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Abstract

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer that has been used in many applications including

microphones, transducers, sensors and actuators. The electromechanical properties of PVDF are commonly defined by

the constitutive equations of piezoelectricity. This paper presents experimental evidence that the assumptions under-

lying the theory of piezoelectricity have certain limitations in terms of representing adequately the electromechanical

properties of PVDF. It is shown that PVDF tends to demonstrate time-dependent behavior in the form of viscoelastic

creep and dielectric relaxation, and measurable energy losses under cyclic loading conditions. Moreover, the response of

PVDF strongly depends on temperature and cyclic frequencies.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, a new generation of so-called

‘‘smart’’ materials has emerged that can detect

changes in the loading or environmental condi-

tions, choose rationally among a set of respective

responses, and carry out these actions in a con-

trolled manner. A broad range of applications
utilizing such functions includes active vibration

damping, acoustic suppression, damage detection,

shape and position control of compliant struc-

tures, and self-inspection of structural integrity.

As an integral part of the ‘‘smart’’ materials

group, piezoelectric polymers exhibit a type of

behavior that is often compared with biological

reactions involving transformations of the sensed
information into the desired response. Due to such

special qualities, piezoelectric polymers have been

increasingly used in a rapidly expanding range

of applications such as electromechanical trans-

ducers, position sensors and vibration control

actuators.



Many synthetic polymers, including polypro-

pylene, polystyrene and poly(methyl methacry-

late); semi-crystalline polyamides and amorphous

polymers such as vinyl acetate have demonstrated

piezoelectric properties. However, piezoelectric

effects in these materials are relatively weak, often
unstable and, therefore, are of limited practical

significance. Strong and stable piezoelectric prop-

erties have been observed only in the synthetic

polymer polyvinylidene fluoride (PVDF or PVF2)

and PVDF copolymers.

Polyvinylidene fluoride is a semi-crystalline

polymer with typical crystallinity of 50%. The

amorphous phase of the polymer has the proper-
ties of a supercooled liquid with the glass transi-

tion temperature of about )50 �C. The molecular
structure of polyvinylidene fluoride consists of the

repeated monomer unit –CF2–CH2–. The atoms

are covalently bonded together, forming long

molecular chains. Since the hydrogen atoms are

positively charged and the fluoride atoms are

negatively charged with respect to the carbon
atoms, PVDF is inherently polar if the molecular

chains are aligned as in the b-phase.
Currently, polyvinylidene fluoride (PVDF) is

the principal commercially available piezoelectric

polymer, which is typically produced in the form

of thin films of thickness ranging from 10 to 760

lm. A thin layer of nickel, copper or aluminum is

deposited on both surfaces of the material in order
to provide electrical conductivity for applying an

electrical field, or to allow measurements of the

charge induced by mechanical deformations.

The response of PVDF and its copolymers is

time-dependent and is characterized by electro-

mechanical energy losses. For example, energy

dissipation in PVDF under cyclic conditions has

been observed through hysteresis loops formed by
the measured dielectric displacement as function of

the applied electric field (Furukawa et al., 1980;

Gookin et al., 1984). Similar behavior has been

observed in PVDF copolymers, vinylidene fluo-

ride–trifluoroethylene (VDF–TrFE) and vinyli-

dene fluoride–tetrafluoroethylene (VDF–TFE)

(Furukawa et al., 1981; Davis et al., 1984). Pie-

zoelectric, dielectric and mechanical relaxation of
piezoelectric polymers has been investigated in a

number of studies (Wang et al., 1993; Koga and
Ohigashi, 1986; Osaki and Kotaka, 1981; Arisawa

et al., 1981). Complex elastic, dielectric and pie-

zoelectric characteristics of poled PVDF films in

the frequency domain have been determined

experimentally by Roh et al. (2002).

The main objective of this paper is to investi-
gate the time-dependent electrical and mechanical

responses of PVDF thin films under various

loading and temperature conditions. This work

has been undertaken in conjunction with a NASA

sponsored research project directed towards the

development of a PVDF actuator for active

vibration control in microgravity environments. In

Sections 2 and 3 of the paper we report the results
of two independent studies describing the proper-

ties of PVDF. In Section 4, we discuss our con-

clusions and offer suggestions for future research.
2. Mechanical creep and relaxation of PVDF

Since the discovery of piezoelectric effects in
PVDF (Kawai, 1969), the properties of the poly-

mer have been studied extensively. However, re-

search efforts in this regard have focused mainly

on the piezoelectric response of the polymer,

whereas the mechanical behavior of PVDF has

attracted limited attention (Vinogradov, 2002). In

this study, the mechanical properties of PVDF

have been characterized through a consistent
experimental program, involving static tests, qua-

si-static creep tests and dynamic oscillatory tests of

28 lm thick commercially produced PVDF thin

films.

Stress–strain experiments have been performed

under displacement-controlled tensile stress con-

ditions at a 1.27 cm/min strain rate. The respective

measurements were recorded by an automatic data
acquisition system. These tests have demonstrated

that the mechanical response of poled PVDF films

depends on the direction of the applied load in

relation to the orientation of the aligned molecular

chains of the polymer. In this regard it is impor-

tant to note that the permanent polarization of

PVDF is usually obtained through a process that

involves stretching and poling of extruded thin
sheets of PVDF. Stretching provides the alignment

of molecular chains in the stretch direction. An



Fig. 1. Creep compliance of PVDF (material direction 1).

Fig. 2. Creep compliance of PVDF (material direction 2).
applied electric field of up to 100 kV/mm at an

elevated (typically 103 �C) temperature causes a

polarization that is maintained after the material is

cooled to room temperature.

Based on stress–strain tests it has been observed

that the response of PVDF thin films in the direc-
tion of the aligned molecular chains (direction 1)

was characterized by a continuous increase of

stress–strain curve that culminated in a sudden

failure of material samples. Such response is typi-

cally observed in brittle materials. In contrast, in

the direction normal to the orientation of the

alignedmolecular chains (direction 2) the respective

stress–strain diagram was characteristic of ductile
material behavior, involving an increase of stresses

up to a certain maximum value with a following

sharp decrease of the load carrying capacity of the

sample (Vinogradov and Holloway, 1999).

Further, quasi-static creep experiments of 28

lm PVDF samples were performed in both mate-

rial directions at 10 different stress levels under

sustained loading conditions at room temperature.
Strain measurements were taken using a linear

variable differential transformer (LVDT) equipped

with an automated data acquisition system. These

creep tests established that at stress levels below

0.57(rY1) and 0.76(rY2) in the directions 1 and 2,

respectively, the creep behavior of PVDF was

stress-independent within the margins of experi-

mental accuracy. Note that rY1 ¼ 45 MPa and
rY2 ¼ 39 MPa are the yield stresses of PVDF in

the directions 1 and 2, respectively. Within these

limits, the creep compliances of PVDF have been

obtained in both material directions, as shown in

Figs. 1 and 2.

The creep behavior of PVDF thin films has

been characterized by the constitutive equations of

linear viscoelasticity in the form (Wineman and
Rajagopal, 2000)

eðtÞ ¼ rð0ÞCnðtÞ þ
Z t

0

Cnðt � sÞ dr
ds

ds; ð1Þ

where the stress r and strain e are functions of time
t, and Cn (n ¼ 1; 2) denote the creep compliances in
the respective material direction of PVDF.

The creep compliances CnðtÞ of PVDF shown in
Figs. 1 and 2 can be represented analytically in the

form of a power law
CnðtÞ ¼ an þ bn tanð Þ; n ¼ 1; 2; ð2Þ

where the coefficients an, bn and an are as follows:

Direction 1 : a1 ¼ 3:206� 10�10;

b1 ¼ 5:018� 10�11;

a1 ¼ 0:107; ð3Þ

Direction 2 : a2 ¼ 3:514� 10�10;

b2 ¼ 0:111� 10�11;

a2 ¼ 0:085: ð4Þ

Substitution of Eq. (2) into Eq. (1) defines the

creep properties of PVDF in the form



Fig. 3. Mechanical relaxation function of PVDF (material

direction 1).

Fig. 4. Mechanical relaxation function of PVDF (material

direction 2).
eðtÞ ¼ anrðtÞ þ bnCn

Z t

0

rðsÞ=ðt
h

� sÞ1�an
i
ds;

n ¼ 1; 2: ð5Þ

The mechanical relaxation of PVDF in both

material directions can be characterized by solving

Eq. (5) in terms of rðtÞ. Note that Eq. (5) is known
as the Abel equation and can be solved using the
Laplace transformation method. The solution is of

form (Kanwal, 1971):

rðtÞ ¼ eðtÞ
an

� 1

an

Z t

0

X1
n¼1

ðbnan=anÞCðanÞðt� sÞan
ðt� sÞCðnanÞ

eðsÞds;

n¼ 1;2; ð6Þ

where CðanÞ and CðnanÞ are gamma functions.

The latter equation describes the stress relaxa-

tion of the material for any given strain history

eðtÞ. In particular, at a constant strain e0, Eq. (6)
assumes the form

rðtÞ
e0

¼ 1

an
1

"
�
Z t

0

X1
n¼1

ðbnan=anÞCðanÞðt � sÞan
ðt � sÞCðnanÞ

ds

#

¼ 1

an
½1� RnðtÞ	; n ¼ 1; 2; ð7Þ

where RnðtÞ (n ¼ 1; 2) represents the relaxation

function of PVDF in both in-plane material

directions.
Based on Eq. (7), a graphical representation of

the relaxation functions RnðtÞ in both in-plane

directions of PVDF was obtained using the creep

parameters specified by Eqs. (3) and (4). The

respective diagrams are shown in Figs. 3 and 4.

In this study, a consistent dynamic testing

program was also developed to determine the

mechanical response of PVDF under cyclic load-
ing conditions. Time-dependent mechanical prop-

erties of PVDF were characterized in terms of the

complex modulus Y 
 ¼ Y 0 þ iY 00 and complex

creep compliance C
 ¼ C0 þ iC00 where Y 0 and Y 00

denote the storage and loss moduli; C0 and C00

denote the storage and loss compliances, respec-

tively. These quantities allow the characterization

of the material�s ability to store energy (Y 0, C0) or
dissipate energy (Y 00, C00). The mechanical damping

properties of a viscoelastic material are typically
defined in terms of the ratio Y 00=Y 0 ¼ tan d (Me-

nard, 1999).
To determine these characteristics of PVDF, a

dynamic experimental program was developed

involving a series of oscillatory tests. In the

experiments, PVDF samples were subjected to

sustained tensile stress at several levels within lin-

ear viscoelastic limits, plus a superimposed sinu-

soidal strain e ¼ ea sinðxtÞ. The response of the

material was measured in terms of the respective
sinusoidal stress r ¼ ra sinðxt þ dÞ, with the phase

shift d representing the loss of mechanical energy,

as defined above.

The dynamic tests were performed in each

material direction of PVDF samples at 20 different

frequencies ranging from x ¼ 1–50 Hz under

ambient temperature conditions. The experimental

frequency range was further expanded on the basis
of the temperature–frequency correspondence

principle (Ferry, 1980) that provides a relation



between the viscoelastic material characteristics at

a reference temperature T0 and the respective

material characteristics at any other temperature T
such that

Y 0ðx; T Þ ¼ Y 0ðxaT ; T0Þ; ð8Þ
where aT denotes the shift factor which depends on
temperature.

For PVDF thin films, the shift factor aT was

determined by repeating the entire set of dynamic

experiments at 13 different temperature levels in
the range from 25.5 to 81 �C for material direction

1, and 10 different temperature levels in the range

from 24.4 to 81.1 �C for material direction 2. On

this basis, the loss and storage moduli Y 0 and Y 00

were determined as functions of temperature and

frequency, as shown in Figs. 5 and 6. Similar
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Fig. 6. Storage modulus of PVDF (material direction 2).
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Fig. 5. Storage modulus of PVDF (material direction 1).
relations have been obtained for the storage and

loss compliances of PVDF (Holloway, 1997).

The experimental results obtained from the

dynamic testing program were used to validate the

linear viscoelastic constitutive model of PVDF as

determined from the quasi-static creep experi-
ments. This goal was accomplished by inverse

Fourier transformation of the storage and loss

moduli and the storage and loss compliances ob-

tained in the frequency domain from the dynamic

experiments. Using the approximate method by

Ninomiya and Ferry (Ferry, 1980), the relaxation

functions RnðtÞ and creep compliances CnðtÞ in two

in-plane material directions of PVDF were ob-
tained from the relations

RnðtÞ ¼ Y 0
nðxÞ � 0:40Y 00

n ð0:40xÞ
þ 0:014Y 00

n ð10xÞ
��
x¼1=t; ð9Þ

CnðtÞ ¼ C0
nðxÞ þ 0:40C00

n ð0:40xÞ
� 0:014C00

n ð10xÞ
��
x¼1=t: ð10Þ

The results have confirmed the accuracy of the

creep and relaxation characteristics of PVDF

determined from the quasi-static creep experi-

ments within the range of linear viscoelasticity.
3. Dielectric relaxation in PVDF

A second goal of this research was to create a

dynamic constitutive model of polarization, ex-

pressed as a time domain differential equation. Our

aim was to develop a model that can predict the

long-time-scale power-law relaxation seen in vir-

tually all dielectric materials. An ultimate use of

the electrical and mechanical models is to develop

a combined actuator model for use in vibration
and position control systems. Moreover, in this

particular study we wished to compare electrical

and mechanical loss terms (as represented by

power-law exponents) over the same time scales.

This required developing a model for dielectric

relaxation that allows extrapolation from short

time scales (where ac dielectric measurements can

be reliably made) to the much longer time scales
that are the domain of the mechanical studies re-

ported in Section 2.



The method chosen to guide this development

was to generalize an existing model, consisting of

ideal circuit elements, to the power-law form of

fractional calculus. This approach was motivated

by Nonnenmacher and Glockle (1991), who sug-

gested applying fractional calculus to the problem
of mechanical relaxation in polymers. In dielectric

relaxation the decay current (i.e. the time rate of

change of the electric displacement) is measured

rather than the electric displacement itself, as in

mechanical systems; otherwise, the approaches are

equivalent. In this case, the relaxation currents

reflect the growth or decay of the charge (or

polarization) in the material, which is the electrical
analog of the mechanical creep. Our fractional

calculus approach can also be cast in a form (Old-

ham and Spanier, 1974) analogous to that of the

Abel integral shown in Eq. (5) for the mechanical

response.

An equivalent circuit model, such as shown in

Fig. 7, may be taken as an initial candidate for

describing a ‘‘lossy’’ dielectric material. Other
models can be used, leading to slightly different

forms of the constitutive equation but producing

very similar predictions of long-time behavior. The

impedance of the circuit in Fig. 7 is:

ZðxÞ ¼ 1

ixC1 þ
1

R1

þ 1

R2 þ 1
ixC2

; ð11Þ

which can be transformed to a permittivity

eðxÞ ¼ e0ðxÞ þ ie00ðxÞ, according to

eðxÞ ¼ 1

ixCCZðxÞ
; ð12Þ
C2

C1

R2

R1

Fig. 7. An ideal element circuit incorporating conductivity.
where CC ¼ e0 � area=depth is the capacitance of

the empty test cell, to obtain the dielectric function

eðxÞ ¼
C1þC2

CC
þ s

R1CC
þ C1

CC
ðixsÞ þ R2

R1
C2

C1
ðixsÞ�1

1þ ixs
;

ð13Þ
where s ¼ R2C2. By replacing the resistive elements

with constant phase elements (CPE) according to

the prescription of Cole and Cole (1941):

R1 ! R1ðixsÞ�c
; R2 ! R2ðixsÞ�a

; ð14Þ
we obtain

eðxÞ ¼ eS þ e1ðixsÞd þ eCðixsÞb þ eCðixsÞm

1þ ðixsÞd
ð15Þ

for the frequency-dependent dielectric permittiv-

ity, where

s ¼ R2C2; eS ¼
C1 þ C2

CC

; e1 ¼ C1

CC

;

eC ¼ s
R1CC

; d ¼ 1� a; b ¼ c� 1; m ¼ c� a:

ð16Þ

The CPE represents a linear element with a
frequency independent phase shift that lies be-

tween that of a resistor and that of a capacitor, i.e.

0 < c < 1 and 0 < a < 1. In more conventional

language, the power law exponents account for the

‘‘distribution of time constants’’ that appear in

dielectric relaxation. Further discussion of the

concept of the constant phase element can be

found in Cole and Cole (1941). The power-law
‘‘distribution of time constants’’ results in a flat-

tening of the loss part of the permittivity curve, e00

versus x, from that which would be expected from

a dielectric obeying the Debye model, thereby

sometimes earning the term ‘‘constant loss ele-

ment,’’ although the loss tangent, e00=e0, is not

strictly constant.

In these studies, we first made impedance mea-
surements over the frequency range 20 Hz to 300

kHz, on samples cut from a 28 lm thick sheet of

piezoelectric PVDF with silver electrode layers. The

results were converted to the real and imaginary

permittivity values shown in Fig. 8. The thermally

activated resonance is an electromechanical re-

sponse that will be ignored in what follows. These



Fig. 8. Real and imaginary parts of the permittivity of a 28 lm
thick sample of PVDF.
data were then fit to Eq. (5) with the results: s ¼ 152

ns, d ¼ 0:65, b ¼ �0:085, m ¼ 0:565, eS ¼ 9:3,
eC ¼ 0:46, e1 ¼ 2:7. The Cole–Cole plot of the

spectroscopic measurements, together with the fit

(and extrapolation to low frequency) is shown in

Fig. 9.

Our model can then used to predict time-

dependent behavior in the very long-time domain.
In general, we can construct a form of the consti-

tutive equation relating polarization to the applied

field, by starting with the electric displacement,

DðtÞ ¼ e0EðtÞ þ e0

Z 1

�1
f ðt0ÞEðt � t0Þdt0;

with f ðtÞ ¼ 0 for t < 0; ð17Þ
Fig. 9. Cole–Cole plot derived from the data of Fig. 8. The data

were fitted to Eq. (15) with the values s ¼ 152 ns, d ¼ 0:65,

b ¼ �0:085, m ¼ 0:565, eS ¼ 9:3, eC ¼ 0:46, e1 ¼ 2:7. The

extrapolation to the very low frequency regime is shown at the

right.
where f ðtÞ represents a memory function associ-

ated with the material properties of the dielectric

and EðtÞ is the applied electric field (Landau and

Lifshitz, 1960). In the frequency domain we have

DðxÞ ¼ ð1þ vðxÞÞe0EðxÞ, so

veðxÞ ¼ eðxÞ � 1 ¼
Z 1

�1
f ðt0Þeixt0 dt0: ð18Þ

That is, veðxÞ is just the Fourier transform of

the memory function.

To translate the dielectric function into a time

domain differential equation, we interpret ix as the
Laplace variable s, and make the operator asso-

ciation s ! d=dt. In this case, ðixsÞq ! sq0D
q
t ,

where 0D
q
t is the fractional order derivative, most

simply described by the Gr€unwald algorithm

aDq
t f ðtÞ ¼ lim

N!1

t�a
N

� 	�q

Cð�qÞ
XN�1

j¼0

Cðj� qÞ
Cðjþ 1Þ

(

� f t
�

� j
t � a
N

h i�)
: ð19Þ

The traditional integer order calculus can be

shown to be a subset of the fractional order cal-

culus, i.e. the fractional calculus is to integer order

calculus as the real number line is to the integers

(Oldham and Spanier, 1974). The definition of Eq.
(19) applies to all orders of exponent q, both po-

sitive (derivative-like) and negative (integral-like).

Note also that the fractional ‘‘differ-integral’’, as it

is sometimes called, is a linear operator; superpo-

sition applies and no new frequency components

are created. It produces power-law behavior for

q 62 N and exponential behavior for q 2 N . The
definition can also be seen as an integral transform
with a power-law kernel. Using this definition, we

perform an inverse Laplace transform of Eq. (15)

to get

1
�

þ sd0Dd
t

�
DðtÞ ¼ eS

�
þ e1s

d
0Dd

t þ eCs
b
0Db

t

þ eCs
m
0Dm

t

�
e0EðtÞ; ð20Þ

where e0 is the permittivity of free space and the ek
are the relative permittivities described above.

One of the most significant predictions of the

power-law form of the constitutive equation is that

the decay currents depend significantly on the hi-

story of the applied field. To test whether this



Fig. 11. Measured discharge currents for a sample of 28 lm
PVDF. Solid and dashed lines are predicted values, symbols are

measured data.
constitutive equation would actually predict the

power-law behavior of long-time scale dielectric

relaxation, the values obtained from curve fitting

of the spectroscopic measurements were entered

into Eq. (20) and the resulting fractional difference

equation was numerically integrated over a simu-
lated experiment of more than an hour�s duration.
The first run consisted of the sample being short

circuited for more than 12 h, and then subjected to

a 100 V charging pulse for 1 h, and then shorted.

The second run repeated the first, but with a

simulated a charging pulse lasting 10 min. The

third run simulated a charging pulse of 100 s. In

each case, the numerical integration time step was
larger than the time scale of the resonance, and so

the resonance was ignored.

The results of the simulation were compared

with actual experiments following the same pro-

tocol using the apparatus of Fig. 10. Since the

samples were piezoelectric, several cm of mechan-

ical insulation were required to keep vibration-in-

duced noise to a minimum. In Fig. 11, we compare
the predicted and measured transient response

after dropping the voltage to zero at the end of the

charging pulse.

Integrating the relaxation current curve over all

time predicts that, to within the resolution of the

model, all of the charge that is accumulated in/

across the sample during the charging cycle is re-

turned in the reverse current. In this sense, PVDF
appears to be a perfect insulator, even though the

currents never go to zero. This long phase delay

leads to hysteresis and energy loss, although

charge does not actually ‘‘flow through’’ the

material as it would in an ideal conductor.

We see that the data obtained from steady state

ac spectroscopic measurements over time scales of
Electrometer

Switch 
1

SampleVoltage 
Source

1

2

3

Switch 

Fig. 10. Schematic of the experimental setup for measuring the

transient response.
50 ms and shorter can predict the transient

behavior for up to an hour or more with consid-

erable accuracy. This makes a strong case that the

response is fundamentally power-law. It is more-
over startling that the numerical simulation can

simply skip over the time scale of the resonance

effect.
4. Discussion and conclusions

A program of static, creep and dynamic oscil-
latory tests performed under various load and

temperature conditions was used to determine the

mechanical response of PVDF. From our results,

it is clear that PVDF can be characterized as an

orthotropic, time-dependent material. There are

significant differences between the material re-

sponses in two in-plane directions (parallel and

perpendicular to the aligned molecular chains of
the polarized polymer). Although the elastic

moduli in both material directions are practically

identical, other mechanical characteristics exhibit

substantial differences between the two material

directions.

Creep and dynamic oscillatory tests of thin films

at room temperature show that the linear visco-

elastic theory accurately represents the time-
dependent response of PVDF, if the applied

stresses remain below certain limits. Specifically, at



Fig. 12. Change in actuator displacement under constant

application of 200 V.
the stress levels below 57% of the yield stress in

material direction 1, and at stresses below 76% of

the yield stress in material direction 2, the creep

response can be treated as stress independent. It

follows that, within these limits, the constitutive

equations of linear viscoelastic theory based on the
Boltzmann superposition principle can be used to

represent the time-dependent response of PVDF.

Beyond these stress limits, a nonlinear viscoelastic

constitutive law is required to describe the creep

properties.

The time-dependent material characteristics of

PVDF in both material directions were charac-

terized analytically. The creep compliances of
PVDF were represented in the form of a power

law. The relaxation functions of the material in

both material directions were obtained in the form

of infinite series involving gamma functions. Both

creep and relaxation characteristics indicate that

the time-dependent effects in the material behavior

of PVDF are more significant in the direction

parallel to the aligned molecular chains of the
polymer.

The dynamic mechanical properties of PVDF

thin films were characterized by the storage and

loss elastic moduli, and storage and loss compli-

ances, and these have been determined experi-

mentally as functions of temperature and

frequency. Dynamic tests of PVDF thin films

indicate that, at temperatures ranging from 25 to
81 �C, the polymer properties satisfy the temper-

ature–frequency correspondence principle. Within

these limits PVDF can be treated as a thermo-

rheologically simple viscoelastic material.

We have so far studied the frequency and time

dependent behavior of the mechanical and elec-

trical losses independently. The conditions for

these tests were not strictly equivalent: the
mechanical measurements were made under

mechanically clamped and electrically open

boundary conditions, while the electrical mea-

surements were done under mechanically free,

electrically closed conditions. Nonetheless, both

sets of measurements displayed the same type of

power-law creep in displacement or polarization.

The long-time scale exponents were consistent;
0.107 and 0.085 in the mechanical case and 0.085

in the electrical case. We point out that the minus
sign on the value of the electrical exponent b, as
compared to that of the mechanical exponents an,
is due to a difference in definitions. In both cases

the power-law behavior introduces a frequency-

independent phase shift resulting in energy loss

over all relevant time scales.
In this regard, a logical next step might be to

build a model for mechanical creep in fractional

calculus form. From there one might begin to see

how the long-time behavior of the mechanical re-

sponse corresponds to that of the electrical re-

sponse in the piezoelectric regime. A clue that the

two are intimately related can be seen in Fig. 12. In

this experiment, a bellows actuator was con-
structed from the 28 mm PVDF sheets (Bohannan

et al., 2000; Mooibroek, 1998). A continuous 200

V was applied and the displacement without

mechanical load was measured over time. The

actuator exhibited a displacement creep analogous

to that under mechanical loading. It is not yet clear

whether the exponents characterizing the long-

time behaviors are the same in these two cases.
It is conceivable that some mechanical and

dielectric relaxation responses of piezoelectric

solids are interrelated. In the literature, a point of

view has been expressed that both mechanical and

dielectric relaxation result from the same molecu-

lar mechanisms (Lakes, 1998). Coupling between

mechanical and piezoelectric relaxation in two-

phase piezoelectric media has been discussed by Li
and Dunn (2001).



Further to the studies reported in this paper, we

hope to conduct a series of electromechanical

measurements that are consistent with the bound-

ary conditions that prevail in most applications––

that is, mechanically clamped and electrically

closed. Of particular interest is the extent to which
the electrical relaxation response is related to the

n ¼ 1, 2 directions of the mechanical response.

Perhaps two long-time-scale mechanisms must be

included in the electrical equivalent circuit model

to account for coupling to the two different

mechanical responses. Such tests would help with

the construction of dynamical models that can

incorporate creep, hysteresis, and other phenom-
ena associated with the control of piezoelectric

materials in applications.
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