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Humidity- and Photo-Induced Mechanical Actuation
of Cross-Linked Liquid Crystal Polymers

Yuyun Liu, Bo Xu, Shengtong Sun, Jia Wei, Limin Wu, and Yanlei Yu*

In nature, plants have the capability to convert simple envi-
ronmental stimuli into diverse mechanical motions."?! For
example, seedling phototropism is a widely examined pheno-
mena triggered by sunlight, leading to differential transloca-
tion of auxin to the shaded side of the coleoptile where a curve
forms.B3* Except for the well-known phototropism movement,
morning glory flowers show shape deformation responsive
to humidity as well.’] The ubiquitous presence of humidity
in ambient air and its variation makes the development of
humidity-responsive actuators both appealing and of impor-
tance.[>13] Recently, polymer gels, graphene monolayer papers,
and electroactive polymers have been widely developed to fab-
ricate various humidity-driven actuators.!*2!l For instance,
poly(N-isopropylacrylamide)-based films have been reported to
act as muscles or arms to lift masses in response to humidity;®
a polymer film combining polypyrrole was demonstrated
to be able to drive a piezoelectric element to convert the
mechanical energy into electrical energy by using a water gra-
dient as its energy source;!2 and Naumov and Zhang reported
an agarose-based film which exhibited fast locomotion driven
by humidity.'"¥ These humidity-responsive films contain typical
hydrophilic groups such as hydroxyl, amide, carboxyl, or pyr-
rolyl, which are easy to interact with water molecules to induce
macroscopic deformation. However, different films in the
same set of experiments often do not show any consistency in
the direction of bending mainly since it is difficult to guide the
orientation of those aforementioned humidity-responsive mate-
rials. Naumov and co-workers designed actuators with a bilayer
structure and achieved anisotropic mechanical deformation by
introducing parallel glass fibers to direct the mechanical recon-
figuration of the hygroresponsive agarose.'” Generally, bilayer
actuators suffer from delamination of the two layers after long-
term exposure to moisture, resulting in a decreased lifetime.['°!
Therefore, straightforwardly engineering molecular alignment
in a single layered actuator is a preferable way to achieve
macroscopic deformation with a predefined direction.'7:18l
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The orientation of liquid crystals (LCs) on the nanometer
scale is easily manipulated by using alignment layers and fixed
by polymerization.?223] Therefore, cross-linked LC polymers
(CLCPs) have been chosen as preferred candidates for smart
actuators.?*2% Especially, cooperative motion of molecules
in CLCPs is the most prominent advantage in changing the
molecular alignment by a small amount of energy such as heat,
electricity, and light, which gives rise to a macroscopic deforma-
tion with a predefined direction.?% For instance, azobenzene-
containing CLCPs have been widely developed into diverse
photoresponsive soft actuators owing to the reversible trans-cis
isomerization of azobenzene and the following LC align-
ment change.B'*!I In addition, CLCP actuators which deform
as a response to changes in humidity have been prepared by
combination with hydrogen-bonded carboxylic acid moieties.
These materials can absorb water and swell along the direc-
tion perpendicular to the alignment director after converting
it to a hygroscopic polymer salt in a basic solution.[1342=4 It
is generally believed that hydrophobic CLCPs have no such
responsibility to moisture or humidity. Herein, nevertheless,
we demonstrate that a hydrophobic, porosity-free CLCP film
without hydrogen-bonded LCs is able to undergo rapid macro-
scopic deformation in response to a humidity gradient. By
means of hydration of the C=0 and C—O—C groups in the
LCs, the film surface swells and the alignment of mesogens
changes causing the bending of the whole film along the direc-
tion perpendicular to the alignment direction. In addition,
owing to containing the azobenzene chromophores, the CLCP
film performs interesting dual-responsive actuations stimu-
lated by both humidity and light in predefined ways inspired
by both the phototropic growth movements of a seedling and
the humidity-responsive blooming of morning glory flowers to
convert diverse environmental energy into mechanical actua-
tion effectively.

The CLCP films were prepared by photopolymerization of a
LC mixture of a monomer (A11AB6) containing an azobenzene
moiety and a diacrylate cross-linker (C3A) with a molar ratio of
60/40 in the presence of 2 mol% of a photoinitiator in a glass
cell coated with rubbed polyimide alignment layers (Figure 1a
and Section S1, Supporting Information). The planar alignment
of the film was confirmed with crossed polarizers (Figure S1,
Supporting Information). The thickness of the CLCP films was
controlled by changing the spacing of glass cells and the films
with a typical thickness of 14 um confirmed by a super-resolu-
tion digital microscope were used in most of our studies unless
otherwise stated.

We prepared a “tree” from a CLCP film, the deflection of
which was induced toward the non-exposed side when a human
finger approached it but without direct contact (Figure 1Db).
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Figure 1. a) Chemical structures of the liquid crystal monomer A11AB6 and cross-linker C3A used for preparation of the CLCP film. b) Photographs
showing the “tree” bending. When a finger is close to the back of “tree,” it bends in the direction perpendicular to the LC alignment direction and
changes from a backbends to a forward bends, while it recovers to its original state after the finger is removed. The double-headed arrows represent the
mesogens alignment direction. c) Time course of the walking motion of the CLCP film with different end shapes (Length = 17 mm; Width,; = 8 mm;
Width,ign: = 11 mm). Upon exposure to the moisture from the upper right side of the film, the right edge retracts inward and the film extends to the left
side after removing the moisture. The red dashed lines represent the starting line; the black dashed lines represent the left edge of the film. d) Sche-
matic representation of the humidity-responsive principle of the bending of the actuators. When moisture approaches to one side of the monodomain
CLCP film, the alignment of mesogens changes and the surface undergoes anisotropic swelling, resulting in the bending of the CLCP film along the

direction perpendicular to the LCs alignment direction.

When the finger approached the back of “tree,” it spontaneously
started to bend perpendicular to the LC alignment direction to
overcome the gravity and changed from backbends to forward
bends in a few seconds (Movie S1, Supporting Information).
It clearly demonstrates that even a slight and local humidity
increase close to the CLCP film readily induces fast bending;
that is, the CLCP film exhibits high sensitivity to the pres-
ence of uncovered human skin. Furthermore, “tree” recovered
its original state in 10 s after removing the finger, indicating
that the bending was completely reversible. When we put the
monodomain CLCP film on a hand which is on the top of a
steel plate with an earthing wire to remove the static electricity,
the film exhibited obvious deformation immediately, proving
that the humidity gradients induce the bending of the mono-
domain CLCP film rather than static electricity (Figure S2a and
Movie S2, Supporting Information). However, when we put a
piece of the CLCP film on a hand in a rubber glove, the film did
not bend, proving that the bending behavior is not driven by
a temperature gradient (Figure S2b, Supporting Information).
The CLCP film with excellent humidity-responsive proper-
ties was further designed to demonstrate a worm-like motion
stimulated by humidity gradients (Movie S3, Supporting
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Information). Figure lc shows the successive profiles of the
unidirectional motion of the CLCP film (Length = 17 mm;
Widthjeg = 8 mm; Width,g, = 11 mm) with different end
shapes induced by humidity gradients. At the beginning of
each actuation cycle, we used nitrogen gas flow to transport
moisture to the right upside of the film (Section S2, Supporting
Information), causing the right part of the film to bend inward.
After removing the moisture, the right edge bearing larger fric-
tional force acts as a stationary point and thus the unbending of
the film leads the left part to move outward and the whole film
to extend toward the left direction. As Movie S3 (Supporting
Information) shows, the moving speed of the CLCP “worm” is
about 45 mm min..

It is interesting to note that the CLCP film spontaneously
flipped and moved swiftly across the substrate in succession
once placed on a 40 °C moist fabric substrate (Movie S4, Sup-
porting Information). When the CLCP film contacts the moist
substrate, the bottom surface absorbs more moisture than the
top surface and the film underdoes an asymmetric swell along
the thickness direction and finally rolls up. Subsequently, the
gravity center of the film rises and becomes unstable, which
eventually causes the curved film to topple over. In contrast
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Figure 2. ATR-FTIR spectra of the CLCP film before (solid line) and after absorption of moisture (dashed line) in the region of a) 18001000 cm™',
b) C=0 stretching band (v(C=0)), c) C—O—C stretching bands (v(C—0—C)), and d) skeleton vibrational band of aromatic ring (v(C=C),,). €) Polar-
ized ATR-FTIR spectra of the CLCP film at room temperature with the polarized IR beam parallel (solid line) or perpendicular (dashed line) to the
rubbing direction. f) Polarized UV-vis absorption spectra of the CLCP film. A, and A, are the absorbance measured with polarized light parallel and
perpendicular to the rubbing direction of the alignment layers, respectively. A, in the dry state is much higher than A_; after the film is immersed in
water for 30 min, A, increases and A, decreases; when the film is dry again, both A, and A, recover to the initial state. Thickness of the film: 5 um.
g) In situ AFM height images of the monodomain CLCP film in dry state, after moisture absorption and desorption, respectively. The surface average
roughness is 1.74 £0.16, 0.79 £ 0.13, and 1.59 £ 0.08 nm, respectively. The scanning size: 800 x 800 nm.

to previous humidity-responsive films whose bending direc-
tions had no consistency during the flipping process, such
as a polypyrrole/polyol-borate film,['?l a graphene monolayer
film,] and an agarose-based film,*%l the bending direction of
the CLCP film on a moist substrate was always perpendicular
to the mesogens alignment direction.

In general, humidity-responsive materials contain typical
hydrophilic groups, which are easy to interact with water mol-
ecules to induce macroscopic deformation. The CLCP films,
however, have a hydrophobic nature with a water contact angle
of 91.5° (Figure S3, Supporting Information) demonstrating
incredible humidity-responsive behavior. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra of
the film before and after immersing into deionized water for
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10 min were measured to elucidate the internal changes at the
molecular level (Figure 2a-d). The regions in response to the
C=0 and C—O—C stretching bands shift to lower wavenum-
bers by =4 cm™ after water diffuses into the film (Figure 2b,c),
while the skeleton vibrational band of aromatic rings (v(C=C),,)
shows no obvious shift (Figure 2d), suggesting the hydration
of hydrophobic ester linkages and the formation of hydrogen
bonds between ether oxygen groups and water molecules.[*~#]
This hydrogen bonding interaction between CLCP and water
molecules leads the CLCP film to absorb moisture from the
humid air.

The polarized ATR-FTIR spectra of the CLCP films were
also collected at room temperature (Figure 2e). It is noted that
when the polarization direction of IR beam is parallel to the

Adv. Mater. 2017, 29, 1604792
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rubbing direction, the absorbance of aromatic rings and oxygen-
containing groups reaches a maximum value; when the two
directions are perpendicular to each other, the absorbance of
these groups is at a minimum value. This clearly demonstrates
that the azobenzene moieties and oxygen-containing groups are
preferentially aligned along the rubbing direction of the align-
ment layers.

We further investigated whether the CLCP film undergoes
the order degree change of mesogens after the absorption
of moisture by measuring the polarized UV-vis absorption
spectra of the film in both dry and wet states. It is known that
azobenzene molecules show angle-dependent absorption of lin-
early polarization light.%°! Order parameter (S) of the film in
different conditions was evaluated by the following equation:

S=(A,—A)/(A, +2A)) (1)

where A, and A are the absorbance measured with light polar-
ized parallel and perpendicular to the rubbing direction of the
alignment layers, respectively (Table S1, Supporting Informa-
tion). As shown in Figure 2f, A, of the film in dry condition
was higher than A, and the order parameter was calculated
to be 0.14. After the film was immersed in water for 30 min
to enable the oxygen-containing groups to completely form
hydrogen bonds with water molecules in the CLCP film, the dif-
ference between A/, and A, decreased, resulting in the descent
of the order parameter to be 0.09. When the film was dried
again, the value of S returned to 0.14. These results dem-
onstrate that azobenzene mesogens in the dry film are prefer-
entially aligned along the rubbing direction of the alignment
layer, while the alignment of mesogens in the humid film
decreases due to the hydrogen bonding interaction between
CLCP and water molecules.

As shown in Figure 1d, when one side of the CLCP film is
exposed to moisture, the LCs have interaction with water mol-
ecules causing the swelling of this side and the film bending
away from the moisture. Furthermore, the hydrogen bonding
interaction leads to the decrease of mesogens order degree,
which results in the expansion perpendicular to the alignment
direction. Considering all these factors, the swelling of the film
surface mainly takes place in the direction perpendicular to the
alignment direction on this surface. Thus, the whole CLCP film
undergoes a fast bending along the direction perpendicular to
the LC alignment direction. To investigate the role of the meso-
gens orientation in the humidity-responsive deformation of
the film, we also prepared a polydomain CLCP film by in situ
photopolymerization at 105 °C (in an isotropic phase of the LC
mixture) in a glass cell coated with polyimide alignment layers
without rubbing treatment (Section S1, Supporting Informa-
tion). The polydomain CLCP film had a slight deformation in
an uncertain direction when placed on a 40 °C moisture fabric
substrate due to the isotropic swell of the film (Figure S4, Sup-
porting Information), since the film consisted of many micro-
sized domains of mesogens aligned in one direction in each
domain, but macroscopically the direction of alignment was
random. The polarized UV-vis absorption spectra of the poly-
domain CLCP film in both dry and wet states were also meas-
ured. As Figure S5 (Supporting Information) shows, the absorb-
ance has no obvious change after the polydomain CLCP film
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absorbs moisture. These results also manifest that the bending
behavior of the monodomain CLCP film is closely related to
the parallel alignment of the mesogens, which brings about the
anisotropic swell of the film surface and the macroscopic defor-
mation of the film in response to a humidity gradient.

In addition, the surface profile variations of the CLCP films
before and after moisture absorption were measured and
recorded by atomic force microscopy (AFM). As shown in
Figure 2g, the mean roughness (R,) of the CLCP film in dry
conditions with low relative humidity (RH) of =20% is 1.74 +
0.16 nm, while R, decreases by 55% to be 0.79 £ 0.13 nm when
RH increases to =55%. In other words, the film surface in wet
condition exhibits a more flattened morphology resulted from
the penetration of the water molecules and the swell of the
whole film, which also indicates the existence of the hydrogen
bonding interaction between the LCs and the water molecules.
Furthermore, the removal of moisture leads to shrinkage of the
film surface, giving rise to the recovery of R, from 0.79 + 0.13
to 1.59 + 0.08 nm and thus more fluctuant creases and irregular
wrinkles. The change of the film surface morphology with the
RH variation was also proved by confocal microscopy images. It
was found that the wrinkles on the film surface faded away at
higher RH of =55% and R, decreased by 54% from 3.14 £ 0.2
to 1.46 £ 0.1 nm, while the surface exhibited more fluctua-
tions and R, increased to 3.17 £ 0.1 nm after the moisture was
removed (Figure S6, Supporting Information). The variation
of the surface morphology with RH change is ascribed to the
absorption and desorption of water molecules to form and dis-
rupt hydrogen bonds in the film, respectively. We further meas-
ured the surface profile variation of the polydomain CLCP film
before and after moisture absorption by AFM (Figure S7, Sup-
porting Information). No obvious R, change of the film surface
was observed since the isotropic swell of the film was incapable
of generating apparent variation in the surface morphology.

To investigate the universality of the humidity-responsive
actuation of the CLCP films based on polyacrylates, a
14 um CLCP film without azobenzene moieties was prepared
(Section S1 and Figure S8a, Supporting Information). When
exposed to the humidity gradient, it also deformed rapidly
along the direction perpendicular to the mesogens alignment
direction. Figure S8b (Supporting Information) shows time
dependence of the bending curvature change of 14 um CLCP
film without azobenzene moieties upon exposure to 80% RH
difference. It reached 1.6 cm™'in 1 s.

The effects of film thickness and RH difference on the
bending curvature and speed were quantitatively measured
to clearly show how to control the actuation. We employed a
humidity chamber with a small hole to adjust the internal RH
from =30 to =90%, while the external RH was kept at =10%
(Figure 3a). The curvature k (cm™!) was calculated as described
in Figure S9 (Supporting Information). In addition, we used the
same conditions for the experiments to eliminate the effect of
a convection flow (Figure S10 and Movie S5, Supporting Infor-
mation). Figure 3b shows the bending kinetics of CLCP films
with different thicknesses upon exposure to the certain RH dif-
ference of 80%. Though composed of hydrophobic materials,
the CLCP films show fast response to a humidity gradient. For
example, the bending speed of the film with the thickness of
14 um is about 5.8 cm™ s7%, whose curvature at the steady state
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Figure 3. a) Schematic diagram of the homemade humidity chamber used for quantitative measurement of the film deformation curvature. b,c) Plots
showing time dependence of the bending curvature change of CLCP films with different thickness upon exposure to 80% RH difference and relaxa-
tion dynamics after removing the humidity exposure. d,e) Plots showing time dependence of the bending curvature for the 14 um CLCP film upon
exposure to different humidity differences and relaxation dynamics after removing the humidity exposure. f) A plot showing the reversible deformation
of the 14 um film upon cyclic exposure to a 80% RH difference. The humidity-induced motion repeats as many as 100 cycles without obvious fatigue.

is 2.3 cm™L. In view of the actuation mechanism, we argue that
only a thin hydrated surface layer is formed to drive the bending
of the whole film after exposure to the moisture gradient.
Therefore, the bending speed and curvature of the film sig-
nificantly depends on the film thickness. The thinner the film,
the faster the bending and the larger the curvature. Figure 3c
shows all of the films change back to the flat state quickly in
a few seconds when the humidity stimulus is removed, since
the thin hydrated layer vanishes by exchanging moisture with
the ambient air. Figure 3d shows that the steady-state bending
curvature of the 14 pm thick film increases gradually from 0.4
to 2.3 cm™! as RH difference increases from 20% to 80%. The
relaxation process toward the flat state was quickly completed
in 1 s after removing the exposed moisture (Figure 3e) and the
deflection-recovery process of the film repeated over 100 times
without obvious fatigue (Figure 3f).

In addition, the CLCP film containing the azobenzene
chromophores shows UV-induced actuation as well. When
irradiated by UV light (365 nm, 40 mW cm™2), the CLCP film
bended toward the incidence direction of the UV light along
the LCs alignment direction, while recovering to the initial
state upon visible light irradiation (530 nm, 60 mW cm™)
(Figure S11, Supporting Information). It is the first time to
achieve humidity- and photo-dual-responsive CLCP actuators.
Though some humidity-responsive films have shown their
actuation in response to both humidity and infrared light, the
infrared light functions as a heat source to change RH and
induces deformation of films, which restricts their actuation
performance.*] For example, it is difficult to actuate a graphene
monolayer film by using infrared light to change RH when
the films are in an environment with low RH. In contrast, the
UV-induced actuation of CLCP films owes to a change in the
molecular orientation triggered by the trans-cis photoisomeriza-
tion in azobenzenes, which does not depend on the RH values.
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Moreover, the bending directions induced by light and
humidity are orthogonal, which provides more chances for
many unique applications. It should be noted that the CLCP
film possessing high sensitivity and rapid response to external
stimuli can be utilized in smart touchless electronic devices
and dual-responsive detectors. We demonstrated a device with
a dual-mode actuation assembled by the CLCP film coated
with conductive materials and two light-emitting diode (LED)
lights with different colors (Figure 4a). Figure 4b shows a cir-
cuit diagram of the experimental setup containing two circuits
(circuit 1 and 2) which are stimulated by the humidity gradient
and UV light, respectively. The initial states of both electrical
circuits were open, and then the film bent along the direc-
tion vertical to the LC alignment direction by an approaching
finger without direct contact, which resulted in the closing
of circuit 1 and the illumination of the yellow LED. After the
removal of the finger, circuit 1 opened and the yellow LED
turned off. When the front side of the film was irradiated with
UV light (365 nm, 40 mW cm™2), circuit 2 containing a red
LED was closed because the azobenzene moieties on the out-
most surface of the film underwent trans-cis photoisomeriza-
tion leading to the bending of the film along the LC alignment
direction (Figure 4b,c). After exposure to visible light (530 nm,
60 mW cm™2), the film recovered to a flat state and the red LED
turned off (Movie S6, Supporting Information). The CLCP film
acted as a dual-responsive single-pole double throw switch.

In summary, we successfully fabricated a hydrophobic CLCP
film featuring dual-responsive actuation by utilizing humidity
gradients and UV light. By means of the hydration of oxygen-
containing groups and LCs alignment, the CLCP film under-
goes a fast reversible actuation in a predefined way, that is,
perpendicular to the direction of LCs alignment, by exposure
to humidity gradients, which is superior to other state-of-
the-art materials. The CLCP film also performed a series of

Adv. Mater. 2017, 29, 1604792
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Figure 4. a) Photographs of the CLCP film as a dual-mode sensor which was assembled by a CLCP film coated with conductive materials and two LED
lights of different colors. The top edge and left edge of the CLCP film are covered with silver ink. The double arrow represents the alignment
direction of the CLCP film. When a finger approaches the back of the CLCP film, the film bends along the direction perpendicular to the LC alignment
direction, resulting in the closure of circuit 1 and illumination of the yellow LED. When irradiated with UV light toward the front side of the film,
the film bends along the LC alignment direction and circuit 2 containing the red LED closes. The intensity of UV light: 40 mW cm2. b) Parallel
circuits diagram of the experimental setup. The gray squares represent electrode 1 and 2. c¢) Schematic representation of the humidity- and
photo-responsive deformation principle of CLCPs. When moisture approaches the back of the CLCP film, the alignment of mesogens changes and
the surface undergoes anisotropic swelling, resulting in the bending of the CLCP film along the direction perpendicular to the mesogens alignment
direction. Owing to a change in the molecular orientation triggered by the trans-cis photoisomerization in azobenzenes, the CLCP film bends upon

exposure to UV light.

sophisticated contactless motions by exposure to humidity
gradients, including an inchworm walk, a sit-up motion by
“tree”, and tumbling locomotions. In addition, the CLCP film
also exhibited UV-responsive bending along the LCs alignment
direction, which is orthogonal to the direction of the bending
induced by humidity. Therefore, a touchless electronic device
with dual-mode actuation was prepared to output different sig-
nals in response to humidity and UV light. This work not only
provides new insights into the mechanism of humidity-respon-
sive actuation of hydrophobic CLCP films but also broadens
the potential applications of the dual-responsive CLCP films in
electronic devices and sensors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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