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ABSTRACT: Actuation of various shape changes, including
bending, helical twisting, and reversible hinging, has been
achieved from a single-layer sheet of poly(1,4-di(4-(3-
acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene) [poly-
(RM257)]. This actuator was developed through photo-
polymerization of a reactive liquid-crystal (LC) monomer
(RM257) mixed with 4-pentyl-4'-cyanobiphenyl (SCB, nem-
atic LC at room temperature) in a planar polyimide-coated LC
cell. The UV beam perpendicular to one side of the LC cell
produced an asymmetric phase separation between the
poly(RM257) network and SCB that resulted in an
asymmetric porous structure along the thickness direction
when the SCB was extracted, in which the UV-exposed surface
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was pore-free and compact while the opposite surface was highly porous. As a result of this structure, the dry and curled
poly(RM257) film exhibits actuation behavior when placed in acetone because of a difference in swelling between the two
morphologically different sides, the film UV-exposed and nonexposed sides. The actuation of a three-dimensional tetrahedron
(pyramidal) structure is also demonstrated for the first time by using a simple photopatterning technique to selectively control its

asymmetric morphology at specific locations.
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B INTRODUCTION

Research into smart polymers has boomed over the past two
decades, leading to the development of not only new active
materials but also new actuator systems. Soft and compliant
materials have been a particular focus of much of this work,
because of the growing interest in developing new solutions for
artificial muscles or three-dimensional (3D) objects."”
Typically, bilayer or multilayer polymer films have been used
as actuators, in which bending is achieved by an active stimuli-
responsive film imposing stress on the inactive film through a
change in volume.

The folding, bending, and twisting of a programmed two-
dimensional (2D) stimulus-responsive bilayer sheet can be used
to create 3D structures. For instance, Gracias et al. have shown
that preassembled nanoscale panels can be transformed into a
polyhedral shape by folding.> However, the tedious steps and
metal hinges involved in this create a number of difficulties in
terms of practical application. In contrast, polymer-based self-
folding 2D sheets are particularly promising for use in
biotechnological applications, such as cell encapsulation“’5 and
the design of biomaterials. In these and other applications,
precise control over the folding and ultimate shape of 3D
objects is needed. Previous studies demonstrated pH-
responsive,”® thermally responsive,” "' solvent-respon-
and electrically sensitive active layers,15 and
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patterning of an active layer on passive layers for more
complex shape changes."”"> Solvent swelling is typically used
because it can provide large, reversible volume changes.lé’17
Unlike the stimulus-responsive polymers commonly used in
bilayer actuators, monodomain liquid-crystal elastomers
(LCEs) used as a single-layer actuator have been demonstrated
to exhibit uniaxial elongation, contraction, and bending motion
in response to variations in temperature.lg_22 Furthermore,
actuators formed from single-layer LCEs offer the advantage of
being impervious to delamination. Typically, LCEs are
triggered by physical stimuli such as temperature'®?' and
light**** and rarely by chemical stimuli such as humidity.>>*®
Electric (or magnetic) stimuli have also been utilized by
compositing LCEs with inorganic nanomaterials such as
nanoparticles, nanowires, and carbon nanotubes."®"*° The use
of nanoparticles and nanowires has been proven to give
additional properties because of the induced alignment of the
nanomaterials,”” while carbon nanotubes are capable of
triggering actuation by infrared radiation.”*”>' In a bid to
achieve a more complex shape change in LC-based actuators
than uniaxial contraction or expansion, a bilayer structure
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Figure 1. SEM micrographs of (a) UV-exposed and (b) nonexposed sides of poly(RM257) films prepared by photopolymerization of a RM257/5SCB
(¢ = 30 wt %) mixture at UV intensities of (i) 11.6, (i) 4.8, (iii) 2.1, and (iv) 1.2 mW/cm? All scale bars are 5 ym.

consisting of an active LCE layer deposited on the conductive
polymer of a passive non-LCE layer was fabricated.'®> However,
ensuring control over the complex shape of 3D structures and
the sensitivity to certain stimuli with such a design requires
methods that are both complex and time-consuming.

Although numerous elegant actuator systems have been
demonstrated by various academic laboratories, an actuator
system based on a monocomponent and single-layer LC
actuator has not yet been reported to be transformed into 3D
structures. In a previous report,®> a single-layer poly(1,4-di(4-
(3-acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene) [poly-
(RM257)] actuator controlled by an asymmetric porous
structure along its thickness direction was prepared. In studying
the effect of film thickness and the composition of the RM257/
SCB mixture on its curvature, we found that a curling and
uncurling motion could be created by exposure to alternating
water and acetone solvents. In this work, we studied the
programming of this actuator film to be transformed into the
complex shape including a 3D pyramid structure through
directional UV curing and photopatterning of an RM257/4-
pentyl-4'-cyanobiphenyl (5CB) mixture in a polyimide (PI)-
coated planar LC cell, where RM257 and SCB are a UV-curable
LC diacrylate monomer and orientation-inducible porogen,
respectively.

B EXPERIMENTAL SECTION

Materials. RM257 (Synthon), SCB (TCI), acetone (Duksan),
ethanol (Duksan), 1-hydroxycyclohexyl phenyl ketone (Sigma-
Aldrich), and a polyimide solution (Luxon Aligner, Chisso Corp.)
were all used as received. Milli-Q water (resistivity higher than 18.2
MQ cm) was used in all experiments.

RM257/5CB Mixtures and Actuator Film Preparation.
RM257/5CB mixtures with various RM257 contents (denoted as ¢
in weight percent) at 10 wt % intervals were prepared by dissolving
them in dichloromethane (DCM) containing 1-hydroxycyclohexyl
phenyl ketone (photoinitiator, 2 wt % against RM257 monomer).
Aluminum foil was wrapped around the vials to protect the mixtures
from light, and after being magnetically stirred for 30 min, the DCM
was completely evaporated in a vacuum oven at room temperature.
The phase behavior of the prepared samples was studied by differential
scanning calorimetry and polarized optical microscopy (POM); from
that, it was determined that a ¢ = 20—40 wt % mixture is most suited
to actuator film preparation because of a miscible single phase and a
viscosity sufficiently low enough for injection into a LC cell.

To prepare the actuator film, the mixture solutions were injected
into planar LC cells fabricated from glass slides. Prior to photo-

polymerization, the filled cells were first inspected by POM under
crossed polarizers to confirm the uniform alignment of the RM257/
SCB mixtures along the rubbing direction. The cells were then
irradiated with a 365 nm ultraviolet (UV) light (Spot UV/Inno cures),
with the UV intensity being controlled by varying the distance
between the cell and UV source (see Figure SI-1 of the Supporting
Information). Following photopolymerization, the cell was opened and
immersed in ethanol for 1 h to remove any SCB from the film. Figure
SI-2 of the Supporting Information shows a schematic overview of the
entire preparation process.

Measurements. POM images were obtained using an optical
microscope (Samwon, LSP-13) under crossed polarizers. Scanning
electron microscopy (SEM) (Hitachi, model S-5200 scanning electron
microscope) images were obtained at an accelerating voltage of 15 kV;
the sample surface was coated with platinum. Actuation of the
prepared films was recorded using a Sony Handycam (Sony, model
HDR-UX1). Fourier transform infrared (FT-IR) spectra were obtained
with a Nicolet-560 spectrometer on potassium bromide (KBr) pellets
with a resultion of 4 cm ™. Before being pelleted, samples were washed
with ethanol to remove SCB and dried in a vacuum oven at 40 °C.

B RESULTS AND DISCUSSION

Effect of UV Intensity on Film Morphology. The UV
intensity during photopolymerization can affect the cross-
linking density of the poly(RM2S57) film, which in turn
determines its morphology and actuation. Panels a and b of
Figure 1 show SEM micrographs of the UV-exposed and
nonexposed sides of poly(RM257) films prepared at UV
intensities of 11.6, 4.8, 2.1, and 1.2 mW/cm?. This shows that
regardless of the UV intensity, the UV-exposed side is smooth,
while the nonexposed side is porous. This asymmetric structure
results from the competition between polymerization and phase
separation, wherein the photoinitiator (1-hydroxycyclohexyl
phenyl ketone) is decomposed to benzoyl and cyclohexyl
radicals upon exposure to UV light through a-cleavage of the
C—C bonds in the RM257 monomer. As a consequence of this,
the initial miscible phase becomes increasingly phase-separated
as polymerization proceeds. Given that polymerization first
occurs at the UV-exposed surface (because of the limited
penetrability of UV light into the mixture®), the phase-
separated SCB is pushed toward the nonexposed side, as this
still remains in a miscible state. As polymerization proceeds
further, and the concentration of SCB on the nonexposed side
increases, a polymer network is formed with pores at the
nonexposed side. Thus, the difference in speed between phase
separation and polymerization in the film by UV beam intensity
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is one of the main mechanisms for the formation of the
asymmetric structure, which caused the difference in swelling,
leading to actuating behavior when the film was immersed in
the alternatively good and poor solvents (Figure SI-3 of the
Supporting Information).

The conversion of the RM257 monomer to poly(RM257)
was assessed by FT-IR spectroscopy, the results of which are
shown in Figure 2. From this, we see that poly(RM257)
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Figure 2. (a) FT-IR spectra of pure RM257 monomer and
poly(RM257) films prepared by photopolymerization of a RM257/
SCB (¢ = 30 wt %) mixture for 20, 60, 100, and 140 s at a constant
sample to cell distance of 20 cm (UV intensity of 4.8 mW/cm?). Each
spectrum has been normalized with the peak at 1750 cm™. (b)
Conversion of the monomer to poly(RM257) as a function of time
(). All data were calculated from the term 100(1 — R), where R is the
ratio of FT-IR peak heights at 810 cm™ between time zero and time t.

exhibits peaks at 810 and 1750 cm™, which correspond to the
out-of-plane vibration of the C—H bond of the acrylate group
and the C=0O stretching vibration of the mesogenic acrylate
ester group, respectively.” The height of the peak at 810 cm™
represents the amount of unreacted RM257 monomer (i.e., the
vinyl linkage of the RM257 monomer) and therefore decreases
with UV photopolymerization. In contrast, the peak at 1750
cm™' is independent of UV photopolymerization and was
therefore used to normalize the spectra. The conversion of
monomer to polymer by UV photopolymerization at ¢ = t is
calculated by 100(1 — R), where R is the ratio of the peak
heights at 810 cm™" between time zero and time t. Figure 2b

shows the conversion of the monomer to the poly(RM257) as
a function of ¢, in which we see a rapid initial increase followed
by saturation at 76% after 100 s. Similar cross-linking densities
were achieved by Strapert et al. with the RM257/E7 mixture,>*
and thus, photopolymerization was performed for more than
100 s using a sample to UV source distance of 20 cm.

“W” Shape Actuation. In a previous report,”” we found
that an asymmetric porous structure causes curling actuation
upon immersion in a solvent. Selective UV irradiation of certain
areas of the RM257/5CB mixture using photomasks during
photopolymerization was therefore used to control the arbitrary
shape actuation of the resultant film. To demonstrate model
actuation, a simple bar-type photomask was used; however, to
also explore the effect of the direction of UV irradiation on the
shape of the actuation, a two-step polymerization was
conducted. In the first step of photopolymerization, two bar-
type photomasks were used at the edges of the LC cell (Figure
3a), whereas the second step used a single photomask in the
middle of the inverted cell to ensure UV exposure of all sides of
the cell (Figure 3b). This arrangement of photomasks during
photopolymerization led to a “W”-shaped poly(RM257) film,
which was the result of alternating positive and negative
curvatures generated in the UV-exposed outer surface and
porous inner surface when it was inserted into water (Figure
3d). However, when the film was inserted into acetone [a good
solvent for poly(RM257)], the film became straight (Figure
3c). This actuation is quite unique, because it is something that
cannot be achieved in bilayer actuators without the aid of
complex patterning.

Helical Coiled Actuation. In addition to the curling and
uncurling of the actuator film, actuation into a helically coiled
shape was also achieved by cutting the poly(RM257) film at
angles of 45°, 22° and 0° relative to the nematic director
(Figure 4a). From the photographs of these same strips after
SCB extraction and drying shown in Figure 4b, it is clear that
those cut at angles of 45° and 22° adopt a helical coiled shape,
whereas a simple curled shape is obtained with the strip cut at
an angle of 0°. The cutting angle therefore controls the pitch of
the coil in such a way that it is decreased (i.e., a more coiled
strip is formed) with an increasing cutting angle. This coiled
strip became straight when it was dipped in acetone, as shown
in Figure 4c, but reverted to its coiled form when it was dipped
in water (Figure 4d). Thus, reversible helical coiling and
uncoiling actuation was achieved by simply cutting the
poly(RM257) film in the desired direction.

Hinging Actuation. Ensuring a straight surface without
curvature during actuation is sometimes necessary to control
the various shapes of actuation, so the degree of hinging of two
straight surfaces was investigated. Given that the curvature of
the film that originated from the asymmetric morphology
induced between its UV-exposed and nonexposed sides, it can
be prevented by using an Al foil UV reflector to irradiate
simultaneously both sides of the LC cell, as shown in Figure S.
In this way, a two-step photopolymerization of a RM257/5CB
mixture (¢ = 20 wt %) in the planar LC cell was used to make a
hinge. The first photopolymerization was performed using a
UV source to sample a distance of 40 cm and the UV reflector
positioned on the other side of the cell, with a 2 mm wide
photomask positioned beneath and above the cell and aligned
with its center. The second photopolymerization omitted the
UV reflector with a negative photomask and was conducted at
UV source to sample distances ranging from 10 to 40 cm.
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Figure 3. “W” shape actuation of a poly(RM257) film prepared by a two-step photopolymerization: (a) first-step photopolymerization using bar
photomasks on the edges of a planar LC cell and (b) second-step photopolymerization using a bar photomask at the center of the reversed planar
LC cell (the UV source is positioned underneath the LC cell in both cases). (c) Schematic diagram showing the cross section of the resultant
poly(RM257) film, where U and O are the UV-exposed and opposite (nonexposed) sides, respectively. Fabricated film in (d) acetone and (e) water,
showing the “W” shape actuation that is generated by alternately dipping in good (acetone) and poor (water) solvents.

Figure 4. (a) Digital photographs of an actuator film made at ¢ = 20 wt % prior to SCB extraction, from which three strips (A—C) were cut at angles
of 0°, 22°, and 45° relative to the rubbing (horizontal) direction. (b) Coiled strips A—C after SCB extraction in ethanol and drying. (c) Uncoiling in

acetone and (d) coiling in water of an A strip.

In the photographs of the poly(RM257) film in water shown
in Figure S, it is clearly evident that the straight surface
becomes more hinged as the UV intensity increases. The
degree of bending, as measured between the two straight
planes, was found to be 97°, 89°, 79° and 76° with UV
intensities of 11.6, 4.8, 2.1, and 1.2 mW/cm?, respectively. This
result indicates that the degree of bending decreased until it

18051

reached ~2.1 mW/cm? as the UV intensity increased and then
was saturated. These straight surfaces were obtained by the use
of the UV reflector in the first stage of polymerization to create
a homogeneous structure inside the LC film. The hinge, located
at the position of the photomask in the first step, represents an
asymmetrically structured area created by directional UV
photopolymerization. The bending angle decreases with a
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Figure S. Two-step photopolymerization of the RM257/5CB mixture
(¢ =20 wt %) in the planar LC cell for hinging actuation. (a) The first
photopolymerization was performed at the UV source to sample a
distance of 40 cm with the UV reflector at the other side of the UV
source and a 2 mm wide photomask beneath and above the cell at the
center. (b) Second photopolymerization without the UV reflector at
different UV intensities. (c) Photographs of hinged poly(RM257)
films in water prepared at sample to UV source distances of (i) 10
(11.6), (ii) 20 (4.8), (iii) 30 (2.1), and (iv) 40 (1.2) cm (the numbers
in parentheses represent the measured UV intensities in milliwatts per
square centimeter).

decrease in the UV intensity. This means that the slower rate of
photopolymerization due to a decrease in UV intensity results
in a different thickness of the porous part and the condensed
nonporous part in the area of asymmetric structure along the
film thickness, and therefore the amount of hinge. Such results

indicate that a controlled amount of hinging can be created
between straight planes through the use of a UV reflector, UV
intensity, and narrow photomasks.

3D Actuation. Complex 3D structure actuation based on
non-LC systems has been explored by several scientists;>'>>°
however, LC-based systems have been mostly limited to
uniaxial elongation—contraction or bending—unbending sys-
tems except for a few in which different monomer mixtures
were used. Furthermore, 3D structure actuation with a single-
layer structure from a single monomer has not yet been
reported. Recently, Verduzco et al. were able to utilize an LCE-
based bilayer system for the fabrication of a shape-responsive
actuator based on an LCE/polystyrene (PS) sheet, which was
shaped into a flowerlike 3D structure by a nematic to isotropic
transition.® As described in the previous section, the first step
to make a 3D convertible sheet of a poly(RM257) film was the
creation of hinged actuation. Using this, line photomasks of an
equilateral triangle (1 mm line width, 3 mm side length) and an
equivalent negative mask were prepared on a transparent PET
film by an inkjet printer (see Figure SI-4 of the Supporting
Information). During the first photopolymerization step
(Figure 6), the equilateral triangle photomasks were placed
above and below the cell, thereby preventing UV polymer-
ization of the RM257 monomers in the same location on both
sides of the LC cell. A UV source to sample distance of 30 cm
(2.1 mW/cm?®) was used, with a UV reflector placed on the
other side of the LC cell to ensure an equal dose of UV light on
both sides. In the second photopolymerization step (Figure
6b), the remaining unpolymerized mixture was photopoly-
merized by using the negative photomask without a UV
reflector, and with a UV source to sample distance of 20 cm
(4.8 mW/cm?). The resulting photopolymerized 2D sheet was
then cut into a three-arm star shape to achieve the regular
tetrahedron structure actuation shown in Figure 6¢, in which no
bending of the hinged part is observed upon immersion in
acetone due to photopolymerization having been performed in
a similarly good solvent (as discussed for curling actuation).

(a)

T

-3

Reflector —

Photomask ——

(b)

Figure 6. Photopolymerization steps for the preparation of the programmable 2D sheet. The film was prepared using (a) triangular positive
photomasks below and above the cell with a UV reflector in the first step and (b) a negative photomask without a UV reflector in the second step.
(c) Photographs of a 2D poly(RM257) film showing 3D actuation of a pyramidal structure during evaporation of acetone.
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When this system was kept in open air to let the acetone freely
evaporate, the hinged parts of the three sides of the triangle
increasingly bent to form a pyramidal structure, which was
subsequently returned to a flat 2D structure when acetone was
dropped on the structure. The required 51° angle in the closed
pyramidal structure was achieved using a thin cell (130 ym)
compared to that used in hinging actuation where an 89°
bending angle was achieved using the same UV beam intensity
of 4.8 mW/cm?. As far as we are aware, this is the first such
demonstration of a single-layer actuator programmed to adopt
a 3D shape.

The actuation in this study was obtained by a combination of
the morphological control and axial molecular orientation. This
approach has merits over the molecular orientation control with
monomers having twisted and splayed directors because the
fabrication setup is simple and requires only a common LC
diacrylate monomer. Also, the curing of the LC monomer
mixture in the nematic state requires heating or addition of
extra monomers for lowering the T,; however, adopting the
current approach of polymerization-induced phase separation
eliminates the process of heating.

B CONCLUSION

A single-layer LC cross-linked actuator was successfully
fabricated using a simple method that entails the directional
UV curing of a RM257/5CB mixture in a planar LC cell. The
fabricated films had an asymmetric porous structure along the
film thickness direction, as well as an axial orientation along the
rubbing direction. This unique structure induced curling
actuation in the film along the rubbing direction upon
immersion in water because of the difference in swelling
between the UV-exposed and nonexposed sides. The arbitrary
shape of actuation could be programmed through controlled
patterning with photomasks, with “W”-shaped curling and
helical coiling being demonstrated with simple alternating
patterns and cutting the film along a desired direction,
respectively. A hinged flat surface was also obtained by
controlling the UV intensity with positive and negative
photomasks. Finally, an arbitrary 3D structure actuation was
demonstrated using a pyramidal structure formed from a single-
layer LC film, which we believe has great potential to provide
the basis for further development of actuation.

B ASSOCIATED CONTENT
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LC cell fabrication, control of UV intensity, schematic for
actuator film preparation, and preparation of the photomasks
for the pyramidal-responsive film. This material is available free
of charge via the Internet at http://pubs.acs.org.
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