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Synergistic Adhesion and Shape Deformation in
Nanowire-Structured Liquid Crystal Elastomers

Robert L. Dupont, Yang Xu,* Angana Borbora, Xinyu Wang, Fatemeh Azadi,
Kaden Havener, Broderick Lewis, Weichen Deng, Benjamin W. Tan, Shucong Li,
Rui Zhang, Yuxing Yao, Uttam Manna,* and Xiaoguang Wang*

Nature provides many examples of the benefits of nanoscopic surface
structures in areas of adhesion and antifouling. Herein, the design, fabrication,
and characterization of liquid crystal elastomer (LCE) films are presented with
nanowire surface structures that exhibit tunable stimuli-responsive defor-
mations and enhanced adhesion properties. The LCE films are shown to curl
toward the side with the nanowires when stimulated by heat or organic solvent
vapors. In contrast, when a droplet of the same solvent is placed on the film,
it curls away from the nanowire side due to nanowire-induced capillary forces
that cause unequal swelling. This characteristic curling deformation is shown
to be reversible and can be optimized to match curved substrates, maximizing
adhesive shear forces. By using chemical modification, the LCE nanowire films
can be given underwater superoleophobicity, enabling oil repellency under
a range of harsh conditions. This is combined with the nanowire-induced fric-
tional asymmetry and the reversible shape deformation to create an underwater
droplet mixing robot, capable of performing chemical reactions in aqueous en-
vironments. These findings demonstrate the potential of nanowire-augmented
LCE films for advanced applications in soft robotics, adaptive adhesion,
and easy chemical modification, with implications for designing responsive
materials that integrate mechanical flexibility with surface functionality.

1. Introduction

Nature has long inspired the design of advanced materials,
particularly through biomimicry, where replicating biological
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structures leads to enhanced functio-
nalities.[1] Notable examples include the
antifouling surfaces inspired by filefish
scales[2] and lotus leaves,[3] the surface
actuation mechanisms observed in shark
skin,[4] the anisotropic wettability of filefish,
and the remarkable adhesive structures of
gecko feet.[5] A common feature across
these systems is the presence of hier-
archical micro- and nanostructures that
significantly enhance or alter surface
interactions.[6] For instance, the micro-
scopic setae on gecko feet, ≈90 μm long
and 10 μm in diameter, end in hundreds
of even smaller spatula-shaped structures,
each ≈20 μm long and 0.2 μm in diameter,
dramatically increasing the surface area
and enabling strong surface adhesion via
van der Waals forces.[5a,b,d,7] Similarly, the
microtextured, hook-like arrays on filefish
provide unique antifouling capabilities
in oil-contaminated environments. These
well-ordered surface structures, includ-
ing nanowires with their high surface
area,[5e] quantum confinement effects,

and enhanced mechanical strength, are critical in advanced tech-
nologies, including nanoelectronics,[8] photonics,[9] catalysts,[10]

and biomedical devices.[11] More importantly, living organisms
can actively adjust these nanoscale structures in response to
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external stimuli, a capability that synthetic materials have yet
to fully replicate. For instance, the cytoskeleton in eukaryotic
cells demonstrates remarkable dynamic reconfiguration at the
nanoscale level. Microtubules, actin filaments, and intermediate
filaments—all nanoscale structures—constantly undergo assem-
bly and disassembly in response to various cellular signals and
environmental cues.[12] This dynamic behavior enables cells to
rapidly change shape, divide, andmigrate.[13] While a precise con-
trol over the dimensions and surface characteristics of nanowires
has been achieved in synthetic systems, a significant challenge
remains in developing materials that can dynamically respond
to external stimuli while maintaining the structural integrity and
functionality of the nanoscale features observed in these biologi-
cal systems.
Shape-changing polymers, particularly liquid crystal elas-

tomers (LCEs), have gained considerable attention due to
their unique ability to undergo reversible deformations in re-
sponse to external stimuli such as temperature,[14] light,[15]

and chemicals.[16] LCEs combine the anisotropic properties
of liquid crystals (LCs) with the elasticity of polymers, en-
abling them to exhibit significant shape changes while retain-
ing structural integrity.[17] This makes them promising candi-
dates for applications in soft robotics,[18] adaptive surfaces,[19]

and sensors,[20] where a precise control over material defor-
mation is crucial. Moreover, the molecular alignment within
LCEs allows for a high degree of programmability in their me-
chanical response, opening avenues for the creation of com-
plex, dynamic structures that can mimic natural movements.[21]

Despite the potential to unlock new possibilities for design-
ing multifunctional materials that combine the dynamic prop-
erties of LCEs with the enhanced surface characteristics of
nanostructures, the incorporation of LCEs into such forms, in-
cluding nanowire arrays integrated with LCE films, remains
relatively unexplored. Previous research on LCEs and struc-
tured surfaces has been limited in scope, focusing either on
LCE-based structures with microscale dimensions and low as-
pect ratios, which fail to fully exploit nature-inspired nanoscale
structures,[22] or on passive materials with nanoscale struc-
tures that exhibit enhanced adhesion but lack stimuli-responsive
shape-changing capabilities.[5d,23] These approaches have fallen
short in combining the advantages of nanoscale structures with
the dynamic responsiveness needed for advanced biomimetic
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applications, such as the ability to adapt to various surface
geometries.
In this work, we present a templated synthesis method to

fabricate LCE films with densely packed nanowire arrays on
one surface, closely resembling natural structures such as those
found on gecko feet.[5d] These LCE nanowires, typically measur-
ing 10 μm in length and 400 nm in diameter, are integrally con-
nected to the underlying LCE film, forming a cohesive, hierar-
chical structure. The similarity in scale to natural nanostructures
allows these LCE films to mimic the functional advantages ob-
served in biological systems. These include both advanced ad-
hesive capabilities and underwater superoleophobicity. Addition-
ally, the LCE nanowire films exhibit a sensitivity to temperature
and chemical stimuli, curling in response to both. The films also
respond differently based on the state of the applied chemical
which provides an extra level of control and a decoupling of the
directionality of deformation which is typically unseen in many
material systems. When exposed to solvent vapor, the films curl
toward the nanowire-covered side of the film, while direct contact
with liquid droplets of the same solvent causes the film to curl
in the opposite direction. Furthermore, chemical modification
of the single-composition material system further enhances its
versatility, rendering the films superoleophobic underwater and
providing antifouling capabilities. Combined with the stimuli-
responsive deformations, this allows for controlledmanipulation
of reactant droplets in aqueous environments. Overall, our work
represents a significant advancement in the integration of LCEs
with bioinspired nanostructures, offering new possibilities for
creating responsive materials that combine the dynamic proper-
ties of LCEs with enhanced surface characteristics.

2. Results and Discussion

Inspired by the nanowire-like structures of gecko feet and file-
fish skin (Figure 1a), we fabricated densely packed LCE nanowire
arrays on the surface of LCE films. As schemed in Figure 1b, a
mixture of a reactive LC monomer and a crosslinker, RM257,
was spread on an anodized aluminum oxide (AAO) template
(Figure S1, Supporting Information), and was allowed to rest for
10 min at an elevated temperature to infiltrate the mixture into
the nanovoids. A polyimide-coated glass slide was then placed
on top, followed by UV exposure to initiate photopolymeriza-
tion. After removing the AAO template and glass slide, an LCE
film with an array of densely packed nanowire arrays on one sur-
face was obtained. The AAO template was etched away using an
acidic aqueous solution, and the LCE film was rinsed with water
and ethanol to remove leftover acid. Figure 1c shows that these
nanowires create a matte texture on the top surface of the LCE
film, contrasting with the otherwise shiny base film. Addition-
ally, the nanowires were observed creating bundles on the sur-
face of the film. These bundles were stable under curling con-
ditions as well as after many heating cycles, as shown in Figure
S2 (Supporting Information). SEM images reveal the nanowire’s
dimensions—10 μm in length and 400 nm in diameter—similar
to the natural structures found on gecko feet or filefish skin.[5]

We note that as the ethanol that was used to rinse the films af-
ter the acid etching evaporated, lateral capillary forces caused the
nanowires to bend and cluster, forming bundles with a nearest
neighbor center-to-center spacing of ≈400 nm at the tips.
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Figure 1. Creation of nanowires on LCE films. a) Photographs of nano/micro-wire array structures on gecko feet and filefish skin. The typical lengths
of the arrays are 30–100 μm for gecko feet and 300–400 μm for fish skin. Photo credit: The gecko and fish images are royalty-free images from Pixabay
company. b) Molecular structure of the LC monomer and crosslinker RM257 used in this work, and the synthesis route for densely packed nanowire
arrays on the surface of the LCE films. c) A representative photograph of an LCE nanowire film and the corresponding SEM images of the nanowires on
the surface of the film.

The internal alignment of the LCmoieties within the nanowire
structures was characterized using polarized light microscopy
and stimuli-responsive deformations. As shown in the repre-
sentative polarized light micrographs of an individual nanowire
(Figure 2a), the nanowires exhibited a bright-dark optical tran-
sition when rotated between crossed polarizers, with maximum
brightness at 45° with respect to the crossed polarizers. For in-
creased visibility, the nanowire was imaged at a small angle away
from the alignment of the crossed polarizers in the right set of im-
ages. This observation indicates that the LC moieties are aligned
along one of the nanowire’s axes. Upon further analysis, when
heated, the individual nanowire elongates along its major axis,

with deformation onset happening at ≈65 °C, as evidenced by
the bright field micrographs and computational simulation of an
individual nanowire shown in Figure 2b. The elongation of the
long axis, accompanied by a shrinkage in the short axis, points
toward a polymer chain alignment in the direction of the short
axis, a characteristic of an oblate LCE. This is consistent with past
studies, where side-chain end-on LCEs typically exhibit an oblate
conformation (where the polymer chains are aligned perpendic-
ular to the alignment of the LCs).[24] This oblate LCE leads to an
anisotropic shape elongation along the LC alignment, where the
radius of gyration perpendicular to the LC alignment is larger
than the radius of gyration parallel.
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Figure 2. Temperature-induced adhesion and shape deformation of LCE nanowire films. a) Polarized light and bright field micrographs of individual LCE
nanowires. The crossed double-headed arrows indicate the orientation of the crossed polarizers. b) Polarized lightmicrographs and computer simulation
showing the deformation of individual LCE nanowires upon an LC–isotropic phase transition. The black lines in the computer simulations represent the
orientation of the LC moieties. c) The principal curvature of LCE nanowire films as a function of temperature. The insets show schematic illustrations of
the LCE nanowire films at low and high temperatures. d) Computational simulation and photographs of the deformation of LCE nanowire films upon an
LC–isotropic phase transition. The black lines in the computer simulations represent the orientation of the LC moieties. e) Adhesive forces of LCE films
with and without nanowires on vertical glass surfaces as a function of applied pressure, which was held for 3 s before measuring the adhesive force.
The inset shows a schematic of the experiment and a photo of a 10 mg LCE nanowire film (5 mm × 5 mm) holding an ≈2.3 g U.S. dime against a glass
window after applying a 40 kPa pressure for 3 s. f) Adhesive forces of LCE films with and without nanowires on a curved glass surface with a curvature
of ≈0.9 cm−1 as a function of the temperature. A 40 kPa pressure was applied for 3 s before measuring the adhesive force. The insets show schematic
illustrations of the curvature matching between the LCE nanowire films and curved glass surfaces. g,h) Plot and corresponding photographs showing
the displacement of an LCE film with the nanowires removed from the left end, caused by cycling the temperature to induce reversible curling. No
displacement was observed when all of the nanowires were removed. Error bars represent standard deviations from three independent measurements
for each data point.

In the next set of experiments, we investigated the thermal-
induced shape changes in the entire LCE nanowire film. When
heated above the onset temperature, the films curl toward the
nanowire-covered side, as demonstrated in the photographs and
schematics in Figure 2d. As shown in Figure 2c, this curl-
ing deformation begins at the deformation onset temperature
and continues until ≈130 °C, where a high-temperature plateau

is reached. As shown in the DSC results in Figure S3 (Sup-
porting Information), the films exhibit a broad transition that
matches the observed thermal-induced shape deformation. The
broad transition may be attributed to variations in polymer-
ization rates and alignments throughout the film (see detailed
discussion in the Supporting Information). Our X-ray scatter-
ing analysis reveals that, upon polymerization, this mixture of
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end-on LC monomer and crosslinker transitions from a nematic
phase to a smectic A phase (Figure S4, Supporting Information),
consistent with prior studies.[24] The curling deformation is at-
tributed to differing LC alignments at the surfaces of the LCE
film: on the nanowire side of the film, the majority of the LC
molecules are expected to have a perpendicular orientation rela-
tive to the surface of the film caused by the alignment within the
nanovoids in the AAO, whereas the LCs adopt a uniform paral-
lel alignment on the side in contact with the polyimide-coated
glass slide. The deformation of the individual LCE nanowires
and LCE nanowire films is shown in computational simulations
found in Supporting Movie 1. The maximum principal curva-
ture of the film is found to depend on the thickness of the LCE
film rather than the nanowire length, with thicker films curling
less than thinner ones, as shown in Figure S5 (Supporting In-
formation). Furthermore, we observed that the film still bends
toward the nanowire surface when the nanowires are removed,
indicating that the nanowires themselves are not inducing the
curling deformation, though their existence during polymeriza-
tion does provide for the alignment within the film. In addition,
LCE films made without the AAO template but with the same
surface alignments showed curling deformations in the direction
of what would be the nanowire side (see Figure S6, Supporting
Information).
Given the impact of nanowires on surface adhesion and fric-

tion reported in previous studies, we explored their effect on the
surface adhesion of LCE films. We placed the nanowire-covered
film onto a vertical glass slide with the nanowires in contact with
the slide, applying a normal pressure for 3 s to promote adhe-
sion.We thenmeasured the adhesive shear force—themaximum
force parallel to the film/glass interface at which the film slid off
the slide. Figure 2e shows that the presence of nanowires signifi-
cantly enhanced the adhesive shear force of the LCE film, increas-
ing it fivefold compared to a film that had the nanowire structures
removed. Additionally, increasing the normal pressure allowed
the film to support greater weight until a maximum adhesive
shear force was reached. As shown in the inset of Figure 2e, a
10 mg square of LCE nanowire film (≈5 mm by 5 mm) could
hold a 2.3-g American dime, 230 times the mass of the LCE film.
Furthermore, we used theoretical models to investigate the im-
pact of the diameter of the nanowires on the increased adhesion
and found that nanowires with larger diameters are expected to
exhibit enhanced adhesion to both solid and liquid surfaces (see
Figure S7, Supporting Information).
In addition to the enhanced adhesion, the film’s curling ability

synergistically combines with the nanowire structures, enabling
it to conform to convex surfaces by increasing the contact area, as
illustrated in Figure 2f. When adhered to a convex surface, there
exists an optimized temperature at which the film’s curvature
best matches the surface curvature, maximizing adhesion. Devi-
ating from this optimal temperature, either by heating too much
or too little, disrupts this curvature match, reducing the adhe-
sion strength. Alternatively, the curling deformation can be used
in conjunction with the enhanced adhesion from the nanowire
structures to cause the films to mimic inchworm-like crawling.
As shown in Figure 2g and photographed in Figure 2h, a pat-
terned nanowire-coated LCE film exhibited curling and flattening
cycles when subjected to temperature cycling above and below
the deformation onset temperature, enabling it to crawl along a

flat glass slide. Specifically, the frictional asymmetry introduced
by removing nanowires from one side creates an imbalance that
governs the film’s curling behavior. Upon heating, the film un-
dergoes its typical curling motion, but this process detaches the
nanowire side from the glass slide while the flat side adheres
more effectively. This differential adhesion anchors the flat side,
allowing the curling motion to move the nanowire side. During
cooling, the nanowire side provides increased sliding friction, an-
choring itself to the glass slide and pushing the flat side forward.
By cycling the temperature, this alternating anchoring and mo-
tion enable the film to exhibit a crawling motion. This curling
action can also lift small additional weights comparable to the
film’s own weight.
These results demonstrate that the stimuli-responsive defor-

mations of the LCE nanowire films can be precisely activated and
programmed through temperature changes. In addition to tem-
perature control, we explored the intrinsic response of our LCE
nanowire films to other types of stimuli, such as solvent-induced
swelling. As illustrated in Figure 3a, when the LCE nanowire
films were exposed to the vapor of an appropriate chemical, the
vapor swells the film, weakening the interactions between the
LC moieties and disrupting the alignment of the LC moieties,
similar to the process of the thermal-induced LC–isotropic phase
transition.[25] This reduction in LC alignment causes the film to
deform and curl in the same direction as observed under heating,
that is, curling toward the nanowire-covered side. However, when
the film was immersed in bulk toluene or when a toluene droplet
was placed on the film surface, the film curled away from the
nanowire-covered side, exhibiting an opposite response—this be-
havior has not been achieved with this system during thermally-
induced shape deformation. This response is attributed to capil-
lary forces drawing the toluene toward the nanowire side, result-
ing in an unequal swelling of the film. The swelling causes the
nanowire side to expand, while the other side experiences less ex-
pansion, leading to the observed curling away from the nanowire
side. To further investigate the role of nanowires, the solvent-
induced deformation of films after the nanowires were removed
and films without nanowires but with the same hypothesized
alignment were investigated. As shown in Figure S8 (Supporting
Information), both films deformed toward the side correspond-
ing to the nanowire surface. This deformation aligns with the
behavior observed in films exposed to solvent vapors or elevated
temperatures but contrasts with the response of LCE nanowire
films, which curl in the opposite direction when exposed to a sol-
vent droplet. This result further supports the hypothesis that the
nanowires play an important role in this unique reversed defor-
mation. Polarized light micrographs of the film before and af-
ter swelling can be seen in Figure S9 (Supporting Information).
The disappearance of the bright-to-dark transition upon rotation
between crossed polarizers after immersion in toluene points
toward the swelling of the film and disruption of the LC moi-
eties’ alignment. Notably, in both solvent types, the film recovers
to its original shape once the toluene evaporates, as shown in
Figure 3b.
In contrast to the curling induced by temperature, which pri-

marily matches convex shapes by curling toward the nanowire-
covered side of the LCE film, the deformation caused by a toluene
droplet can be synergistically combined with the enhanced
adhesion of the nanowire structures to conform to concave
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 15214095, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202414695 by O
hio State U

niversity U
niversity Libraries, W

iley O
nline Library on [01/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. Chemical-induced shape deformation of LCE films with nanowire structures. a) Schematic of the shape deformations of LCE nanowire films
under the presence of an organic solvent vapor condition and after the application of an organic solvent droplet condition. b) Principal curvatures of
LCE nanowire films as a function of time immersed in toluene vapor (24 ppm) and after the application of a toluene droplet (120 μL). The toluene vapor
was removed at 20 min. c) Maximum adhesive forces and principal curvatures of LCE nanowire films as a function of applied toluene droplet volume.
A 40 kPa pressure was applied for 3 s before measuring the adhesive force. d) Principal curvatures of LCE nanowire films as a function of the solvent
polarity of 120 μL organic solvent droplets. Error bars represent standard deviations from three independent measurements for each data point.

substrates, as depicted in Figure 3c. When the curvature of the
LCE film optimally matches that of the substrate, the adhesive
force is maximized. Our investigations into other solvents re-
vealed that a specific level of polarity is necessary to induce defor-
mations in the film, as demonstrated in Figure 3d. The solvent
polarity selectivity arises from conventional solvent–polymer in-
teractions, where solvents with polarities similar to the poly-
mer promote favorable interactions and sufficient solubility.[25]

LC polymers exhibit dual characteristics, combining polar func-
tional groups (e.g., ester groups) with nonpolar aromatic rings.
This unique composition makes solvents of intermediate polar-
ity, such as toluene, particularly effective for swelling the LC poly-
mers. In contrast, highly polar solvents (e.g., ethanol) and highly
nonpolar solvents (e.g., hexanes) are inefficient for swelling. The
enhanced solubility achieved with intermediate-polarity solvents
facilitates greater solvent vapor uptake, thereby amplifying the
deformation response. Overall, the films exhibit responsiveness
to both temperature and chemical stimuli, with the friction am-
plification provided by the nanowire structures synergizing with
the curling deformations to maximize adhesion to curved sur-
faces.
In the final set of experiments, we investigated the wettability

of the LCE nanowire films in both air and underwater conditions
(Figure S10a, Supporting Information). The LCE nanowire films
exhibit intrinsic hydrophobicity with a water contact angle of
≈148°, as shown in the contact angle goniometer image in Figure
S10 (Supporting Information). Without further surface modifi-
cation, Figure S11a (Supporting Information) demonstrates that
the nanowires enhance the adhesion of water to the LCE surface,

allowing micrometer-sized water droplets to be lifted. This ad-
hesive effect of the nanowires is further illustrated graphically
in Figure S11b (Supporting Information). However, when the
films were submerged underwater with an oil droplet on top,
specifically dichloroethane, the droplet spread across the surface
(Figure 4b), likely due to capillary forces similar to those ob-
served during the solvent-induced shape deformation, as shown
in Figure 3c.
To provide the LCE nanowire films with underwater antifoul-

ing properties, similar to structured surfaces like filefish skin,
we applied a simple surface modification to the LCE film using
3-(2-aminoethylamino)propyltrimethoxysilane (AEAPTMS) and
2-carboxyethylacrylate (2-CEA), and their molecular structures
are provided in Figure 4a. This chemical modification was
confirmed through attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy, as shown in Figure
S12 (Supporting Information). Following this modification, the
LCE nanowire films exhibited underwater superoleophobicity
to various oil droplets, as evidenced by Figure 4b and Figure
S13 (Supporting Information). The adhesion force of a 5-μL
dichloroethane droplet was determined to be ≈25 μN, measured
following its compression to a modified LCE nanowire film with
a preload force of 50 μN and subsequent detachment, as shown
in Figure 4c. This superoleophobicity remains stable under
harsh conditions over a period of 30 days, including extreme pH
values, artificial seawater, and surfactants, as shown in Figure
S13b (Supporting Information). Furthermore, the nanowire
structures enhanced the underwater superoleophobicity of the
modified LCE films, indicated by a reduction in contact angle
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Figure 4. Underwater superoleophobicity of LCE nanowire films induced by chemical modification. a) Molecular structures of AEAPTMS and 2-CEA.
b) Photographs and contact angle goniometer images showing the underwater oil wettability of LCE nanowire films before and after surfacemodification.
c) Underwater adhesive force of a 5 μL dichloromethane droplet on chemically modified LCE nanowire films. d) Chemical reaction between colorless
vanillin and decylamine producing yellow 4-((decylimino)methyl)-2-methoxyphenol, driven by an LCE nanowire film-based droplet mixer. Two 10 μL
colorless n-octanol oil droplets containing vanillin (left) and decylamine (right) were placed on an underwater superoleophobic substrate. IR light-
induced actuation of the LCE nanowire films (fixed at one end) mixed the droplets. e) ATR-FTIR spectra showing the disappearance of the C═O peak at
1674 cm−1 and the appearance of the C═N peak at 1645 cm−1, confirming the reaction between the amine and aldehyde.

when the nanowires were removed (Figure S11b, Supporting
Information).
By integrating this underwater superoleophobicity with the

stimuli-responsive deformation of the LCE films, we devel-
oped an underwater droplet-mixing system using two LCE
nanowire films. As illustrated in Figure 4d, droplets placed at
the ends of two LCE nanowire films submerged underwater
were mixed by heating with a 150 W, broad wavelength in-
frared bulb, as further described in the Supporting Informa-
tion, causing the curling of the films to facilitate a chemical
reaction. Specifically, we demonstrated a colorimetric reaction
between vanillin (colorless) and decylamine (colorless) to yield
4-((decylimino)methyl)-2-methoxyphenol (yellow), as shown in
Figure 4d. The reaction was verified through ATR-FTIR, UV–
vis, and 1H NMR spectroscopy (Figures S14 and S15, Support-
ing Information), which confirmed the disappearance of the
C═O bond in vanillin and the emergence of the C═N bond in
the final product (Figure 4e). Notably, the curling of the LCE
nanowire films was stable across temperature changes (Figure
S16a, Supporting Information). Additionally, the chemical mod-
ification preserved the reversible deformation characteristics of
the LCE films, as demonstrated in Figure S16b (Supporting
Information).

Moreover, the inherently hydrophobic nature of the LCE
nanowire films in air exhibited an extreme repellence to water
droplets when submerged in oil. Leveraging their temperature-
responsive curling behavior, we designed an underoil water
droplet-mixing robot, where two LCE nanowire films facilitate
a chemical reaction between iron(III) chloride (colorless) and
potassium thiocyanate (colorless) to achieve a blood red colored
product, as illustrated in Figure S17 (Supporting Information).
These results highlight the versatility of the chemical modifica-
tion in tuning the super wettability while maintaining the shape
deformability of the LCE nanowire films.

3. Conclusion

In this work, we reported the design and synthesis of LCE
nanowire films that exhibit distinct stimuli-responsive defor-
mations when subjected to thermal and solvent stimuli. The
nanowire structures were shown to increase the adhesion of the
films to surfaces, mimicking biological systems. Additionally,
the AAO template used to create the nanowires on the surface
of the LCE films created a uniform alignment within the LC
molecules, confirmed through polarized light microscopy and
stimuli-responsive shape deformations, which also aligned the

Adv. Mater. 2025, 37, 2414695 2414695 (7 of 9) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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LCmoieties within the filmperpendicular to the surface. Because
of this alignment and the parallel alignment on the other side of
the film, the LCE films curl toward the nanowire covered sur-
face upon heating or exposure to solvent vapors, with the abil-
ity to revert to their original shape upon removal of the stimu-
lus. However, exposure to a solvent droplet causes the films to
curl in the reverse direction. The combined effect of curling and
increased adhesion allows the films to conform to both convex
and concave surfaces. Additionally, the nanowire structures en-
hanced the film’s antifouling properties in water and oil. A sim-
ple chemical modification introduced underwater superoleopho-
bicity, expanding potential applications in harsh environments.
The development of an underwater droplet-mixing robot further
demonstrates the practical utility of thesematerials in facilitating
chemical reactions in aqueous environments.
Future efforts will explore the systematic optimization of the

nanowire fabrication process to tailor the structural properties
of LCE films for specific applications. Additionally, investigat-
ing the interplay between nanowire dimension, LC alignment,
and environmental stimuli can yield deeper insights into the
design of advanced materials with programmable responses.
The temperature-induced adhesion, shape deformation, and
inchworm-like crawling motion of LCE nanowire films can be
exploited for various functionalities such as artificial muscles,
pumping, locomotion mechanisms, soft grippers, and applica-
tions in biomedical fields.[26] These lightweight, responsive films
are particularly suitable for delicate tasks, such as handling
fragile objects or biomedical samples with precision. Another
demonstrated promising application is the use of antifouling
LCE nanowire films, with or withoutmodification, for automated
liquid dropletmanipulationwithout incurring anymass loss. The
inherent extreme liquid repellence ensures no mass loss caused
by adhesion to a solid surface while manipulating the liquid
droplets with the stimuli-responsive films. This enables precise
liquid control in small volumes without having adhesion-based
mass loss, enhancing experimentation efficiency and minimiz-
ing human error. Such capabilities can be extended to lab-on-a-
chip systems and microfluidic platforms,[27] enabling microreac-
tions and miniaturized biological laboratory processes. By lever-
aging the unique characteristics of LCEs and nanostructures,
we aim to further explore their capabilities in dynamic environ-
ments, paving the way for innovative solutions in materials sci-
ence and engineering.

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

Acknowledgements
R.L.D, Y.X., and A.B. contributed equally to this work. Xiaoguang W. would
like to acknowledge the financial support from the startup fund of The
Ohio State University (OSU), OSU Sustainability Institute Seed Grant,
OSU Institute for Materials Research Kickstart Facility Grant, OSUMateri-
als Research Seed Grant Program, funded by the Center for Emergent Ma-
terials, an NSF-MRSEC, grant DMR-2011876, the Center for Exploration
of Novel Complex Materials, and the Institute for Materials Research.
U.M. acknowledges the financial support from Science and Engineering

Research Board (CRG/2022/000710).Y.X. would like to acknowledge the
financial support from the National Natural Science Foundation of China
(22305175) and the Fundamental Research Funds for the Central Univer-
sities. X.W. and R.Z. were supported by the Guangdong Natural Science
Foundation 2022A1515011186. X.W. and R.Z. would like to thank HKUST
Fok Ying Tung Research Institute and National Supercomputing Center in
Guangzhou Nansha Sub-center for providing high-performance computa-
tional resources. The authors would like to thank Dr. Joshua Sangoro and
Mr. Benworth B. Hansen for the DSC measurements.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the
supplementary material of this article.

Keywords
adhesion, liquid crystal elastomers, nanowire structures, stimuli-
responsive materials, superwettability

Received: September 27, 2024
Revised: January 9, 2025

Published online: January 19, 2025

[1] a) D. Stuart-Fox, L. Ng, M. A. Elgar, K. Hölttä-Otto, G. Schröder-Turk,
N. H. Voelcker, G. S. Watson, Nat. Rev. Mater. 2023, 8, 565; b) M. S.
Ganewatta, Z. K. Wang, C. B. Tang, Nat. Rev. Chem. 2021, 5, 753; c)
H. W. Chen, P. F. Zhang, L. W. Zhang, H. L. L. Iu, Y. Jiang, D. Y. Zhang,
Z. W. Han, L. Jiang, Nature 2016, 532, 85; d) T. S. Wong, S. H. Kang,
S. K. Y. Tang, E. J. Smythe, B. D. Hatton, A. Grinthal, J. Aizenberg,
Nature 2011, 477, 443.

[2] a)W. Chen, P. Zhang, S. Yu, R. Zang, L. Xu, S.Wang, B.Wang, J. Meng,
Nat. Protoc. 2022, 17, 2647; b) M. J. Liu, S. T. Wang, Z. X. Wei, Y. L.
Song, L. Jiang, Adv. Mater. 2009, 21, 665.

[3] a) Z. H. Li, Z. G. Guo, Nanoscale 2019, 11, 22636; b) A. Babi, Nat.
Rev. Mater. 2017, 2, 17035; c) M. J. Liu, S. T. Wang, L. Jiang, Nat. Rev.
Mater. 2017, 2, 17036.

[4] a) W. Jo, H. S. Kang, J. Choi, J. Jung, J. Hyun, J. Kwon, I. Kim, H. Lee,
H. T. Kim,Nano Lett. 2021, 21, 5500; b) P. Ball,Nature 1999, 400, 507.

[5] a) P. F. A. Maderson,Nature 1964, 203, 780; b) K. Autumn, Y. A. Liang,
S. T. Hsieh, W. Zesch, W. P. Chan, T. W. Kenny, R. Fearing, R. J. Full,
Nature 2000, 405, 681; c) H. Lee, B. P. Lee, P. B. Messersmith,Nature
2007, 448, 338; d) L. T. Qu, L. M. Dai, M. Stone, Z. H. Xia, Z. L. Wang,
Science 2008, 322, 238; e) Y. Cai, L. Lin, Z. Xue, M. Liu, S. Wang, L.
Jiang, Adv. Funct. Mater. 2013, 24, 809; f) K. L. Johnson, K. Kendall,
A. D. Roberts, Proc. R. Soc. London A. 1971, 324, 301.

[6] a) Z. Li, M. Y. Cao, P. Li, Y. Y. Zhao, H. Y. Bai, Y. C. Wu, L. Jiang,Matter
2019, 1, 661; b) H. B. Xu, Y.M. Zhou, D. Daniel, J. Herzog, X. G.Wang,
V. Sick, S. Adera,Nat. Commun. 2023, 14, 4901; c) M. Tenjimbayashi,
K. Manabe, Sci. Technol. Adv. Mater. 2022, 23, 473; d) H. Chen, M.
Jiang, Y. B. Guo, I. Chaganava, Q. H. Wei, Soft Matter 2023, 19, 8863;
e) Y. Yao, R. K. A. Bennett, Y. Xu, A. M. Rather, S. Li, T. C. Cheung, A.
Bhanji, M. J. Kreder, D. Daniel, S. Adera, J. Aizenberg, X. Wang, Proc.
Natl. Acad. Sci 2022, 119, 2211042119; f) P. Vukusic, J. R. Sambles, C.
R. Lawrence, R. J. Wootton, Proc. R. Soc. Lond. B 1999, 266, 1403; g)W.
Barthlott, C. Neinhuis, Planta 1997, 202, 1; h) F. Vollrath, D. Knight,
Nature 2001, 410, 541; i) S. Martin, B. Bhushan, J. Colloid Interface
Sci. 2016, 474, 206.

Adv. Mater. 2025, 37, 2414695 2414695 (8 of 9) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202414695 by O
hio State U

niversity U
niversity Libraries, W

iley O
nline Library on [01/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

[7] a) K. Autumn, M. Sitti, Y. C. A. Liang, A. M. Peattie, W. R. Hansen, S.
Sponberg, T. W. Kenny, R. Fearing, J. N. Israelachvili, R. J. Full, Proc.
Natl. Acad. Sci 2002, 99, 12252; b) Y. L. Zhang, S. H. Ma, B. Li, B. Yu,
H. Lee, M. R. Cai, S. N. Gorb, F. Zhou, W. M. Liu, Chem. Mater. 2021,
33, 2785.

[8] a) G. Badawy, E. P. A. M. Bakkers, Chem. Rev. 2024, 124, 2419; b)
H. M. Zhu, Y. P. Fu, F. Meng, X. X. Wu, Z. Z. Gong, Q. Ding, M. V.
Gustafsson, M. T. Trinh, S. Jin, X. Y. Zhu, Nat. Mater. 2015, 14, 636;
c) A. Q. Zhang, J. H. Lee, C. M. Lieber,Nano Today 2021, 38, 101135.

[9] a) R. X. Yan, D. Gargas, P. D. Yang, Nat. Photonics 2009, 3, 569; b) W.
Deng, L. M. Huang, X. Z. Xu, X. J. Zhang, X. C. Jin, S. T. Lee, J. S. Jie,
Nano Lett. 2017, 17, 2482.

[10] a) J. Liang, S. Li, X. Liu, Y. Wan, Y. Xia, H. Shi, S. Zhang, H.-L. Wang,
G. Lu, G. Wu, Y. Huang, Q. Li, Nat. Catal. 2024, 7, 719; b) J. L. Li, B.
W. Sheng, Y. Q. Chen, J. J. Yang, P. Wang, Y. X. Li, T. Q. Yu, H. Pan, L.
Qiu, Y. Li, J. Song, L. Zhu, X. Q. Wang, Z. Huang, B. W. Zhou, Nat.
Commun. 2024, 15, 7393; c) H. Xu, H. Y. Shang, C. Wang, Y. K. Du,
Adv. Funct. Mater. 2020, 30, 2000793.

[11] a) S. N. Chanu, B. P. Swain, in Nanostructured Materials and their Ap-
plications, (Ed: B. P. Swain), Springer, Singapore 2021; b) C. Wang,
M. Liu, Z. F. Wang, S. Li, Y. Deng, N. Y. He, Nano Today 2021,
37, 101092; c) X. L. Li, J. S. Mo, J. R. Fang, D. X. Xu, C. Yang, M.
Zhang, H. B. Li, X. Xie, N. Hu, F. M. Liu, J. Mater. Chem. B 2020, 8,
7609.

[12] a) D. A. Fletcher, R. D.Mullins,Nature 2010, 463, 485; b) T. D. Pollard,
R. D. Goldman, Cold Spring Harb. Perspect. Biol. 2018, 10, a030288;
c) A. Akhmanova, M. O. Steinmetz,Nat. Rev. Mol. Cell Biol. 2015, 16,
711.

[13] K. Keren, Z. Pincus, G. M. Allen, E. L. Barnhart, G. Marriott, A.
Mogilner, J. A. Theriot, Nature 2018, 453, 475.

[14] a) Z. B. Wen, M. K. McBride, X. P. Zhang, X. Han, A. M. Martinez,
R. F. Shao, C. H. Zhu, R. Visvanathan, N. A. Clark, Y. Z. Wang, K. K.
Yang, C. N. Bowman,Macromolecules 2018, 51, 5812; b) A. Kotikian,
C. McMahan, E. C. Davidson, J. M. Muhammad, R. D. Weeks, C.
Daraio, J. A. Lewis, Sci. Rob. 2019, 4, eaax7044.

[15] a) S. Iamsaard, S. J. Asshoff, B. Matt, T. Kudernac, J. J. L. M.
Cornelissen, S. P. Fletcher, N. Katsonis, Nat. Chem. 2014, 6, 229;
b) H. Zeng, O. M. Wani, P. Wasylczyk, R. Kaczmarek, A. Priimagi,
Adv. Mater. 2017, 29, 1701814; c) T. Ikeda, J. Mamiya, Y. L. Yu, Angew.
Chem., Int. Ed. 2007, 46, 506; d) E. C. Davidson, A. Kotikian, S. Li, J.
Aizenberg, J. A. Lewis, Adv. Mater. 2019, 32, 1905682.

[16] a) Y. Y. Shang, J. C. Liu, M. B. Zhang, W. L. He, X. Y. Cao, J. X. Wang,
T. Ikeda, L. Jiang, Soft Matter 2018, 14, 5547; b) S. C. Li, B. L. Deng,
A. Grinthal, A. Schneider-Yamamura, J. L. Kang, R. S. Martens, C. T.
Zhang, J. Li, S. Q. Yu, K. Bertoldi, J. Aizenberg,Nature 2021, 592, 386.

[17] a) C. Ohm, M. Brehmer, R. Zentel, Adv. Mater. 2010, 22, 3366; b) Y. Y.
Xiao, Z. C. Jiang, J. B. Hou, Y. Zhao,Nat. Commun. 2021, 12, 624; c) T.
S. Hebner, C. N. Bowman, T. J. White,Macromolecules 2021, 54, 4023;
d) K. M. Herbert, H. E. Fowler, J. M. McCracken, K. R. Schlafmann,
J. A. Koch, T. J. White, Nat. Rev. Mater. 2022, 7, 23; e) J. Jiang, O.
I. Akomolafe, X. Wang, Z. Asilehan, W. Tang, J. Zhang, Z. Chen, R.
Wang, K. Ranabhat, R. Zhang, C. Peng, Proc. Natl. Acad. Sci 2024,
121, 2402395121; f) C. H. Peng, T. Turiv, Y. B. Guo, Q. H. Wei, O. D.
Lavrentovich, Science 2016, 354, 882.

[18] a) J. X. Cui, D. M. Drotlef, I. Larraza, J. P. Fernández-Blázquez, L. F.
Boesel, C. Ohm, M. Mezger, R. Zentel, A. del Campo, Adv. Mater.
2012, 24, 4601; b) A. Kotikian, R. L. Truby, J. W. Boley, T. J. White, J.
A. Lewis, Adv. Mater. 2018, 30, 1706164; c) J. A. Lv, Y. Y. Liu, J. Wei,
E. Q. Chen, L. Qin, Y. L. Yu, Nature 2016, 537, 179; d) A. Buguin,
M. H. Li, P. Silberzan, B. Ladoux, P. Keller, J. Am. Chem. Soc. 2006,
128, 1088; e) H. Shahsavan, S. M. Salili, A. Jákli, B. Zhao, Adv. Mater.
2016, 29, 1604021; f) Y. X. Yao, J. T. Waters, A. V. Shneidman, J. X.
Cui, X. G. Wang, N. K. Mandsberg, S. C. Li, A. C. Balazs, J. Aizenberg,

Proc. Natl. Acad. Sci 2018, 115, 12950; g) S. Palagi, A. G. Mark, S.
Y. Reigh, K. Melde, T. Qiu, H. Zeng, C. Parmeggiani, D. Martella, A.
Sanchez-Castillo, N. Kapernaum, F. Giesselmann, D. S. Wiersma, E.
Lauga, P. Fischer,Nat. Mater. 2016, 15, 647; h) E. K. Fleischmann, H.
L. Liang, N. Kapernaum, F. Giesselmann, J. Lagerwall, R. Zentel,Nat.
Commun. 2012, 3, 1178; i) Z. Pei, Y. Yang, Q. Chen, E. M. Terentjev,
Y. Wei, Y. Ji, Nat. Mater. 2013, 13, 36; j) J. T. Waters, S. C. Li, Y. X.
Yao, M. M. Lerch, M. Aizenberg, J. Aizenberg, A. C. Balazs, Sci. Adv.
2020, 6, eaay5349; k) D. J. Broer, C. M. W. Bastiaansen, M. G. Debije,
A. P. H. J. Schenning, Angew. Chem., Int. Ed. 2012, 51, 7102; l) Y. B.
Zhang, Z. H. Wang, Y. Yang, Q. M. Chen, X. J. Qian, Y. H. Wu, H.
Liang, Y. S. Xu, Y. Wei, Y. Ji, Sci. Adv. 2020, 6, eaay8606; m) C. Ohm,
N. Haberkorn, P. Theato, R. Zentel, Small 2011, 7, 194; n) H. Kim, S.
H. Ryu, M. Tuchband, T. J. Shin, E. Korblova, D. M. Walba, N. A. Clark,
D. K. Yoon, Sci. Adv. 2017, 3, e1602102.

[19] a) T. H. Ware, M. E. McConney, J. J. Wie, V. P. Tondiglia, T. J. White,
Science 2015, 347, 982; b) A. H. Gelebart, D. J. Mulder, M. Varga, A.
Konya, G. Vantomme, E. W. Meijer, R. L. B. Selinger, D. J. Broer, Na-
ture 2017, 546, 632; c) M. E. McConney, A. Martinez, V. P. Tondiglia,
K. M. Lee, D. Langley, I. I. Smalyukh, T. J. White, Adv. Mater. 2013, 25,
5880; d) H. M. van der Kooij, S. A. Semerdzhiev, J. Buijs, D. J. Broer,
D. Liu, J. Sprakel, Nat. Commun. 2019, 10, 3501; e) D. Q. Liu, D. J.
Broer, Angew. Chem., Int. Ed. 2014, 53, 4542; f) F. L. L. Visschers, M.
Hendrikx, Y. Y. Zhan, D. Q. Liu, Soft Matter 2018, 14, 4898.

[20] a) X. M. Feng, L. Wang, Z. J. Xue, C. Xie, J. Han, Y. C. Pei, Z. F. Zhang,
W. H. Guo, B. H. Lu, Sci. Adv. 2024, 10, eadk3854; b) J. Min, Z. Wu,
W. Zhang, Y. Liu, D. Luo, Adv. Sens. Res. 2023, 3, 2300117; c) W. Liao,
Z. Yang, Adv. Mater. Technol. 2022, 7, 2101260; d) S. A. M. Weima,
R. Norouzikudiani, J. Baek, J. A. Peixoto, T. K. Slot, D. J. Broer, A.
DeSimone, D. Liu, Sci. Adv. 2024, 10, eadp0421.

[21] W. S. Kim, J. H. Im, H. Kim, J. K. Choi, Y. Choi, Y. K. Kim, Adv. Mater.
2023, 35, 2204275.

[22] a) S. Song, D.-M. Drotlef, C. Majidi, M. Sitti, Proc. Natl. Acad. Sci
2017, 114, e4344; b) Y. Zhang, Z. Wang, Y. Yang, Q. Chen, X. Qian,
Y. Wu, H. Liang, Y. Xu, Y. Wei, Y. Ji, Sci. Adv. 2020, 6, eaay8606; c) M.
Li, A. Pal, A. Aghakhani, A. Pena-Francesch, M. Sitti, Nat. Rev. Mater.
2021, 7, 235; d) H. Shahsavan, L. Yu, A. Jakli, B. Zhao, Soft Matter
2017, 13, 8006.

[23] a) A. K. Geim, S. V. Dubonos, I. V. Grigorieva, K. S. Novoselov, A. A.
Zhukov, S. Yu Shapoval, Nat. Mater. 2003, 2, 461; b) L. Ge, S. Sethi,
L. Ci, P. M. Ajayan, A. Dhinojwala, Proc. Natl. Acad. Sci 2007, 104,
10792.

[24] a) F. J. Davis, J. Mater. Chem. 1993, 3, 551; b) M.Warner, K. P. Gelling,
T. A. Vilgis, J. Chem. Phys. 1988, 88, 4008; c) A. L. Elias, K. D. Harris, C.
W. M. Bastiaansen, D. J. Broer, M. J. Brett, J. Mater. Chem. 2006, 16,
2903; d) J. Kupfer, H. Finkelmann,Makromol. Chem. Rapid Commun.
1991, 12, 717; e) Y. Xu, R. L. Dupont, Y. Yao, M. Zhang, J.-C. Fang,
X. Wang,Macromolecules 2021, 54, 5376; f) Y. Yao, A. M. Wilborn, B.
Lemaire, F. Trigka, F. Stricker, A. H. Weible, S. Li, R. K. A. Bennett,
T. C. Cheung, A. Grinthal, M. Zhernenkov, G. Freychet, P. Wasik, B.
Kozinsky,M.M. Lerch, X.Wang, J. Aizenberg, Science 2024, 386, 1161.

[25] a) J. M. Boothby, H. Kim, T. H.Ware, Sens. Actuators, B 2017, 240, 511;
b) A. Velasco Abadia, D. K. Schwartz, J. L. Kaar, Polym. Int. 2023, 72,
977; c) I. K. Shishmanova, C.W.M. Bastiaansen, A. P. H. J. Schenning,
D. J. Broer, Chem. Commun. 2012, 48, 4555.

[26] a) M. Shi, E. M. Yeatman, Microsyst. Nanoeng. 2021, 7, 95; b) J.
Shintake, V. Cacucciolo, D. Floreano, H. Shea, Adv. Mater. 2018, 30,
1707035; c) H. Zeng, P. Wasylczyk, D. S. Wiersma, A. Priimagi, Adv.
Mater. 2018, 30, 1703554; d) P. E. S. Silva, X. Lin,M. Vaara,M.Mohan,
J. Vapaavuori, E. M. Terentjev, Adv. Mater. 2023, 35, 2210689.

[27] a) F. Paratore, V. Bacheva, M. Bercovici, G. V. Kaigala,Nat. Rev. Chem.
2018, 6, 70; b) P. Dittrich, A. Manz, Nat. Rev. Drug Discovery 2006, 5,
210.

Adv. Mater. 2025, 37, 2414695 2414695 (9 of 9) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202414695 by O
hio State U

niversity U
niversity Libraries, W

iley O
nline Library on [01/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advmat.de

	Synergistic Adhesion and Shape Deformation in Nanowire-Structured Liquid Crystal Elastomers
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


