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ABSTRACT: Electroactive polymer actuators have the
simple ability to be actuated by a voltage. In this study, we
added a new function: the ability to be actuated by temper-
ature. We used a bending-electrostrictive actuator made of a
polyurethane film. The polyurethane was designed to be
rigid at room temperature but to be flexible at temperatures
greater than 40°C because of the melting of the soft segment
in the polyurethane. Therefore, the actuator showed slight

bending in response to a voltage at room temperature. How-
ever, it showed significant bending at 61°C. The degree of
bending at 61°C was 29 times greater than that at 13°C.
Thus, the actuation ability was switched on at 61°C but
switched off at 13°C. © 2005 Wiley Periodicals, Inc. ] Appl Polym
Sci 95: 1566-1570, 2005
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INTRODUCTION

Since the early 1990s, there have been many studies of
electroactive polymer actuators.! Examples of the ma-
terials used for these actuators include conducting
polymers,>” ionic polymer-metal composites,® '’
electrostrictive polymers,'''* and carbon nanotubes.'”
We have also developed actuators made of polyure-
thane.'®™® All these materials have the ability to be
actuated by a voltage.

In this study, we intended to add a new function:
the ability to be actuated by temperature. That is, the
actuator can respond to a voltage at a certain temper-
ature, but it cannot respond at another temperature.
This new function would make it possible to control
actuators in a more complicated fashion than previ-
ously possible.

We used a polyurethane actuator'®™'® to which we
intended to add the switching function. This actuator,
made of a polyurethane film, can be bent by an ap-
plied voltage, as we earlier reported.'®'” This bending
phenomenon is called bending electrostriction. The
mechanism is related to the space charge in the film."®
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In the following section, we first explain the basic
structure of polyurethane as an elastic body. After
that, we describe our strategy for realizing the switch-
ing function mentioned previously. A typical polyure-
thane is composed of hard and soft segments, as
shown in Figure 1."” The hard segment contains ure-
thane groups, which are bonded together by hydrogen
bonds. The soft segment has a polyester or polyether
structure. It forms the amorphous region in the poly-
urethane. One of the raw materials of polyurethane is
polyester or polyether diol, of which the soft segment
is composed. These diols are normally liquids or low-
melting-point solids. However, when the melting
point of the diol is high, the polyurethane tends to
harden at a low temperature. This hardening is due to
the crystallization of the soft segment and is recog-
nized as a problem in the practical use of polyurethane
as an elastic body.

However, we thought of making good use of this
hardening for the switching of the actuation ability. If
the hardening occurs at room temperature, the poly-
urethane actuator will not respond to a voltage be-
cause it is too hard. However, it may be soft enough to
respond at a higher temperature. This is the switching
mechanism that we intended. Therefore, our strategy
was as follows. The polyurethane was designed so
that its soft segment had a melting point higher than
room temperature.

EXPERIMENTAL
Preparation of the polyurethane film

The raw materials of the polyurethane are shown on
Table I. The polycaprolactone polyester diol was sup-
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Figure1 Hard and soft segments in a typical polyurethane.

posed to be the soft segment in the prepared polyure-
thane. We selected this diol because it had a melting
point (48-58°C) higher than room temperature.

The polyurethane film was prepared with a two-
step method (the prepolymer route)."” Before the first
step, the polycaprolactone polyester diol (40.00 g) was
dried in a glass reactor at 120°C in vacuo for 2 h. As the
first step, 1,6-diisocyanatohexane (3.36 g) was charged
into the reactor. The reaction mixture was stirred at
90°C for 1 h. As the second step, 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol (0.81 g) was added to the
mixture, which was then agitated for 1 min. After the
mixture was degassed in vacuo, it was cast into a
stainless steel mold previously treated with a release
agent. The polyurethane film was obtained by the
mold being kept at 110°C for 18 h. The thickness of the
film was about 0.18 mm.

The polyurethane film was doped with sodium ac-
etate. This dopant was effective for improving actua-
tion, as we earlier reported.'” The doping was carried
out as follows. The film was immersed in an acetone/
methanol (80/20 w/w) solution of sodium acetate (1.0
X 107 mol/kg) at room temperature for 12 h. After
the film was dried in vacuo, it was coated with gold on
either surface by ion sputtering with an Eiko Engi-
neering (Hitachinaka, Japan) IB-3 ion coater. This gold
coating was used as the electrode in the following
experiments.

Measurements of the bending deformation caused
by an applied voltage

The polyurethane film was cut into a 5 mm X 30 mm

rectangle. This rectangle was used for measuring the

TABLE I
Raw Materials

Polycaprolactone polyester diol (Daicel Chemical Industries,
Osaka, Japan; Placcel 240, number-average molecular
weight = 4000)

1,6-Diisocyanatohexane (Wako Pure Chemical Industries,
Osaka, Japan)

2-Ethyl-2-(hydroxymethyl)-1,3-propanediol (Wako Pure
Chemical Industries)
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Figure 2 Experimental setup for measuring the bending
deformation of the polyurethane film.

bending deformation caused by an applied voltage.
The measurements were carried out with the experi-
mental setup shown in Figure 2. The film was verti-
cally suspended in a handmade box equipped with a
heater that controlled the air temperature. Before the
measurements, a direct-current electric field (4
MYV /m) was applied to the film at 60°C for 30 min to
improve the reproducibility of the measurements. The
bending deformation of the film was measured with a
Keyence LB-62 (Osaka, Japan) laser displacement
meter. It measured the displacement of the film tip
during the application of a voltage. The voltage source
was an Advantest R8340A (Tokyo, Japan).

Differential scanning calorimetry (DSC)

The DSC curves were recorded in the ambient air with
a Shimadzu DSC-60 (Kyoto, Japan) calorimeter. The
temperature range was about 20-100°C at a heating
rate of 10°C/min. Each sample weighed about 1.8 mg.

Dynamic mechanical analysis

The dynamic mechanical data were collected with a
MAC Science TMA-4000 (Tsukuba, Japan) apparatus.
The temperature range was about 20-100°C at a heat-
ing rate of 2°C/min.

RESULTS AND DISCUSSION
Thermal analyses of the polyurethane film

A DSC curve of the polyurethane is shown in Figure
3(a). It showed an endothermic peak at 51°C. Figure
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Figure 3 DSC curves for (a) polyurethane and (b) polyca-
prolactone polyester diol.

3(b) is a DSC curve of the polycaprolactone polyester
diol, which was a raw material of the polyurethane.
This curve also showed an endotherm in a similar
temperature range. We attributed this endotherm to
the melting of the diol on the basis of the product
information from Daicel Chemical Industries (Osaka,
Japan). Because the soft segment of the polyurethane
was composed of the diol, the endothermic peak in
Figure 3(a) was assigned the melting of the soft seg-
ment.

Dynamic mechanical analyses were also carried out.
The storage modulus of the polyurethane film sharply
decreased around 36°C [Fig. 4(a)]. This transition tem-
perature was determined on the basis of the maximum
of the loss tangent curve [Fig. 4(b)]. The DSC curve
[Fig. 3(a)] also showed an endothermic peak, which
was attributed to the melting of the soft segment, as
mentioned previously. Because this endotherm started
around 32°C, we assigned the transition in the mod-
ulus to the melting of the soft segment.

Actuation of the polyurethane film at various
temperatures

We applied a voltage (704 V) to the polyurethane film
(0.176 mm thick) at temperatures ranging from 13.0 to
60.8°C. The film was bent by the voltage. The bending
responses [Fig. 5(a—f)] are shown as the displacement
of the film tip. The film slightly responded to the
voltage at 13.0°C [Fig. 5(a)], but it significantly re-
sponded at 60.8°C [Fig. 5(f)]. The values of the dis-
placement were 0.02 and 0.58 mm, respectively. Thus,
the response significantly depended on the tempera-
ture, although the displacement was moderate in com-
parison with that of other bending-electrostrictive
polyurethanes.” Figure 6 presents a plot of the dis-
placement as a function of temperature and clearly
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shows a transition in the response around 40°C. Thus,
the ability to respond to the voltage was switched on
at temperatures greater than 40°C but was switched
off below 40°C.

The mechanism of this switching could be explained
as follows. The DSC measurement revealed that the
soft segment of the polyurethane started to melt
around 32°C [Fig. 3(a)]. The modulus was significantly
reduced because of this melting [Fig. 4(a)]. That is, the
rigid polyurethane film became flexible. Therefore, it
was easily bent in response to the voltage.

CONCLUSIONS

Polyurethane can be designed so that its soft segment
melts at temperatures greater than room temperature.
An actuator made of such a polyurethane film is rigid
at room temperature but is flexible at higher temper-
atures. As a result, the actuator does not have the
ability to be actuated by a voltage at room tempera-
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Figure 4 Dynamic mechanical analyses of the polyure-
thane film: (a) storage modulus and (b) loss tangent.
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Figure 5 Bending responses of the polyurethane film at various temperatures. The applied voltage was 704 V. The thickness
of the film was 176 um. Each measurement was carried out after a preliminary application of the voltage (704 V) for 20 min

at each temperature.
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Figure 6 Bending response as a function of temperature.

ture. However, it does have this ability at higher tem-
peratures. Thus, the actuation ability can be switched
on or off by temperature. Such a switching function
may be realized in another type of polymer actuator
with a strategy similar to that mentioned previously.
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