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High-strength gel actuator driven by a
photothermal effect
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An actuator is a transducer that can convert
external energy into mechanical motion. The
most familiar example of an actuator is a
muscle, which can convert chemical energy
into mechanical motion. The materials of
useful actuators should possess softness and
strength in response to external stimuli.
Among the various materials used for devel-
oping soft actuators, polymers are promising
materials owing to their high processability
and softness. Therefore, the potential of
various types of polymer materials, such as
polymer gels1 and conducting polymers,2

have been investigated.
Liquid-crystalline elastomers (LCEs) have

been determined to be suitable for making
soft actuators because of their molecular
order and elasticity.3,4 An LCE can convert
external energy into mechanical motion via a
cooperative change in molecular alignment.
In previous studies of LCE actuators, an
azobenzene LCE, which incorporates an
azobenzene moiety into an LCE as a
crosslinker, has attracted attention as
a photoresponsive actuator.5–8 Although
it is important to use materials with
high mechanical flexibility and durability to
fabricate practical photoresponsive actuators,
no effective material architecture that
addresses these aspects has yet been
reported. It is expected that developing
high-strength photomechanical materials
will have a broad range of applications.
Moreover, considering radiation sources,
most of the photomechanical LCEs have
been manipulated by irradiation with
ultraviolet or visible light. In contrast to
short-wavelength radiation, infrared (IR)
irradiation as the stimulus light is useful for
developing practical actuators because IR
light is a lower-energy light source for
biological molecules.9–11 Herein, we report
a photomechanical material composed of a
double-network hydrogel (DNG)12,13 that

exhibits high mechanical strength, and we
focus on the photothermal effect, a change in
molecular alignment in the gel induced by IR
irradiation.

The sample gels were synthesized by multi-
step radical polymerization. In the first gel
preparation, we poured the cationic monomer
N-[3-(N,N-dimethylamino)propyl]acrylamide
methyl chloride quaternary (DMAPAA-Q;
2.0 M), the crosslinking agent N,N0-methylene-
bis(acrylamide) (MBAA; 10 mM) and the

radical initiator 2,20-azobis(2-methylpropiona-
midine)dihydrochloride (10 mM) into a glass
mold measuring 25� 25� 1.5 mm3. The glass
cells containing the mixture were heated to
60 1C for 24 h and then immersed in acryla-
mide (2.0 M), MBAA and KPS (1.0 mM) aqu-
eous solution at 5 1C for 1 week. After
swelling, the gel was heated to 60 1C for 24 h,
and the gel was then peeled from the mold.
The gel was glued to two glass clamps for
mechanical tests, and its size was 30� 20� 0.5

Figure 1 (a) Photograph demonstrating the tensile capability of the double-network hydrogel (DNG),

which can elongate to more than 11 times its original length. (b) Samples of the DNG were subjected

to a cycle of loading and unloading of varying maximum stretch. (c) Successive loading and unloading

cycles, stretching a DNG sample three times. A full color version of this figure is available at Polymer

Journal online.
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mm3. First, we investigated the effect of the
crosslinker concentration, MBAA, on the
mechanical properties because this element
affects the strength and elasticity of the gel
(Supplementary Figure S1).14 The critical
stretch length of the gel increases with
decreasing crosslinker concentration in the
second gel preparation (Supplementary
Figure S2). However, the gel containing low
crosslinker concentration (o0.2 mM) showed
little elasticity even while exhibiting high
stretchability of beyond 20 times the original
length. Based on the results, a crosslinker
concentration of 0.2 mM was chosen for the
second gel preparation. In the preparation
condition, the gel showed elastic elongation
to 411 times its original length without
rupture (Figure 1a). Systematic loading and
unloading experiments at uniaxial tension
showed a significant hysteresis during the first
loading cycles, and the hysteresis increased
strongly with the applied maximum deforma-
tion (Figure 1b). However, this hysteresis was
not observed after the second loading cycle
(Figure 1c). Similar hysteresis has also been
reported to occur in tough DNGs.9 This
phenomenon is explained by the effect of the
first ionic network on the mechanical property.
That is, the first fragile network formed by an
ionic interaction is broken into small clusters
by elongation, and the clusters act as
crosslinkers of long polyacrylamide chains.
The crosslinkers of the first network clusters
slide on the stretching chains of the second
networks, resulting in high stretchablility.15

In this case, the sliding network clusters
are also formed by ionic polyDMAPAA-Q
(Supplementary Figure S2), and they give rise
to high stretchability in the gel.

A photomechanical LCE should possess
molecular anisotropy for effective mechanical
actuation along the preferential direction of
deformation.16 Generally, LCE properties are
used to add molecular order to a material. In
this study, we give molecular order to the
DNG by stretching along a specified
direction. Figure 2 shows a polarizing image
of the stretched sample. As viewed through
crossed polarizers, the transmittance of the
backlight through the DNG was the brightest
when the angle between the analyzer and the
stretching direction was at 45 and 1351. This
result indicates that the polymer networks
were aligned along the stretching direction.
Next, to investigate the IR response of the
DNG system, we used an IR light with an
intensity of 130 mW cm�2 at 1000 nm. In
this study, we used low-intensity IR light to
limit water evaporation. The DNG samples
were fixed at both ends using mechanical
clips, and the IR light source was focused on

the central region of the sample. Figure 3a
shows the photomechanical behavior of
DNG upon irradiation with IR light. When
IR light was used, the nominal stress
increased, indicating photoinduced contrac-
tion of the gel. The photoinduced mechanical
change reverted after the irradiation stopped.
Furthermore, this actuation behavior

occurred repeatedly. The results indicate that
the high-strength photomechanical material
made using DNG without additives, such as
CNTs to enhance absorption, can mechani-
cally respond to IR irradiation. Next, we
investigated the photothermal effect on the
actuation by monitoring the temperature
profile of the irradiated area (Figure 3b).

Figure 2 Photograph demonstrating the molecular alignment in the stretched double-network hydrogel

(DNG) in the polarizing optical state. The white arrow shows the stretching direction. P and A

represent the polarizer and analyzer, respectively. A full color version of this figure is available at

Polymer Journal online.

Figure 3 Change in strain of the double-network hydrogel (DNG) sample under infrared (IR) irradiation.

(a) Stress responses to IR stimulus of the DNG with elongation to five times the original length.

(b) The relationship between change in stress and temperature upon irradiation with IR light.

Highlighted regions indicate periods of IR irradiation. A full color version of this figure is available at

Polymer Journal online.

Rapid Communication

828

Polymer Journal



Upon IR irradiation, the temperatures of the
irradiated area increased to approximately
60 1C due to absorption of IR light by the
water component in the DNG. The change in
nominal stress was induced by IR irradiation
and yields good agreement with the increase
in temperature. The change in nominal stress
increased gradually after irradiation for 180 s,
even when a maximum temperature of 60 1C
was maintained. If the actuation behavior
arose solely from the volume change caused
by water vaporization, the change in nominal

stress would continue to increase. Therefore,
the decrease in the nominal stress indicates
minimal response of the actuation by volume
change with vaporization of the water com-
ponent. To clarify the mechanism of the
photoinduced actuation, we then investigated
the effect of molecular order on the photo-
mechanical motion. Figure 4 shows the
photoinduced mechanical effect at various
degrees of stretching (l¼ 2, 3, 4, 5) under IR
irradiation. All of the stretched DNGs con-
tracted upon IR irradiation and exhibited

relaxation after irradiation stopped. Appar-
ently, samples that stretched more experi-
enced an increased change in the nominal
stress (Figure 5), indicating the importance
of molecular alignments in the DNG for the
actuation behavior. That is, the actuation
behavior is induced by a change in the
molecular alignment as a result of the photo-
thermal effect of IR absorption.

In this study, we showed actuation beha-
vior in high-strength DNGs induced by the
photothermal effect. In the photomechanical
DNG system, the water component acts as an
absorber of IR light and converts light energy
into heat energy to facilitate mechanical
actuation. The heat energy induces a coop-
erative change in the aligned molecular
structure with stretching. The gel is not only
a high-strength material but is also prepared
using commercial reagents with simple reac-
tion steps, consists largely of water (approxi-
mately 90 wt%) and responds to IR light.
Therefore, we believe that this material sys-
tem has the potential to provide practical
photomechanical actuators for a broad range
of applications.
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