuming a uniform strain
in the material, the short-circuit current can be expressed as:

I,=2.M, .AY.E,.0.5, (17)
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The short-circuit current was performed at 100 Hz for a constant strain of 0.5% and for
different electric fields (Fig. 11). As expected, a linear relation between the current and the
electric field was observed, and a previous study demonstrated the validation of this model
(Lebrun, et al. 2009).

The choice of the frequency is not trivial, since most potential vibration sources have their
fundamental vibration mode bellow 200 Hz, as demonstrated by Roundy et al. (Roundy, et
al., 2003), and summarized in Table 3.

Vibration source Fundamental frequency vibration (Hz)
Clothes dryer 121
Windows next to a busy road 100
People walking 1

Table 3. Vibration sources and their fundamental vibration mode
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Fig. 9. The short-circuit current versus the static electric field for a constant strain of 0.5% at
100 Hz for P(VDF-TrFE-CFE).

In order to access the validity of the model of the harvested power presented in section 2.2
(egs. (12) and (22)), various measurements were carried out. Figures 10 presents the power
versus the electric field, for a constant electric load and strain (5;=0.25%), as well as the
power harvested as a function of the strain for a constant electric field (E4.=5V/pm), with
the same electric load (R=500kQ). As expected from the model, a quadratic dependence
between the power and the static electric field strain was observed. The experimental results
thus validated the developed model for evaluating the harvested power.

To assess the validity of the model, various measurements were carried out. Figure 11
presents the power versus electric load for a given electric field (5 V/um) and strain (0.2%)
at 100 Hz. This data pointed out the existence of an optimal load resistance, as theoretically
expected according to equation (15)
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Fig. 11. The harvested power in AC for a constant electric field of 5 V/pm and a strain of
0.2% at 100 Hz.
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4.3 Harvested power versus polymer

Table 4 gives the harvested power density for the polymer and composites at Eq-=5 V/pm,
$1=0.25% and 100 Hz, for their matched load. The power density for the polymer and
composites was very low. Although this could be considered a disappointing result, one
should keep in mind that in the electrostrictive case, the power was proportional to the
square of the bias field (eq. 16), evaluated in Table 4 for a relatively low bias value. For
example, doubling the value of the bias field to 10 V/um (which is still quite low) would
result in a power that was four times larger.

The output power of the composites with C nanofillers, SiC fillers, and pure PU under the
conditions given below was estimated to be 1, 0.41, and 0.25 pW/cm3, respectively. The ratio
between the estimated harvested power for the pure PU film and the nanofilled composites
was equal to 3 in the case of C nanofillers and 1.4 for SiC fillers. This ratio was almost
identical to the ratio of the square of the film permittivity, which was in good agreement
with the fact that M3 is practically proportional to eo(e-1)2/ (Y. &) and with the expression of
power harvesting according to equation (16).

Obviously, the PU loaded with 1%C exhibited the highest dielectric permittivity and power
density in the case of PU. However, with pure PU and for the same power density, an
electric field of 10 V/pm was necessary, which was two times as high as for PU 1v1%C. The
way of introducing the conductive particles into the polymer matrix was very interesting
since it was possible to create a material capable of harvesting power under low electric
fields. The highest power density of 180 uW/cm3 was obtained with the terpolymer matrix
of P(VDF-TrFE-CFE). This seemed to be a very promising material, especially if
nanoparticles were induced in the matrix.

Type & Y (MPa) Power harvested (uW/cm3)
Pure PU 4.8 40 0.25
PU 0.5%5SiC 5.6 70 0.41
PU 1%C 8.4 40 1.0
P(VDF-TrFE-CFE) 42 500 180

Table 4. Material characteristics and harvested power density at 100 Hz for a static electric
field of 5 V/um and a transverse strain of 0.2%.

Nevertheless, the dielectric permittivity is not the only parameter to vary when attempting
to optimize the harvested power; it depends on the application. For example, if a large strain
of more than 100% is available, e.g., during human walking, a polymer able to support such
a large strain before plastic transition is necessary. An example of such a material is PU,
since it can be stretched up to 400%. This can be compared to the maximum for a P(VDE-
TrFE-CFE), which is only 40%.

Two techniques exist for harvesting energy when utilizing electrostrictive polymers. The
first was proposed by Ren et al. (Ren, et al., 2007) and consists of creating an energetic cycle,
whereas the second involves applying a bias voltage for working in the pseudo piezoelectric
behavior. Table 5 presents a comparison between the two methods. The energy harvesting
based on the pseudo-piezolectric behavior was lower than the cycle-based energy
harvesting. Although this could be considered a disappointing result, one should keep in
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mind that the strain in our case was ten times lower and the electric field was fourteen times
lower. The model demonstrates that the energy harvesting was proportional to the square of
these two conditions (strain and electric field), so for the same configuration, the energy
density was 30 mJ/cm3 for a system working in the pseudo piezoelectric state. This density
was approximately the same as in the case of Ren et al.

The great advantage of our method for mechanical energy harvesting consists in this
technique requiring only a static field for its operation. The technique is consequently very
simple to realize and implement, using for example batteries, or for an autonomous system,
employing a piezoelectric material to produce the bias voltage.

Method Material S:1 (%)  E; (V/um) Energy harvesting (J/cm3)
pseudo-
piezoelectric ~ P(VDF-TrFE-CFE) 0.2 5 1.8.10¢
P(VDF-TrFE)
cycle [Ren 2007] 2 67 224103

Table 5. Comparison between two methods for harvesting energy.

4.4 Practical considerations

There exists a large number of detailed designs of electrostrictive polymer generators. An
exhaustive description is beyond the scope of a single chapter, and furthermore, the
technology is rapidly evolving. However, some general aspects can be considered based on
the above analysis.

Figure 12 shows two general block diagrams of simplified electrostrictive generator circuits.
Electrostrictive polymer, are often operated by a relatively high voltage (500V-2000V).

)

Step-up voltage
Battery P = I
D converter a | /

I 7" Mechanical

Y excitation
AC/DC

converter

—

(a)

Initial charge |
source

Mechanical
excitation
Battery AC/DC
or converter
electronics devices

(b)

Fig. 12. Two conceptual circuit topologies for electrostrictive polymers generators

www.intechopen.com



Electrostrictive polymers as high-performance electroactive polymers for energy harvesting 203

Portable applications are powered with lower voltages compatible with battery power.
Moreover, in order to generate the bias voltage required for working in the pseudo-
piezoelectric behavior, a step-up voltage converter has to be part of the generator circuit as
in Fig. 12. Typically, they use high-speed switching with inductors or transformers, though
other methods such as piezoelectric converters are also known. One such option is to use
rechargeable low-voltage batteries for applying the bias electric field, as shown in Fig. 12 (a).
However, a possible drawback of this design is that the static electric field must be raised in
voltage relative to that of the battery. A step-up converter is needed in this case, which leads
to increased costs. The important issue in this case is however not so much the added cost
but the additional power loss from the conversion. Note that in configuration (b), only the
generated energy has to be converted. The bias voltage was provided by means of other
materials, like piezoelectric ceramics, which rendered it possible to create an autonomous
system without batteries.

Electrostrictive polymer leakage is another practical consideration in power generation.
Such leakage is a direct loss to the system. The importance of leakage phenomena depends
very much on both the electrostrictive resistivity and the frequency operation. Leakage
losses may influence the choice of polymer, but good dielectric materials can generally be
identified to address this issue for most applications. For example, PU has such an
outstanding resistivity that leakage losses may be insignificant (Cottinet, et al. 2010).

The biggest advantage of electrostrictive polymers might be the point that, in addition to a
good dynamic range, they operate best at relatively long strokes and modest forces. This is a
difficult part of the design space to address using conventional smart materials such as
piezoelectrics ceramics. Moreover, it is a very common mechanical input available from a
number of sources in the environment, such as human motion and wave power.

5. Applications of electrostrictive polymers for energy harvesting

Virtually any application where there is a need of electrical energy is a potential application
for electrostrictive polymer generators. Figure 13, presents the orders of magnitude of the
powers consumed by various CMOS electronic equipment that could be powered by
miniature energy harvesting devices. This data shows the potential applications of
electrostrictive polymers for energy harvesting. The harvested power density reported in
this paper would be enough to power complex devices such as watches or RFID tags.
However, this material is much more competitive for certain applications as opposed to
others, and it is important for a new technology to identify general and specific areas of
application where it can be the most competitive. A general advantage and drawback of the
various classes of EAPs for energy harvesting are summarized in Table 6. All the materials
exhibit a high energy harvesting density, except for the ionic polymer. Nevertheless, the
main advantage of this material is that it does not require any other polarization tension in
order to operate. It is thus possible to realize autonomous systems without batteries.

The difference in energy harvesting between dielectric elastomers and electrostrictive
polymers is not very large. The great advantage of dielectric elastomers is the possibility of
having high strains of more than 400% as compared to electrostrictive polymers (100%).
However, the former materials require higher electric fields, causing the size of the device to
increase, in addition to the loss due to the conversion of the high voltage.
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Fig. 13. The various powers consumed by CMOS electronic devices (Sebald, et al., 2008).

Type Conditions Energy advantage inconvenient
harvesting

Dielectric

elastomer

- Silicone 23 , 13mJ/g + high energy - high voltage for

(Pelrine, et al. E2=160MV/m density harvesting

2001) ? , + cheaper energy

- Acrylique E2=160MV/m 400mJ/g + high strain - significant loss

(Pelrine, et al. - passive material

2001) (requires voltage
to operate).

IPMC

-Nafion® 117 + active - expensive

(Brufau, et al. S5=0.2% 8nJ/cm3 material - works at low

2008) frequency

Electrostrictive

polymer + high energy - passive material

- P(VDF-TrFE) S1=2%, 22.4m]J/cm? | density for low

(Ren, et al., E2=67MV/m electric field

2007) + low loss

- P(VDF-TrFE- + high working

CFE) 51=0.2%, 1.8uJ/cm3 | frequency

E2=5MV/m

1 value of the transverse strain for the energy harvesting density
2 value of electric field for the energy harvesting density

3 not indicated in the paper
? not indicate in the paper
Table 6. Non-exhaustive synoptic table of the different methods used for harvesting energy
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Compared to piezoelectric generators, electrostrictive polymers may offer advantages such
as lower cost, lighter weight, or smaller size. These materials are well suited for harvesting
energy from human motion. Natural muscle, the driving force for human motion, typically
works at low frequencies and is intrinsically linear; two characteristics where electrostrictive
polymers offer advantages. They are also interesting for wave motions with relatively low
frequencies of 0.1 Hz to 1 Hz, and high amplitudes (wave heights on the order of 1 m are
common).

Many other interesting applications exist for electrostrictive polymer. Remote and/or
wireless devices are growing in use; an ideal devices can harvest their own energy thereby
eliminating the need for battery replacement. Electrostrictive polymers are well suited for
these applications if mechanical energy is available, as might be the case in portable devices
carried by people, animals, or automobiles. Moreover, it is possible to deposit such materials
on large surface, which is very interesting for health monitoring in the wings of airplanes,
for example.

In summary, the major advantages of this technology include the lighter weight, greater
simplicity, and lower cost.

6. Conclusions

Electrostrictive polymer composites for energy harvesting have been developed and tested
using different types of polymers. A good agreement between the modeled data and actual
results was found. Various means of increasing the intrinsic characteristics of the polymers
was also studied A comparison between the different techniques for harvesting energy has
been realized, and demonstrated the simplicity and advantage of working in the pseudo-
piezoelectric behavior.

Future work will concern the research of polymer matrices and novel fillers to increase the
permittivity of the resultant composites and consequently their capabilities of harvesting
electrical energy upon mechanical vibrations. As an example can be mentioned P(VDE-
TrFE-CFE) filled with carbon particles. Another point of research within this topic will
concern an optimization of electrical boundary conditions on our harvester by using a non-
linear technique.

The present chapter demonstrates the potential for future application. In fact, one of the
most important trends in the electronic equipment technology from its origins has been the
reduction in size and the increase in functionality. Nowadays, small, handheld, though very
powerful, devices are commercially available. They allow the user to play music, to
wirelessly communicate or to compute practically everywhere. The size of such devices is
becoming so small that the term wearable device is being used instead of portable device;
they can be integrated in everyday objects such as watches, glasses, clothes, etc.
Electrostrictive polymers have demonstrated excellent performances. Numerous
applications appear feasible, but challenges remain. Electrostrictive polymers seem to be
more advantageous for applications requiring low or variable frequencies, low cost, and
large areas. Currently, piezoelectric (PZT) materials are the most popular options for
harvesting mechanical energy because of their compact configuration and compatibility
with Micro-Electro-Mechanical Systems (MEMS). However, their inherent limitations
include aging, depolarization, and brittleness. Finding ways to circumvent these limitations
is the next exciting and puzzling challenge to achieve realistic EAP energy harvesters.
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