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Human skeletal muscles are composed of many bundles of fibers
and their crucial function to convert chemical energy into
mechanical work is achieved by generating smooth motion and
inducing high stress by external stimuli. Recently, there has been
a considerable effort to develop artificial muscles or actuators that
can mimic muscle performance, and various materials that
resemble human muscles have been reported such as shape-
memory alloys,[1,2] polymer gels,[3–5] conducting polymers,[6–8]

carbon nanotubes,[9–12] and dielectric elastomers.[13] To achieve
smooth motion as in human muscles, it is most desirable to use
soft materials with high mechanical flexibility. Crosslinked
liquid-crystalline polymers (CLCPs) are unique materials with
properties of both of liquid crystals (LCs) and elastomers and
especially promising for applications in actuators due to the
self-organization nature of LC systems.[14–16] CLCPs responding
to external stimuli in the form of fibers were also reported for
artificial muscles.[17–19] By incorporating photochromic mole-
cules such as azobenzenemoieties into CLCPs, largemotions can
be induced by photochemical reactions of these azobenzene
chromophores.[20–27] Soft actuators driven by light could play an
important role for novel applications in a wide range of industrial
and medical fields, because light is a clean energy source and can
be controlled rapidly and remotely.

In our previous work, we have developed photomobile
materials with CLCPs containing azobenzene moieties.[28–33] A
bending of the CLCP films composed only of azobenzene
mesogens has been observed by irradiation with UV light. The
CLCP films can generate surface deformation caused by a change
in alignment of LCs upon exposure to UV light, which contributes
to the bending. We have also demonstrated new three-
dimensional movements of the CLCP and their composite
materials driven only by light: a light-driven plastic motor, an
inchworm walk, and a flexible robotic armmotion.[34,35] They can
convert light energy directly into mechanical work without the aid
of batteries, electric wires, or gears. With CLCP fibers containing
azobenzene moieties, one may expect the change in alignment
of LC mesogens upon exposure to UV light. In this
Communication, we report a precise directional control of
photomobility in the CLCP fibers. We were able to induce
three-dimensional movement of the CLCP fibers only by
light.

The structures of LCmonomers (A6AB6 andA6AB6OH) and a
crosslinker, 4,40-methylenebis(phenyl isocyanate) (MDI) used in
this study are shown in Figure 1a. A6AB6 was synthesized
according to a procedure similar to that in the literature.[36] The
CLCP fibers were prepared by two-step reactions, as previously
reported.[15] Firstly, the LC monomers were polymerized by
radical polymerization. Then the obtained copolymers were
mixed with MDI, and the mixtures were formed into fibers by
dipping a tip of a toothpick into the mixture and pulling the
mixtures with the toothpick as quickly as possible. Thermal and
optical properties of the CLCP fibers were investigated by
differential scanning calorimetry (DSC), IR absorption spectro-
scopy, and polarizing optical microscopy (POM). By DSC
measurements, it was found that the CLCP fibers exhibited a
glass-transition temperature (Tg) of around 60 8C. In IR spectra of
the CLCP fibers, the absorption band corresponding to the N�H
stretch of the urethane bond was observed at around 3500 cm�1.
Figure 1. a) Chemical structures of the LC monomers (A6AB6 and
A6AB6OH) and the crosslinker (MDI) used in this study. b) Polarizing
optical microscopy images of the texture of the CLCP fiber. Sample angle to
the analyzer: u¼ 08 (1); u¼ 458 (2). The textures were observed at room
temperature. I, isotropic; N, nematic; SmA, smectic A; K, crystal.
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Figure 2. a) Schematic illustration of the experimental setup. b) Photo-
graphs of photoinduced bending and unbending in the CLCP fiber upon
irradiation with UV light (100mW cm�2) and visible light (120mW cm�2).
c) Schematic illustration of the states of the fiber after irradiation with UV
and visible (Vis) light. The size of the fiber is 20mm� 20mm.

Figure 3. a) Schematic illustration of the experimental setup. b) Change in
stress of the CLCP fibers when exposed to UV light at 366 nm with different
intensities at 90 8C. An external stress of 930 kPa was loaded initially on
the fibers to keep their length unchanged. Average size of the fiber:
6mm� 80mm.

1362
POM observations also revealed that the CLCP fiber, which was
placed between crossed polarizers, showed a contrast inversion
every 458 upon rotating the sample with respect to the analyzer, as
shown in Figure 1b. This result indicates that the CLCP fibers
show a high order of mesogens along the fiber axis. We
investigated the photoresponsive behavior of the CLCP fibers.
Part of the CLCP fiber was pasted onto an aluminum block and
heated to 90 8C by a hot stage, as shown in Figure 2a. When the
CLCP fiber was exposed to UV light at 366 nm, the CLCP fiber
bent toward the actinic light source along the fiber axis (Fig. 2b).
The bent fibers reverted to the initial flat state upon irradiation
with visible light at >540 nm. The photoinduced bending of the
CLCP fibers was reversible simply by changing the wavelength of
the actinic light, similar to that of the CLCP films.[20,28] As
mentioned previously, the CLCP fibers have a high degree of
alignment of the mesogens along the fiber axis; therefore,
irradiation with UV light leads to a reduction of the alignment
order of the azobenzene mesogens along the fiber axis. Moreover,
the extinction coefficient of the azobenzene moieties at around
360 nm is large (about 2.0� 104 L mol�1cm�1) and almost all the
incident photons are absorbed at the surface region. This means
that the CLCP fibers with a high concentration of azobenzene
moieties can generate an alignment change only in the surface
region of the fibers upon exposure to UV light. As a result, an
uneven distribution of the molecular alignment is produced and
the bending motion can be induced in the fiber.

Changing the orientational order in the CLCPs leads to
internal stresses and changes of the sample shape.[23,25] We
measured the stress generated in the CLCP fibers upon exposure
to UV light by thermomechanical analysis (TMA). It was difficult
to measure the generated stress in a single fiber due to the
measurement limit of TMA. We bundled three pieces of the fiber
together side by side and fixed the top and bottom of the CLCP
fibers using epoxy glue. As shown in Figure 3a, the bundled
CLCP fibers were fixed by clamping both ends of the fibers and
� 2010 WILEY-VCH Verlag Gmb
heating to 90 8C, which is higher than the Tg value of the CLCP
fiber. Initial stress was loaded onto the bundled fibers to keep
their length constant. The stretching direction was parallel to the
fiber axis. Upon irradiation with UV light, the generated stress
increased and reached 120 and 210 kPa when the light intensity
was 45 and 110mWcm�2, respectively. It was found that a higher
intensity of UV light could generate larger stress, as shown in
Figure 3b. Additionally, the bending time of the fibers decreased
significantly with an increase in light intensity because actinic
light with a higher intensity produces a higher concentration of
cis-azobenzene moieties and, thus, a larger surface contraction.

A three-dimensional control of a bending direction in the
CLCP fibers was carried out with the experimental setup shown
in Figure 4a. Since the shape of the CLCP fiber was approximately
cylindrical, the CLCP fiber could be irradiated with light under
the same conditions from every side. The freestanding CLCP
fiber was placed on an aluminum block, heated with a
thermocouple to 100 8C, and irradiated with UV and visible
light. Figure 4b(1) shows the CLCP fiber before photoirradiation.
Upon irradiation at 366 nm (100mW cm�2) for 3 s from the side
A, the CLCP fiber bent toward an actinic light source (Fig. 4b(2)).
Then, the bent fiber reverted to its initial state upon irradiation
with visible light for 9 s (Fig. 4b(3)). The direction of the bending
upon photoirradiation could be controlled by changing the
irradiation direction of the actinic light. As shown in
Figure 4b(4–9), upon continuous irradiation with UV and visible
light from the sides B, C, and D, the CLCP fiber bent toward the
actinic light source and reverted to its initial state, respectively (for
a video demonstration, see the Supporting Information). The
three-dimensional control of the bending of the fibers was
achieved by manipulating the irradiation conditions.

In conclusion, we prepared CLCP fibers containing an
azobenzene moiety, and irradiation with 366-nm light caused
the fibers to bend along the alignment direction of mesogens
toward the actinic light source. The bent fibers recovered
their initial state after exposure to visible light. The direction of
the bending could be controlled by changing an irradiation spot of
the fibers. The generated stress upon contraction of the natural
surface length reached 210 kPa, a value that is similar to the stress
in human muscles (around 300 kPa). The directional control in
photomobility of the CLCP fibers may lead to potential
applications in artificial muscles and light-driven actuators.
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 1361–1363
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Figure 4. a) Schematic illustration of the experimental setup. b) Photo-
graphs of the CLCP fiber that exhibits photoinduced bending and unbend-
ing behavior upon irradiation with UV light (100mW cm�2) and visible light
(120mW cm�2). The inset of each photograph is a schematic illustration of
the state of the fiber. The size of the fiber is 30mm� 20mm.
Detailed synthetic procedures for the materials in this
Communication can be found in the Supporting Information.
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