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AN EXPERIMENTAL INVESTIGATION OF ELECTROACTIVE
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Thickness strains in polyurethane films, induced by eectrostatic field (-12 + +12) MV/m
were measured under ambient conditions. There were found a symmetrical strain profile and
the compression aong thickness for the inversion of the electric power polarity. Induced
strain shows a quadratic dependence vs. electrical field up to about 3 MV/m, suggesting the
electrogtrictive nature of the strain response. Maximum induced strain (4.2 %) and an
electrostrictive coefficient of 1.7 x 10" m?/V? are quite comparable to those reported in
literature on similar commercia polyurethane films. The contraction response time
(~ 47 x 10° ms) was found smaller than that of the relaxation process. An effective
compressive pressure of 0.63 MPa and a density of mechanical energy (0.013 Jcm?®) were
obtained. The Maxwell effect contribution of only 0.12 % was found. The investigated
polyurethane offers good promise in applications such as sensors and actuators.
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1. Introduction

Since early 1990's, the dectroactive polyurethane eastomers have been included in the
family of the artificial muscles because their eectromechanical performances such as thickness
strain, apparent dectrostrictive coefficient, effective pressure, mechanicd energy density are
comparable to that of biologica muscles [1-10]. Moreover, these polymers are lightweight, pliable,
inexpensive and easily molded in any desirable shapes. These characteristics make them attractive
for usein the sensors and actuators technol ogies.

The dectromechanica mechanisms in polyurethane elastomers have not been completdy
explained and the contribution of the pure dectrostriction and Maxwell effect to the global strain
were not corrdated to the chemica and physical structure of the polymer. Therefore, it may be
expected that the strain response and the contributions of the pure éectrostriction and Maxwell
effect to the globa strain to depend on the chemica compasition, processing conditions as well as
therma and mechanical treatments of the polyurethane films. The pure e ectrostriction is the direct
coupling between dectric polarization and mechanical strain response, while the Maxwdl effect is
mainly due to attractive force between the opposite charges on the eectrodes. In order to explain the
dectromechanical phenomenon, new polyurethane eastomers with various chemical and physical
structures must be synthesized and characterized. Performance of a polyurethane actuator, also,
depend on the type of the dectrodes used [1]. Various € ectrodes, including evaporated thin metal
film, compliant eectrodes such as graphite powder, polymeric eastomers filled with very fine
conductive particles (carbon black, silver), eectrolyte polymer solutions and conductive polymer
(polypyrrole) deposited on polymer dectroactive film by in-situ polymerization have been used
[1,4,6-10]. Rigid plate dectrodes were also used [1,11,12]. In this case a frictiond force between
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dectrodes and sample is produced and its value depends on the smoothness level of both metallic
dectrode and sampl e surfaces. This frictional force constrains the lateral expansion and, therefore,
the thickness compression is correspondingly diminished. Moreover, the contact between sample
and rigid dectrodes is imperfect and some air and moisture are trapped. This fact could increase the
measurement error [1].

The am of this work is to determine some € ectromechanica properties of a synthesized
pol yurethane el astomer based on pol yester.

2. Experimental

A polyurethane dastomer based on poly(ethylene glicol adipate), i sofuran-diisocyanate and
1,4-butanediol with molar ratio 1:6:5 was synthesized and used. Polymer films with a thickness of
0.06 mm were prepared by casting dilute polymer solution on glass plate and then drying for 24 h at
60 °C under air aamosphere.

The dectricd fidd induced strain in thickness direction of the film was measured under
ambient conditions using a modified Michelson interferometer and a He-Ne laser as light source
[11]. In order to hold the film in horizontal position, the verticd movable mirror of the standard
Michdson interferometer was replaced by a 14 inclined mirror. The polymer film was placed
between two opposing metallic disks acting as el ectrodes. On the upper thin rigid disk, alightweight
mirror was placed. A very thin layer of hydrocarbon liquid was applied between the metal disk
eectrodes and film. This was done in order to minimize the dectrode constraint by diminishing of
the frictional force on the film asit expands laterally during the dectrical fidd action, which induces
a decrease in thickness. In the same time the liquid layer reduces any measurement error produced
by air trapped between the dectrodes and sample and holds the film flat and perpendicular to the
laser light. Any thickness change of the film under applied dectrical fidd produces a change of
phase between the two recombined lights: one reflected from the fixed vertical mirror and the other
one refl ected from the mirror placed horizontally on the upper dectrode. A photometer converted the
changeable interference fringes into an dectric signal, which is then displayed on a store
osclloscope. Findly, from the dectric signal the thickness deformation of the polymer film was
calculated. Much care was taken to diminate any trace of trapped air between sample and € ectrodes
becausethe air has a high compressibility and therefore may greetly affect the optical path difference
that results in overestimated val ues of the dectric induced strain.

Didectric constant measurements were carried out on films with vacuum evaporated silver
dectrodes by using aBM 507 TESLA impedancemeter under ambient conditions.

The Y oung's modulus was determined from the stress-strain measurements performed in air
a room temperature with a crosshead speed of 2 mm/min. using a tensile testing equipment
presented e sewhere [13]. The dumbbell-type specimen was 10 mm wide at the two ends and 2 mm
wide and 10 mm long for the neck.

3. Results and discussion

Fig. 1 presents the induced thickness strain of polyurethane film as a function of the static
dectrical fidd. The dectrical fiedd was brought to zero after each measurement. It was observed that
the strains were entirdy recovered when the e ectrical field was off over the whol e range considered
here Compression in thickness direction of the film was observed irrespective of the applied
dectrical fidd sign. A symmetrica strain profile was found against the inversion of the eectric
power polarity.
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Fig. 1. Dependence of strain on electric field.

For lower eectrical fidds, up to about 3 MV/m, the induced strain, S, shows a quadratic

dependence, S=ME?, where E is the dectric fidd strength and M is apparent dectrostrictive
coefficient often used [1,3,11,12] to describe the experimental dependence of strain response of the
material on the applied eectrical field. This behavior suggests the dectrostrictive nature of the
induced strain. At higher values the strain tends to reach saturation. For the highest eectrical field
(~ 12 MV/m) remarkable strain of about 4.2 % was found. This value is larger than those reported
by other researchers;, ~ 3 % and 1 % at about 20 MV/m for uneectroded and unprestrained gold-
dectroded commercial polyurethane film [1], respectively, and maximum 1.34 % at ~ 0.4 MV/m for
a series of synthesized polyurethanes films with metal evaporated eectrodes [2]. Higher vaue of
11 % was found only for polyurethane film with compliant € ectrodes [8].
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Fig. 2. Dependence of the strain on the applied electrical field.

The variation of the induced strain with applied eectrical fidd is more clearly observed in
Fig. 2, where the strain is plotted versus the square of the dectrical fidd. From the slope of the
straight line an apparent dectrostrictive coefficient of 1.7x10" m?/V? was ca culated. This valueis
larger than the highest dectrostrictive coefficient reported on the undectroded polyurethane films

[1].

The time dependence of the induced thickness strain during the contraction and rel axation
process is shown in Fig. 3. The time dependence of the compression induced strain presents a steady
state. The response time of about 4700 ms was deduced. The relaxation processis alittle slowly than
the contraction one.



2800 |. Diaconu, A. David, D.-O. Dorohoi

When an dectrical fiddis applied to une ectroded didectric sample, the induced strain is a
superposition of pure quadratic eectrostriction and strain caused only by dectrode attraction
(Coulomb interaction) [1,6]. The contribution of the pure d ectrostriction can be expressed as

Se = _ngz(gr _1)2E2 oy

where S. denotes the induced strain, E is the dectric field strength, &, is the reative didectric
constant, &, isthe vacuum dieectric permitivity and Q is the pure e ectrostrictive coefficient.
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Fig. 3. Timeresponse of contraction (for 1.33 MV/m) and relaxation process.

For the situation considered here (undectroded sample), the induced strain is aso
proportiond to the sguare of the applied e ectrical field and can be expressed as

&€
Sy E @

whereY isthe Young's modulus.
The measured experimenta strain S (total strain) should be

S=8S. +S, =ME? ©)

The contribution of the Maxwell effect to the global induced measured strain was evaluated
from therdation

£0£r
Su - 2y
Sy 4

which was deduced from the reations (1), (2) and (3).

There were obtained the rd ative didectric constant of 7.0 and the Y oung's eastic modul us
of 15.0 MPa for the investigated film. For these values, a Maxwd| contribution of 0.12 % was
deduced. The vaues are much lower than those found for commercia polyurethane dastomers:
10 % for an unprestrained and und ectroded film [1] and maximum 50 % for unprestrained and gold-
dectroded film [6]. This fact could be mainly attributed to the high value of the apparent
dectrostrictive coefficient obtained under the particular mode of preparation of the dectrodes-film
unit.

For low strain (less than 20 %) [14], where the Hooke' s law is supposed to be valid, the
effective compressive pressure p can be approximated by the expression

p=SY (®)
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For the maximum measured strain, a pressure value of 0.63 MPa was deduced. Thisvaueis
about one third of that found for polyurethane films (1.9 MPa) with compliant €ectrodes at 160
MV/m [8]. The estimated pressure in that case at a fidd of 12 MV/m is about 0.011 MPa, much
lower than the value found in the present work.

The mechanical energy density

1o
w==YS 6
> (6)

is another important parameter of the d ectroactive material.

By using the vaues of Young's modulus (15.0 MPa) and the highest thickness strain
(4.2 %), the mechanical energy density is estimated to be 0.013 Jcrm?®. Thisis aremarkabl e value for
a polyurethane film with rigid dectrodes at afidd of only 12 MV/m. Note that the energy density
found for a commercial polyurethane film with compliant dectrodes at very high field of 160 MV/m
is0.1 Jem® [8].

4. Conclusions

The static dectrostrictive properties of a polyurethane eastomer film of 0.06 mm thickness
under ambient conditions were investigated. The highest dectrical fidd induced strain, the apparent
dectrogrictive coeffid ent, the effective compressive pressure and the mechanical energy density are
comparable to the values reported in the literature on similar commercial polyurethanes. These
results could be attributed both to the preparation mode of dectrodes-film ensemble and physical
and chemical structure of the pol yurethane film.

The obtained dectromechanical characteristics recommend this polymer as a potentid
material in applications as actuators, sensors and transducers.
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