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Liquid crystal polymers with motile surfaces

Fabian L. L. Visschers,a Matthew Hendrikx,ab Yuanyuan Zhanac and
Danqing Liu *abc

In analogy with developments in soft robotics it is anticipated that soft robotic functions at surfaces of

objects may have a large impact on human life with respect to comfort, health, medical care and energy. In

this review, we demonstrate the possibilities and versatilities of liquid crystal networks and elastomers being

explored for soft robotics, with an emphasis on motile surface properties, such as topographical dynamics.

Typically the surfaces reversibly transfer from a flat state to a pre-designed corrugated state under various

stimuli. But also reversible conversion between different corrugated states is feasible. Generally, the driving

triggers are heat, light, electricity or contact with pH changing media. Also, the macroscopic effects of those

dynamic topographies, such as altering the friction, wettability and/or performing work are illustrated. The

review concludes with the existing challenges as well as outlook opportunities.

1. Introduction

Since the discovery of liquid crystals by Reinitzer and Lehmann in
1888, and the possibility to make optical switches using electro-
hydrodynamic effects by Williams1 in 1963, liquid crystal technology
has become mature and liquid crystal displays (LCDs) have
occupied a substantial majority of the display market in TVs,
computer monitors, and screens for laptops, tablets, and mobile
devices already now for decades. With the merging of new
display principles, e.g. organic light emitting diodes (OLEDs),2–4

field emission displays (FEDs),5 and electrowetting and E-ink
based electronic paper,6–8 liquid crystal technology is now facing
challenges in what is beyond display applications. Researchers in
both industry and academia are continuing to search for new
applications of liquid crystals, challenged by the unique set of
properties that liquid crystals exhibit. In the past decade, liquid
crystal technologies, including liquid crystal polymer networks
(LCNs), liquid crystal elastomers (LCEs) and liquid crystal polymers
(LCPs) have been used for the development of soft actuators based
on the controlled reversible changes of the order parameter of the
aligned polymer network.9,10 Various types of deformation ranging
from simple bending11–21 or curling22–24 to complex origami types
of morphing21,25–27 are demonstrated to lift weights, mimic nature
in shape and color, or transport materials.

In this review, we discuss the remarkable capabilities of liquid
crystal elastomers and networks, and focus specifically on soft
robotics where the various molecular accessories are assembled in
the two dimensions of a skin-mimicking coating. For instance, LCN
surfaces deform dynamically into a variety of pre-designed topo-
graphic patterns by means of various triggers, such as temperature,
light and the input of an electric field. This microscopic deformation
exhibits a considerable macroscopic impact on tribology (friction
and wear),28,29 human–machine interfaces and haptics,30 laminar
mixing of fluids in a microchannel,31 switchable (super)hydro-
phobicity and wetting/dewetting by water or other liquids,32–34 self-
cleaning,35 dynamics in optics (lenses, gratings)36,37 and directed cell
growth.38–40 To guide the reader through the possibilities, limitations
and challenges, we start the review by briefly introducing the
material preparation and related properties. We explain the technol-
ogies employed to control molecular alignment and the procedure to
form liquid crystal polymer networks and elastomers. We then
review the designs and approaches to create morphing surfaces in
response to heat, light and electricity. Configurations including
liquid crystal coatings confined on a rigid substrate, coatings
attached to a compliant layer and free standing films that transfer
from a 2D flat sheet to pre-programmed 3D deformation will be
elaborated. Although also an interesting and potentially high-impact
approach, we exclude here the motion of cilia or hairy structures
which has been extensively discussed in other reviews.41,42 We close
with a forward-looking overview of the implications of these
materials for a range of applications.

2. Material preparation and properties

The preparation of liquid crystal polymer networks (LCNs) and
liquid crystal elastomers (LCEs) has been elaborated in detail.42–47
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Although these two terminologies have been often used inter-
changeably, here we point out a number of major differences.
Liquid crystal elastomers were pioneered by Finkelmann at
Freiburg University. Lightly cross-linked LCEs have mesogenic
groups attached to siloxane or acrylate. Generally, a two-step
crosslinking procedure is involved in which the oriented LCEs
are obtained by mechanically stretching the loosely cross-
linked elastomers formed in the first stage. This alignment
method causes intrinsic drawbacks of LCEs in that they only
possess uniaxial molecular configuration. Consequently, LCEs
only exhibit simple in-plane contraction or expansion. More
complex deformation requires multi-layer configurations.

Densely cross-linked liquid crystal networks (LCNs) were
developed in the 1980s by Broer and co-workers at Philips Research
Laboratory.48–51 In this approach, mesogenic molecules with either
one, two, or more functional groups are designed. The polymeriz-
able groups can be attached to either the end(s) or as a lateral side
group. These molecules are now widely employed in the modern
LCD industry and, in one way or the other, are present in almost
every high-end LC display for improving their brightness, stability
and viewing angle performance or adding additional features
such as a three-dimensional viewing experience. Various molecular
configurations ranging from uniaxial, splay bended, twisted
nematic, tilted uniaxial, and/or chiral nematic can already be
established in the monomeric state. Known techniques for LC
alignment developed in the LCD industry include the use of rubbed
polyimide surfaces, surfactant modified surfaces, electric/magnetic
fields or a combination of these alignment techniques to create
complex molecular architectures. Upon polymerization, often
initiated by light, the molecular alignment of the monomer is
captured during the conversion to the polymer network. The
advantage of LCNs is the versatility to integrate complex
molecular alignments in a single film or coating. Therefore,
as we see later, a flat film can transfer into various complex
origami types of deformation.

Note that, during deformation, LCEs often undergo a phase
transition, e.g. from nematic to isotropic, while the higher
crosslinked LCNs do not have a phase transition and rather
exhibit a small reduction of order parameter, e.g. from 0.6 to
0.5, to undergo their deformation, which is in general smaller
than that of LCEs.

3. Morphing surfaces at a rigid
substrate

In 2006, Feringa et al. published in Nature the generation of
rotational surface reliefs in liquid crystal film under a contin-
uous light illumination.52 In their method, a light responsive
chiral molecular motor is embedded in the liquid crystal film,
which continuously inverses its chirality under UV exposure.
The enantiomeric inversion results in winding and unwinding
of the helix. The realignment of the cholesteric liquid crystals
in their fingerprint mode leads to dynamic topographies with a
continuous rotation of the fingerprint orientations and thereby
the surface corrugation. This surface motion is able to exert

work by rotating a small, but in comparison with the molecular
dimensions of the molecular motor very large, glass fiber
placed on top of it. The coating however, is still in the liquid
phase and not able to withstand any mechanical force. There-
fore, in this section we elaborate approaches to fabricate glassy
polymer coatings which exhibit dynamic surface deformation
as if they were liquid.

3.1 Order parameter reduction induced geometric
deformation

Liquid crystal networks/elastomers (LCNs/LCEs) have been
demonstrated to create bending53,54 helical twisting,55 accordion-
like56 and even more complex origami types of deformation57 in a
free standing film at elevated temperature. This deformation is
based on the anisotropic thermal expansion of ordered LCNs upon
an order parameter reduction. Upon heating above the glass
transition temperature (Tg), the order parameter of LCNs decreases,
which leads to a contraction (negative thermal expansion) parallel
to the orientation direction and expansion in the two directions
perpendicular to it. It should be noted that in LCNs, a phase
transition to isotropic generally does not occur. Instead there is
only a minor decrease in the order parameter. In general, geometric
deformation induced by order parameter reduction is rather small.
In order to amplify these effects, a combination of different
molecular configurations or director patterns are often applied.
For example, a splay molecular orientation is adopted for a large
bending deformation. In the splay configuration molecules transit
from planar to perpendicular (homeotropic) alignment along the
film thickness.58 Upon decreasing the order parameter, a contrac-
tion on the planar side and an expansion on the homeotropic side
occur, analogous to the bending in a bilayer system.

To create dynamic surface topographies, a film is confined
by adhering it firmly to a rigid substrate which prohibits lateral
displacement. The deformation wants to escape into the third
dimension at the coating surface. If the coating has a uniform
homogenous molecular alignment, the decrease in order para-
meter only leads to an overall thickness change. The formation
of surface topographic patterns requires that the coating con-
sists of various director patterns to promote different expansion
behaviour in different molecular configurations. One of the
benefits of photo-polymerization of LCNs is the ability to
establish patterned molecular alignments in one composite
through either bottom-up or top-down approaches or the
combination of both. Sousa et al.59 reported the thermal
responsive surface topographies formed in a patterned polymer
coating, in which cholesteric regions are embedded in an
isotropic matrix through a two-step polymerization process
(Fig. 1a). The liquid crystal monomer mixture is exposed
through a photo mask to locally freeze in a chiral nematic
phase. Subsequently, this partly cured coating is subjected to a
heat step to convert the non-reacted monomers to the isotropic
phase. After a second flood exposure, a continuous polymer
coating that consists of both cholesteric and isotropic regions
is fabricated. The isotropic and cholesteric areas experience
different thermal expansion coefficients at an elevated tem-
perature resulting in protrusions formed in the cholesteric
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regions (Fig. 1b). Babakhanova and Lavrentovich60 proposed the
formation of surface profiles based on creating defect patterns
through a photo-alignment technique.61,62 The photo-alignment
layer contains azodye molecules that can reorient their long axes
perpendicular to the local light polarization. Defects can now
be written by using a plasmonic photomask in which the
linear polarization follows pre-designed patterns (Fig. 1c). Upon
heating above the glass transition temperature (B50 1C), both
indentations and protrusions can be developed in the defect
areas. Protrusions are formed in bend regions where the
material moves towards the center of the defect (Fig. 1d),
whereas indentations are formed in splay regions where the
opposite happens (Fig. 1e). Other patterns are created by using
alternating splay and bend areas in the coating, instead of
defects. Again, the correlation of protrusions arising in bend
areas and indentations forming in splay areas is confirmed.
The dynamic surface topography is fully reversible unless the
materials are heated to above 150 1C, when irreversible strains
may be developed. In order to explain the mechanism, the
authors introduce an activation force to describe the dynamics
of the LCE, similar to the existing models for active matter.63,64

3.2 Dynamic volume generation

Thermal reduction of the order parameter in coatings with
various director patterns is not the only mechanism to form
dynamic surface topographies. Coatings based on LCNs can be
made light-responsive by the addition of azobenzene mole-
cules. Illuminating azobenzene moieties with ultraviolet light
(365 nm) will cause an isomerization reaction from the ground
trans state to the cis state. Consequently, the molecular length
is reduced from 9 to 5.5 Å,65 and the order of aligned LC
molecules decreases. The reverse reaction can occur either
thermally or by illumination with visible light (455 nm). When
the trans to cis isomerization occurs, the geometrical change
itself results in a small photomechanical effect within isotropic
polymers66,67 which can be amplified by integrating azobenzenes

into LCNs or LCEs.16,68 With this knowledge, many groups11,69–73

have demonstrated different photomechanical effects of
azobenzene-modified liquid crystal polymers. Often, the mechanism
behind the photomechanical effects was explained by a
reduction of the scalar order parameter when the cis isomer is
formed, similar to thermally induced effects.74 This mechanism,
however, does not explain all observed photomechanical effects.
For example, consider a coating in which the mesogens are
aligned perpendicular to the substrate (homeotropic). One
would expect the surface to indent in areas where it is exposed
to light. Surprisingly, the opposite happens and in the illumi-
nated areas protrusions are formed rather than indentations.75

In this case, a local decrease in density and the corresponding
increase in volume are responsible for the surface formation,
rather than the decrease in order parameter. In the literature,
similar examples of light induced free volume generation
are reported.76,77 Proof of this effect is provided by Barrett and
co-workers.78 When exposed to light, their azobenzene side-
chain polymers increase in volume up to 17%, which is sup-
ported by neutron reflectometry measurements. Furthermore,
the decrease in density can be demonstrated by immersing an
azo-containing LCN free standing film in a brine solution.75

Initially the film sinks to the bottom, but upon UV light exposure
the film starts floating. After switching off the light illumination
the film sinks within 10 seconds. Finally, Cheng et al.19 demon-
strated a clear example of photoinduced volume changes in
homogeneously aligned liquid crystal fibers. Upon UV irradia-
tion, their fibers bend away from the light, while a gradient in
the cis-isomer concentration should cause the material to bend
toward the light source. Instead, a local increase in volume is
generated in the illuminated areas and the material bends away
from the light source.

The mechanism behind the volume generation becomes
clear when the kinetics of the photochemistry is compared with
the kinetics of the mechanical response.79 Ultraviolet-visible spectra
used to record the cis-to-trans relaxation in the LCN show that the

Fig. 1 (a) A striped pattern of alternating cholesteric and isotropic lines as seen through an optical polarizing microscope. The inset shows the
photomask that was used to obtain the pattern (reprinted with permission from ref. 59); (b) image from a white light interferometer at both room
temperature and at 175 1C (reprinted with permission from ref. 59); (c) optical setup for photo patterning (reprinted with permission from ref. 62);
(d) surface topography deformation produced by defects with bend deformation (reprinted with permission from ref. 60); (e) surface topography
deformation produced by defects with splay deformation (reprinted with permission from ref. 60).
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relaxation takes place over several hours, whereas the photo-
mechanical effect shows relaxation within ten seconds after the
light source is switched off. In order to explain these results, a new
mechanism is proposed in which the dynamics of the trans-to-cis
and cis-to-trans isomerization process plays an important role
rather than populating the cis isomer alone (Fig. 2a). The proposed
mechanism is confirmed by experiments where the photo-
mechanical effect is compared between single wavelength
irradiation (365 nm) and multiple wavelength exposure (365 nm +
455 nm). Under multiple wavelength exposure an accelerated
continuous trans-to-cis and cis-to-trans isomerization takes place
which causes a density decrease of 12%. Under single wave-
length irradiation during which predominantly the cis-state is
populated, a density decrease of only 3% is observed (Fig. 2b).
The large difference indicating the formation of free volume is
explained by the continuous contraction and expansion of the
azobenzene crosslinker exerting dynamic deformational forces
on the poly-acrylate main chains of the network during the
isomerization. This theory is supported by experiments with
mono-acrylate azobenzenes which are linked to the network at
only one end without forming a crosslink. Now, the continuous
isomerization of the azobenzene is decoupled from the network
and as a result the observed density decrease is less than
2%, despite the absorption and conversion properties being
the same.

The optimal ratio between the two wavelengths (365 and
455 nm) is dependent on the 365 nm light intensity. At an
intensity of 100 mW cm�2 365 nm light a maximum density
decrease is observed when adding 2.5% 455 nm light intensity.79

At higher intensities of 365 nm light (200 and 300 mW cm�2) the
optimum was found at 5% and 10% 455 nm light intensity. The
same effect can also be achieved by adding a fluorescence dye
that absorbs 365 nm light and emits blue light into the coating.
Once the light trigger is removed, the continuous isomerization

stops as well and the thermodynamically unfavorable free
volume relaxes back to equilibrium within 10 seconds, parallel
to the decrease in the photomechanical effect. This leads to the
conclusion that the free volume has a dynamic nature and must
be maintained by continuous activation of the trans to cis
conversion of the azobenzene.

Another method to create free volume within LCN films is by
using an electric field instead of light. Liu et al.80 have shown
that an alternating current (AC) electric field can exert an
oscillatory stress on the LCN main chains, comparable to the
actuated azobenzenes. The dielectric torque that is exerted on
the mesogens is related to the dielectric anisotropy. For this
reason a large dipole moment is required, either parallel or
perpendicular to the long axis of the molecule. Liquid crystals
capped with a cyanogroup are well-known examples of mesogens
with their dipole moment parallel to the long axis.35,80 During the
oscillation the liquid crystal molecules are continuously changing
their orientation and packing. By tuning the AC frequencies to
natural network frequencies, resonance-enhanced oscillatory
dynamics are initiated which amplifies the deformation (Fig. 2c
and d). The natural network frequencies, however, continuously
change due to the deformation of the network. As soon as the
system finds a new equilibrium, the resonance conditions change
again, resulting in a continuous loop of chaotic fluctuations.

3.3 Combining order parameter reduction with dynamic
volume generation

In order to enhance the dynamic actuation of surface relief it is
possible to combine the aforementioned reduction of the order
parameter with the generation of dynamic volume. One of the
methods involves the integration of areas with a homeotropic
alignment into an azobenzene containing cholesteric film
(Fig. 3a).81 Patterned electrodes are used to locally apply an
electric field which induces a homeotropic phase alignment

Fig. 2 (a) Schematic representation of the generation of free volume (reprinted with permission from ref. 80); (b) the decrease in density for different
ratios of UV and visible light. The 2D surface profiles and 3D surface topographies measured with interference microscopy under dual and single
wavelength exposure are also shown (reprinted with permission from ref. 79); (c) volume increase induced in a homeotropically aligned LCN by a lateral
electric field from interdigitated indium tin oxide electrodes (reprinted with permission from ref. 80); (d) 3D images of the LCN coating with and without
an electric field. A maximum height of 200 nm is reached with a field strength of 7.5 V mm�1 at 900 kHz. The electrode array (10 mm width and 10 mm gap)
is positioned in between the activated areas that form protrusions when the electric field is on (reprinted with permission from ref. 80).
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within a monomer film that is in a planar chiral nematic state.
After alignment, the dual alignment is frozen by photo-
polymerization. Actuation of the patterned LCN film with UV
light results in large deformation where the cholesteric regions
expand perpendicular to the plane of the film. In this region the
director is parallel to the substrate so a decrease in the order
parameter will result in expansion perpendicular to the sub-
strate. One might expect small shear-shaped lateral shrinkage,
although the stresses are largely cancelling each other by the
alternating molecular alignment in the rotational director
profile. Simultaneously, free volume is generated by the con-
tinuous isomerization of the azobenzene moieties which also
results in expansion perpendicular to the substrate. In the
homeotropic region, the reduction in order parameter results
in expansion parallel to the substrate which results in lateral
stresses and expansion which is anticipated to have a shear
shape because of adherence to the glass substrate. This effect
combined with the volume generation causes the homeotropic
regions to ‘push’ against the cholesteric regions and increase
the height of the protrusions to a strain value close to 20%.

Another approach to create a pattern with alternating align-
ment of the LCN is by making use of a self-assembly process
rather than using an alignment procedure that requires electric
fields. Liquid crystal monomers self-organize by orienting their
longitudinal axes along a common director. The director can
describe a helix when a chiral dopant is added to such a
mixture. Furthermore, if the substrate is modified to provide
a strong perpendicular anchoring force, the orientation of the
helix becomes parallel to the substrate surface and forms
worm-like fingerprint textures (Fig. 3b). Within half a period
of the helix, the direction of the liquid crystal monomers
gradually changes from planar to homeotropic. Similar to the
previous case, actuation of the fingerprints with UV light results
in deformation where the planar regions expand perpendicular

to the plane of the film and the homeotropic regions expand
parallel to the plane of the film.30

The director patterns discussed so far all have some degree of
complexity. Either lithographic procedures have to be employed
to make structure substrates, patterned photopolymerization is
used to alternate molecular order or rather delicate surface
treatments are needed to create the fingerprint structures. In
the most basic way, director patterns form by utilizing poly-
domain formation in liquid crystals.82 Polydomains form
spontaneously when a liquid crystal is applied to a non-treated
surface. The domain sizes, however, might be rather random
and can become rather large. Through nucleation centers in the
liquid crystal mixture in the form of non-soluble contamination,
the domain size can be regulated to some extent and the
domains become distributed randomly over the film and have
alignment varying between parallel to the surface to an almost
homeotropic orientation. A practical way is to disperse a
small amount of non-soluble fluorinated monomer into the LC
monomer mixture containng azobenzene co-reactants. During
the photopolymerization process both the LC monomer and the
F-monomer polymerize. The polymer morphology shows the
presence of micrometer-sized domains when observed by polarizing
microscopy. Upon actuation by UV light the surface changes from a
flat state to a jagged state, since each domain expands in a different
direction. A reduction in the domain size leads to smaller height
differences due to enhanced mechanical constraints.

3.4 Continuous oscillation

Dynamic surface topographies are interesting as they show
responsiveness towards a specific trigger, typically light, electricity
or heat. Most of these triggers lead towards binary switching,
inducing or removing topographies until a sequential trigger is
applied. For freestanding polymeric actuators, many examples
of oscillatory deformation under continuous triggering are

Fig. 3 Three examples in which a reduction in order parameter can be combined with the generation of dynamic volume. (a) A LCN containing striped
patterns of alternating areas with chiral nematic order and homeotropic orientation. A schematic representation is given in the top figure and the 3D
surface topographies from interferometer measurements are given in the bottom figure. Upon exposure the chiral nematic areas expand perpendicular
to the plane of the film, whereas the homeotropic areas contract in the perpendicular direction (reprinted with permission from ref. 81); (b) a LCN
containing a fingerprint pattern in which the angle of the director with the plane of the film gradually varies from 01 to 901. A schematic representation is
given in the top left figure and a polarized optical microscopy image is shown in the top right figure. At the bottom, the 3D surface topographies from
interferometer measurements are given showing the surface topography before UV irradiation on the left and during UV irradiation on the right (reprinted
with permission from ref. 30); (c) patterned alignment of the azobenzene containing LCN coatings and monitored zones shown during the actuation with
rotating linear polarized light. The left figure shows the monitored zones schematically, the middle figure shows the surface height of the zones as a
function of time and the right figure shows the digital holographic microscopy image of the surface topography during UV irradiation (reprinted with
permission from ref. 85).
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reported,18,83,84 while for surface topographies this effect
remains very limited.

Recently, Hendrikx et al.85 reported on the use of azobenzenes
in liquid crystal network coatings to achieve oscillatory deformation
under continuous illumination. The dichroic properties of the
trans-isomer (E) cause it to preferentially absorb linear polarized
UV light parallel to its electrical dipole moment leading to isomer-
ization to its cis counterpart.16 Upon rotation of the linear polarized
UV light under continuous blue light irradiation, the topographies
show oscillatory deformation in patterned nematic azobenzene
liquid crystal network coatings (Fig. 3c).

Contrary to light, a new method to achieve oscillatory
deformation in liquid crystal network coatings is based on electricity.
Homeotropic aligned80 and chiral nematic fingerprint35 liquid
crystal network coatings are deposited on top of interdigitated
electrodes (IDE) and actuated with an AC field. The dielectric
interaction between the liquid crystal network and the applied
field causes a decrease in order and the generation of free
volume. As a result of this effect, inverted topographies are
generated. Furthermore, deformation with a chaotic oscillation
is observed while applying the AC field. Upon removal of the AC
field, the topographies rapidly return to their original state. This
method shows impressive applicatory results by removing dust
and debris.

4. Surface wrinkling of a liquid crystal
polymer and elastomer bilayer

Another strategy for the fabrication of dynamic surface topographies
is based on surface wrinkling in a bilayer where the LCP is connected

to a soft low-modulus elastomer. In order to wrinkle the surface
of a bilayer system, one of the layers is subjected to compressive
stress induced via an inhomogeneous or anisotropic distribution
of deformation. The anisotropic properties of LCPs make them
ideal components for the wrinkling of a surface in a bilayer
system. The deformation of LCPs can be induced in two different
ways: thermal heating/cooling or via photo illumination.

4.1 Thermal wrinkling

Reversible thermal wrinkling can be induced in LCE-polystyrene
bilayers by both increasing and decreasing temperature as
shown by Agrawal et al.86 The bilayer consists of a 0.36 mm
LCE on top of a 30 nm thick poly(styrene) (PS) film and is
prepared by film transfer at either 30 1C or 60 1C. The bilayers are
uniform at the preparation temperature. If the temperature is
increased above the preparation temperature, the LC order
parameter decreases with contraction along the director. At
40 1C, a critical strain of approximately 5% is reached and the
surface wrinkles, which is fully reversible with temperature for
small strain values (o5%) (Fig. 4a). Furthermore, if the tem-
perature is lowered below the preparation temperature, the LC
order parameter increases with elongational strain parallel to the
director (Fig. 4b). The wavelength of the surface wrinkles is
independent of the temperature above the critical strain. Erasing
or reorienting the wrinkles is possible by annealing the bilayer
near the Tg of PS (B105 1C) and subsequent cooling.

An alternative method for the formation of anisotropic
wrinkle patterns in LCPs is demonstrated by Kang et al.87 In their
study, no additional template or elastomeric substrate is required
to obtain well aligned one-dimensional microstructures. A film of

Fig. 4 (a) A LCE-PS bilayer sample prepared at 60 1C. Cooling to 30 1C results in wrinkling with elongational strain parallel to the director. The scale bars
represent 10 mm (reprinted with permission from ref. 86); (b) a LCE bilayer sample prepared at 30 1C. Heating to 40 1C results in wrinkling with contraction
strain parallel to the director. The scale bars represent 10 mm (reprinted with permission from ref. 86); (c) schematic illustration of the plasma treatment
and thermal wrinkling of the reactive mesogens (reprinted with permission from ref. 87); (d) the wrinkle pattern after a plasma treatment of 100 s. Without
rubbing of the alignment layer the wrinkles appear as an isotropic wrinkle pattern (top), while rubbing aligns the wrinkles parallel to the rubbing direction.
The aligned wrinkles induce a laser diffraction pattern shown in the inset (reprinted with permission from ref. 87); (e) AFM images showing that the
amplitude of the wrinkle pattern increases if the plasma exposure time is also increased (reprinted with permission from ref. 87).
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planar aligned reactive mesogens (RMs) is exposed to plasma
atmosphere at 150 1C, which initiates free radical reactions near
the surface of the material (Fig. 4c). The ion energies are too low to
penetrate the entire sample and as a result only the top layer of the
film is crosslinked. After plasma treatment, the temperature is
reduced and a thermomechanical instability is generated by
the difference in the thermal-expansion coefficients between
the polymerized rigid skin layer and the liquid crystal elastomer
soft bottom layer. Similar to the previous LCE-PS bilayer system of
Agrawal et al., the direction of the thermal strain is directly related
to the molecular orientation of the liquid crystal elastomer layer
(Fig. 4d and e). Expansion or shrinkage occurs mainly perpendi-
cular to the director, resulting in wrinkling of the top layer into a
sinusoidal waveform. An isotropic fingerprint wrinkle pattern can
be obtained if the RMs are not unidirectionally aligned before the
plasma treatment. Such films can be prepared by coating the RMs
on top of unrubbed polyimide.

The wavelength of the wrinkle pattern increases with the
thickness of the film and can be predicted by eqn (1) proposed
by Chan et al.88 The formula describes the relationship between
the wavelength and the film thickness for the case when the
underlying film thickness is less than the wrinkle wavelength.

l ¼ ð2pÞ6
18 1� nC2ð Þ � hShCð Þ3�EC

ES

� �1=6
(1)

Here, h is the film thickness, E is the elastic modulus and n is
Poisson’s ratio of the capping layer (hC, EC, and nC) and soft
substrate (hS, and ES), respectively. Poisson’s ratio is assumed
to be 0.33 and the remaining variables are the thickness of the
two layers and the modulus ratio between them. Unfortunately,
Kang et al. were unable to measure the thickness of the
skin layer experimentally. Using eqn (1) and by estimating the

modulus ratio to range between 103 and 104, a thickness
between 250 and 100 nm is estimated for the top layer.

4.2 Photo-induced wrinkling

As discussed in Section 3, many examples exist where LCPs are
made light responsive by the addition of azobenzene moieties.
The potential to use light as a trigger for surface wrinkling has
been explored by Yang and He.89,90 First they determined the
critical wrinkling conditions and buckling mode of glassy
nematic films. The stability of the film depends on the photo-
induced membrane force, the thickness of the film and the
modulus ratio of film to substrate. Next, they used a kinetics
approach to determine the precise wrinkling morphologies of
glassy twist-nematic films attached to soft elastic substrates.
Following up on their research, Fu et al.91 investigated the
morphological wrinkling and post-buckling evolution under
both uniform and non-uniform illumination with UV light
(Fig. 5). A thin LCP film bonded to a soft elastic substrate is
considered where the mesogens are homeotropically aligned.
In order to model the film, the authors applied the nonlinear
Föppl–von Kármán plate theory with photo strain. With this
model, the initial wrinkling pattern for square illumination is
found to be dependent on the ratio of the size of the illumi-
nated area (lS) to the thickness of the LCP (hf) (Fig. 5a). The
wrinkles always appear around the corners, because stress
concentrates at these locations. An increase in the ratio lS/hf

results in an increase in the number of wrinkles from 5 to 10 to
19, although the wavelength remains unchanged. The number
of wrinkles is not influenced by the ratio of the illuminated area
(lS) to the total area (L0) (Fig. 5b). Next, Fu et al. used a Fourier
spectral method92 to explore the morphological instability
mode transition in the post-buckling stage. The post-buckling

Fig. 5 (a) Size effects of the ratio ls/hf on the critical wrinkling pattern under square illumination with ls/L0 = 0.4 (reprinted with permission from ref. 91);
(b) effect of the ratio ls/L0 on the critical wrinkling pattern with ls/hf = 700 (reprinted with permission from ref. 91); (c) post buckling pattern evolution in
homeotropic LCP bilayers for increasing intensities with ls/L0 = 0.7 and ls/hf = 1400 (reprinted with permission from ref. 91); (d) light barriers attached to
transparent sheets used to regenerate wrinkling patterns observed in the experiments by Bowden et al. (reprinted with permission from ref. 91); (e) a
simulation of the wrinkling patterns when illuminated through different masks (reprinted with permission from ref. 91); (f) experimental observations
made by Bowden et al. (reprinted with permission from ref. 93 and 94).
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behaviour of the film shows morphological evolution with
increasing light intensity under square illumination (Fig. 5c).
At low intensity, a wavy wrinkling pattern appears near the
corners of the illuminated area. Increasing the intensity causes
the wrinkles to propagate diagonally towards the center. In the
center, checkerboard patterns arise due to equi-biaxial com-
pression. At the highest light intensity (i0 = 0.208), a secondary
bifurcation appears with stripes around the perimeter of the
square and herringbones in the center. Finally, Fu et al. were
able to analyse qualitatively diverse wrinkling patterns under
patterned light by numerical simulation of experiments per-
formed by Bowden et al.93,94 In those experiments bas-relief
patterns were introduced into a poly(dimethylsiloxane) (PDMS)
substrate. When cooled, the film buckles due to compressive
stresses generated by the mismatch of thermal expansion
between the PDMS and the stiff films (Fig. 5f). From a compar-
ison between the numerical simulations and the experiment it
is clear that patterned light can replace the bas-relief structure
to achieve the same wrinkling patterns by designing some
transparent sheets with light barriers (Fig. 5d–f).

Surprisingly, to our knowledge no literature exists which
proves the concepts in these simulations experimentally. We
expect that the experimental proof will not be long in coming,
since such elaborate simulations have already been performed.

Azobenzene moieties can be used not only to induce the
wrinkling of surfaces, but also to tune and erase thermal
wrinkling. Zong et al.95 found a way to use the light-induced
photoisomerization of azobenzene to release stress and con-
sequently erase wrinkles. An azo containing poly(disperse
orange 3) (PDO3) film is coated on top of a PDMS substrate and
wrinkled by cooling the bilayer from 90 1C to room tempera-
ture. Next, the wrinkled bilayer can be exposed to light through
a grid which erases the surface deformation locally. Wrinkles in
the unexposed areas remain and become oriented perpendi-
cular to the exposed/unexposed boundary. The change in
orientation is due to the boundary effect93,94,96,97 and a con-
sequence of the dynamic evolution of the stress field that is
induced by the photoisomerization of the azopolymer. A sub-
sequent blanket exposure to light erases all remaining wrinkles
and the initial flat surface is regained. The reversible trans/cis
cycling has two effects on the exposed DPO3 film. First, the
photosoftening effect98,99 is observed, caused by the generation
of free volume during the isomerization. Second, the photo-
isomerization will generate a localized force100 and induce the
continuous disturbance of localized stress in the wrinkled film.
Both effects are considered by Zong et al., but their experimental
data suggest that the photoisomerization induced stress/strain is
the key to erasing the wrinkles. In a similar study, Takeshima
et al.101 found the photosoftening effect to be responsible for the
erasing of wrinkles during UV irradiation of an azobenzene-
containing LCP. In their study, the composition of the polymer
proved to be vital since a smectic to isotropic phase is required to
obtain a photosoftening effect large enough to erase wrinkles.
Using copolymers in which such a phase transition does not
occur results in a weakened photosoftening effect which does
not erase wrinkles but instead decreases their wavelength.

5. Complex 3D folding of liquid crystal
polymers in free standing films

In Nature, many examples exist in which systems fold or change
shape in response to environmental changes. Similar to these
systems, free standing 2D films of LCPs can be designed to fold
into complex 3D spatial patterns. Such synthetic materials can
be used in applications like responsive surfaces,102,103 three
dimensional scaffolds,104–106 controlled drug delivery107,108 and
optics.18,26 Two of the most used external stimuli that induce a
self-folding behaviour in free standing LCP films are tempera-
ture and light. For each trigger the actual response of the
system is determined by its design and in this section we will
discuss the different mechanisms by which a LCP film can fold
in various 3D patterns.

5.1 Temperature dependent folding

Reversible thermal folding of LCE films into ribbons can be
obtained by inducing a twist of 901 in the nematic director
through the entire thickness of the film as shown by Sawa
et al.22 Their LCE films are flat around 353 K (Tflat) and change
their shape if the temperature is varied. Upon heating or
cooling, the change in orientation of the director causes a
strain gradient resulting in complex changes in the shape of
the sample. Dependent on the width of the samples, either a
helicoid (width B0.2 mm) or spiral ribbon (width B0.8 mm)
can be formed when the temperature is varied. Ribbons with
L-geometry are right-handed below Tflat and left handed above
Tflat, while ribbons with S-geometry have an opposite response.
Besides ribbons, it is also possible to use patterned LCP films to
create an accordion-like actuator as shown by De Haan et al.56

The films have a striped director profile in the plane and a 901
twist through the depth of the film. Upon irradiation with an IR
source the film heats up and expansion takes place along the
long axis on one side and contraction in the same direction on
the other side. As a result the stripes bend, but each stripe
bends in a different direction due to the opposite alignment of
the molecules. Furthermore, it is also possible to create a
similar checkerboard pattern in a film which buckles out-of-
plane upon heating.

Another approach to change the shape of LCP films is by
the exploitation of the shape-memory effect in non-aligned
polydomain liquid-crystal elastomers with exchangeable links
(xLCEs). Pei et al.23 showed that shape memory could be
induced in xLCEs by moulding the material at high tempera-
ture and subsequent cooling below the isotropic to smectic
A phase transition temperature to freeze the molded shape. The
initial shape can be reobtained by heating to the molding
temperature. In a similar study Lee et al.24 found that the
shape memory effect can also be applied in LCP networks
where the 3D structure is induced thermally, rather than by
moulding. In these LCP films the nematic director is oriented at a
451 angle to the long axis of the film. The originally flat films
spontaneously coil upon heating above the Tg of the LCP (130 1C).
This shape can be fixed by applying a mechanical force while
cooling to room temperature or by rapid temperature cycling.
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The initial shape can be regained by slowly cooling to room
temperature without mechanical constraint. The geometry
(L or S) of the coil can be changed by rotating the nematic
director from a positive angle to a negative angle.

Versatile self-folding behaviour can also be achieved if a LCE
film with nematic alignment is attached to a thick polystyrene
(PS) film in a bilayer. If such a bilayer is heated, the LC order
parameter decrease with contraction along the director results
in folding rather than wrinkling of the bilayer as shown by
A. Agrawal et al.25 The thickness of the PS film plays an
important role. At low thicknesses (o500 nm), surface wrinkling
is observed, whereas self-folded structures can be obtained at
thicknesses between 0.65 and 10 mm. The folding is completely
suppressed when the PS films have a thickness above 10 mm. The
shape response is also dependent on the aspect ratio of the
bilayer, which is also known for other self-folding materials.109

The bilayer folds along the nematic director for aspect ratios
L8/L> greater than 1. For smaller aspect ratios the bilayer also
folds perpendicular to the nematic director in a saddle-like
shape. Similar to their previous studies,86 the folding direction
is set by the temperature at which PS is deposited. Various
complex 3D shapes can be achieved by relatively simple patterning
of the PS film on top of the LCE film.

A combination of large strain and sensitivity of the material’s
chemistry to the surface alignment of LCEs can be exploited to
create a programmable shape change and actuation in thin LCE
films. Ware et al.26 prepared spatially heterogeneous LCEs by
using an optical patterning system in which the polarization of
an irradiating 445 nm laser is dynamically controlled over an
area as small as 0.01 mm2. Azobenzene moieties within the
photoalignment material orient normal to the electric field
vector of the linearly polarized light and enable the writing of
complex patterns. With this technique it is possible to imprint
multiple topological defects in a LCE film, around which the

director varies azimuthally by 3601 (Fig. 6a). Cones emerge from
each defect upon heating as a result of the radial expansion
around each defect and contraction along the director (Fig. 6b).
The height of the cones is 100 times taller than the initial film
thickness of 50 mm and can be maintained over many actuation
cycles. Finite element simulations on similar defects containing
free standing LCE films have been performed by Konya et al.110

In their simulations they used a director pattern uniform
through the film thickness encoding multiple regions of positive
Gaussian curvature. The results indicate the possibility to produce
even more complex 3D shapes triggered by an increase in tempera-
ture (Fig. 6c and d). The curved regions can emerge either upward or
downward because the top and bottom of the film are symmetrical.

In this section many approaches to obtain macroscopic
bending and folding of LCEs are described. LCEs, however,
can also be used to create micro-actuators when they are used
in combination with lithography. Buguin et al.111 created an
array of LCE pillars (20 mm in diameter and 100 mm in height)
with the nematic director parallel to the long axis of the pillars.
The pillars were produced by using a PDMS mold prepared by
standard photolithography techniques. When heated above the
nematic to isotropic phase transition temperature (120 1C), the
monodisperse cylinders contract by up to 35%. After cooling
below the phase transition temperature, the cylinders go back
to their original size. Such micron-sized actuators might be
useful for the fabrication of active surfaces or in applications
like micro-pumps or micro robotics.

5.2 Photo-induced folding

Similar to photo-induced wrinkling, folding can also be triggered
by light by the addition of azobenzene moieties in free standing
LCN films. The trans/cis isomerization results in bending of the
film if a difference in volume contraction is created between the
surface and the bulk material. The orientation of the azobenzene

Fig. 6 (a) On the left a photograph of the LCE film between two crossed polarizers is shown with nine +1 defect points. On the right a schematic picture
of the alignment of the LCs is shown where the director orientation varies azimuthally around the defect (reprinted with permission from ref. 26); (b) at
room temperature the LCE films are flat (left figure). When the temperature is raised to 175 1C, nine cones emerge from the defect points (right figure).
The actuation is reversible upon cooling (reprinted with permission from ref. 26); (c) the structure of a �2 defect (left) and a finite element simulation
(right) of a such a LCE disk heated from one side (reprinted with permission from ref. 110); (d) the structure of a�4 defect (left), a finite element simulation
during heating from the top of a LCE disk containing such a defect (middle) and the final shape (right) when heated uniformly (reprinted with permission
from ref. 110).
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mesogens plays an important role in the bending behavior.15,16

Furthermore, Yu et al.17 determined the effect of the cross-
linking density on the bending behaviour of LCN films. The
films are prepared by thermal polymerization slightly above the
nematic to isotropic phase transition temperature on top of an
alignment layer. Under UV-light, the trans/cis isomerization of the
azobenzene induces the nematic to isotropic phase transition at
the illuminated surface. The strong absorption of the light by the
azobenzene moieties prevents the light from penetrating the entire
film. The bending behaviour is assigned to the resulting volume
contraction occurring at the illuminated surface of the film. Finally,
Yu et al. observed an increase in the bending extent with increasing
cross-linking density, because a higher cross-linking density results
in an increase in the order parameter and thus an increase in
volume contraction.

Light induced folding of azobenzene containing LCP films
can also be achieved by introducing topological defects, as was
predicted by Modes and Warner.112–116 Their predictions were
confirmed by De Haan et al.27 and subsequently McConney et al.21

performed a systematic examination of the topographical transfor-
mations resulting from the photomechanical response of azo-
LCN films. Topological defects are distinguished by their defect
strength, m, defined as the number of rotations of the nematic
director orientation, n, around the disclination as one circum-
navigates the defect core once.117,118 The sign of the defect
strength determines the direction of director rotation. Director
rotations that follow the circumnavigation direction of the point
at the center of the defect have a positive sign, whereas the
opposite direction is indicated with a negative sign. The desired
surface alignment patterns required for defects of different
strength are obtained by utilizing photoalignment materials,
similar to the approach used by Ware et al.26 Fig. 7a shows
LCP films with defect strengths of +10 and �10 and their
photomechanical response to unpolarized blue light. Two
trends can be distinguished from the actuation of films with
different defect strength. First, the negatively charged defects
result in deformation where the number of equally spaced

valleys, V, correlates to double the absolute strength of the defect
plus two

V = 2 � |m| + 2. (2)

Second, the positively charged defects with a strength m 4 2
result in tear shaped dimples. The number of these dimples, T,
correlates to the defect strength with the following equation.

T = 2 � |m| � 2. (3)

With their results, McConney et al. have demonstrated that
tuning the strength of a single topological defect can already
yield many different complex 3D topographic patterns within
an azobenzene containing LCN film.

Zeng et al.119 reported another example where azobenzenes
are added to radially aligned LCEs. They have created an iris
which can open and close in response to light. The liquid
crystal molecules within the film adopt a centrally symmetric
splayed alignment; their orientation rotates 3601 in the plane of
the film and 901 throughout the thickness of the film (Fig. 7b).
After the film is cut into a circle containing 12 petal-like
segments, the iris opens up at room temperature and closes
upon UV irradiation.

In order to make use of the full solar spectrum, Cheng
et al.20 have explored the possibility to combine photochemical
and photothermal effects in bilayer structures to create light-
responsive actuators. Their polymer dispersed liquid crystals
contain graphene oxide nanoparticles as well as azobenzene
moieties. The nanoparticles transfer NIR-vis light into thermal
energy which induces a phase transition and volume expansion
of the LC microdomains. The azobenzene moieties can induce
the same effect with trans/cis photoisomerization under UV
light exposure. Similar combinations of photochemical and
photothermal effects can also be utilized to induce the shape
memory effect to mimic blooming and fading of flowers.120 It
would be interesting to see if this approach can also be used
with morphing surfaces of coatings on a rigid substrate.

Fig. 7 (a) From left to right: alignment pattern; polarized optical microscopy image; photomechanical response of the film; and illustration of the
photomechanical response for a +10 and �10 defect, respectively (reprinted with permission from ref. 21); (b) the orientation of the LCs adapt a centrally
symmetric splayed alignment directed by molecular orientation at the top and bottom interfaces. At room temperature the iris is in the open state. Upon
light illumination the 12 petal-like segments bend and the iris closes (reprinted with permission from ref. 119).
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5.3 3D printed stimuli responsive liquid crystal polymers

The complexity and size of the free standing LCP actuators
mentioned in the previous sections are restricted by their
thin-film geometry processing method. In order to further
develop LCPs capable of giving unprecedented large or complex
responses to various stimuli it is necessary to generate multiple
LCP elements of different sizes with precise control over
their geometry, director orientation and physical properties.
A method which potentially enables such processing is 3D printing.
Recently, López-Valdeolivas et al.121 reported on the 3D printing of
stimuli-responsive LCEs which change their shape in response to
temperature. Their 3D printed LCE elements with uniaxial orienta-
tion are able to lift weights up to 20 gram while more complex
elements demonstrate advanced morphing behaviour like twisting,
cone morphing and changes in pore shape. Other examples of 3D
printing technology involving LCEs demonstrate radial contraction
of cylinders,122 extension or contraction of hemispherical shells122

and complex folding of soft airplanes and boxes.123 It will be
interesting to see how this technology will narrow the gap between
LCP materials and practical applications in the future.

6. Applications

Applications of dynamic surface topographies where surface
properties such as friction, adhesion, wetting and reflection
can be controlled by external triggers have been explored in the
literature.28,30,34,35,73,124–126 Liu et al.28 have employed switchable
surface topographies in dynamic control of friction. The UV light
induced striped topographies can either prevent motion when

they intersect or enable motion when aligned perpendicular
to each other. In both methods the friction is controlled by
changing the contact area between two LCN surfaces. Other
surface topographies like fingerprint patterns can also be used to
manipulate the gripping friction of a robotic finger.30 The
fingerprints in a gripper can release a small load when exposed
to UV light.

Control over friction and adhesion can also be applied in
self-cleaning of, for example, solar panels. Recently, Feng et al.35

demonstrated a new method to achieve oscillatory deformation
in LCN coatings based on electricity. During actuation, inverted
topographies are generated and deformation with a chaotic
oscillation is observed while applying the AC field. When covered
with sand, this system can remove nearly 100% of the particles
within one second (Fig. 8a). After functionalising the surface of
the coating with 1H,1H,2H,2H-perfluorodecyltriethoxysilane,
the fingerprints are even able to remove humid sand grains
containing 10 wt% water.

Dynamic surfaces can also be applied to the biological
field, e.g. regulating cellular behaviour or cell culture. Agrawal
et al.127 used a thermal-responsive liquid crystal elastomer
(LCE) as a substrate to attach and align cells. They demon-
strated that the cells can attach to both static and deformed
LCE substrates, and under the stimulation the cells align along
the primary direction of strain parallel to the nematic director
of the LCE. The local heating of the LCE can produce bulk
temperature changes, thereby generating macroscopic strains
up to 35% with low doses of heat (1.5 J). Koçer et al.128 reported
that they could direct cell migration on liquid crystal polymer
network films by controlling surface topography using light,

Fig. 8 Examples of applications for liquid crystal coatings with motile surfaces. (a) Removal of sand from the surface of a LCN demonstrating its self-
cleaning properties (reprinted with permission from ref. 35); (b) introducing cells on a surface which is partly covered with pillars results in the migration
of cells towards areas without pillars (reprinted with permission from ref. 128); (c) control over superhydrophobic adhesion on a surface coated with
micro-nanoarrays. A water droplet is pinned on the surface under UV light and rolls off after exposure to visible light (reprinted with permission from
ref. 124); (d) an array of four defects lifting a load 147 times heavier than the actuator’s weight. The specific work and stroke of an actuator with a single +1
defect as a function of resisting load is also given (reprinted with permission from ref. 26).
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either creating surface protrusions through a photomask or
changing surface roughness on the nanoscale. The formation
of protrusions or the surface roughness change is due to the
local volume generation from the trans/cis photoisomerization
on the film under a combination of UV and visible light
illumination. Moreover, they could control the localization of
the cell population on structured surfaces. As shown in Fig. 8b,
the cells start moving from the pillar area to the flat area and
remain in this area with a spread morphology.

Also, Li et al. demonstrated that in situ light-controlled
switching of superhydrophobic adhesion can be achieved on
an azobenzene polymer coated micro-nanopost arrayed silicon
substrate.124 The superhydrophobic surface is able to pin a 2 mL
water droplet and make it roll off with alternating UV and
visible light irradiation (Fig. 8c). The authors ascribed this
distinct change of adhesion to the variation of surface polarity
which is caused by the difference in dipole moment between the
trans (no dipole) and the cis (3.0 D) isomer.65,129 The roughness
of the surface increases by 3 Å when the cis isomer is formed,
indicating the random orientation of the side chains on the
substrate surface. The small change in roughness is not expected
to be the main contribution to the change in adhesion.

Other applications of LCE coatings like lifting loads are
demonstrated by Ware et al.26 Their voxelated LCE containing
four defects is able to lift a load 147 times heavier than the
weight of the actuator with a stroke of B3000%, despite its
highly compliant nature (Fig. 8d). A combination of localized
stretching and delocalized bending amplifies the shape change
and gives rise to these large stroke values. In a single defect,
maximum specific work capacities of 2.6 J kg�1 and volumetric
work capacities of 3.6 kJ m�3 were determined. Furthermore,
Tang et al.130 found that LC actuators can also be used to
convert light energy into electricity by combining photomechanical
movement with Faraday’s law of electromagnetic induction. Upon
UV light irradiation their LC actuator moves a copper coil through a
magnetic field which generates an induction voltage due to the
change of magnetic flux.

Finally, it is also possible to vary the optical properties
(e.g. reflection) of dynamic surfaces triggered by light. Yan et al.73

reported that a microarray of azobenzene crosslinked LCPs with a
period of 1 mm shows switchable behaviour in the reflection spectra
by alternating UV and visible light exposure. Upon UV exposure, the
azobenzene group undergoes trans to cis isomerization, leading to
photo-induced deformation of the pillars. The pillars expand along
the short axis and contract along the long axis, resulting in the
increase in the diameter of the pillars and the decrease in the
reflection spectrum.

7. Challenges and future outlook

In this review, we summarized and evaluated the use of liquid
crystals for soft robotics, especially highlighting topographic
motility at their surfaces. These morphing surfaces, as they
form in liquid crystal networks/elastomers, offer a tool to
design a variety of advanced functional devices. As is shown

by several groups, morphing surfaces alter friction condi-
tions,28,30 lift weights26 and remove sand or dust.35 In this
decade, publications have come out describing optimized
material properties,30,56,59,60,80,87,124,125,131,132 the creation of
new deformation modes21,26,60 and the integration into
devices.28,30,34,35,73,124–126 Further fundamental understanding
of the origin of mechanical deformation, e.g. order parameter
reduction,59,60 volume increase,75–79 and resonance effects35,80

has led to further perfection and gives the prospect of even
more applications. Compared with counterpart materials such
as hydrogels, electroactive polymers and other responsive
materials, LCPs show several advantages. For example, LCEs
and LCNs can operate in both dry and wet conditions, while
sol–gel transition based hydrogels require an aqueous medium
which limits the application range.133,134 Electric responsive-
ness of LCEs or LCNs can be implemented by in-plane switch-
ing with the interdigitated electrodes buried underneath the
thin films or coatings. Electroactive polymers, however, are
based on the electrostatic contraction or repulsion of electrodes
at both sides of the film.135–138 This principle requires at least
one flexible or deformable electrode coated on the polymer film
which restricts the practical applications and increases the
fabrication complication. Furthermore, LCNs can deform into
complex shapes from a monolithic film through imprinting
pre-programmed director patterns into the film.21,26,56 To
deform in a similar complex mode, other responsive polymers
usually need sophisticated multiple processing procedures,
including multi-step lithography, to fabricate hierarchical
structures or multi-layer configurations.139–141

Being used in soft robotics, one of the critical questions
often asked is: how much force and work can LCNs or LCEs
exert, giving the consideration that the motion of both LCNs
and LCEs is generally slow and at a constant speed?11,43,142,143

Moreover, lightly crosslinked LCEs have a low elastic modulus
which generates a low work density,70 while LCNs have glassy
networks which exhibit a small amplitude of deformation. To
alleviate this challenge, White et al.26 developed main chain
LCEs which lift loads tens of times larger than the weight of
the actuator. There is a trend in using light for actuating
mechanically responsive LCEs and LCNs by incorporating light
responsive molecules. However, the photoresponsive molecules
needed for light-addressing are photochemically unstable and
degrade in time under the conditions of their use. The photo-
mechanical conversion efficiency is very low. Remote addres-
sing requires space and additional complex and expensive
optics. For the sake of application, Liu et al.80 proposed
exchanging optical addressing for electrical addressing for the
actuation of LCNs. Using electricity as the trigger has the
advantages of direct and easy integration into current electro-
nic devices, especially for haptics applications. More durable
materials are available, e.g. lifetime has improved in the display
industry. Electrode arrays and driving schemes are available
to provide precise addressing. The electric driven morphing
surfaces presented by Feng et al.35 show the capability to
mechanically slide off sand and dust from a slanted surface
by their continuous motion at the surface. So far, all LCE and
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LCN responsive films and coatings reported in the literature are
still in the experimental stage; samples usually have the dimen-
sions of a few square centimeters which is far from industrially
interesting dimensions, which are often in the square centimeters
to meters range. In order to bridge the dimensional paradox
between academia and industry a number of activities have been
initiated. For instance, Liquid Crystal Institute, (LCI) at Kent State
University, the Air Force Laboratory, the laboratory of Devices
Integrated Responsive Materials (DIRM), and Jiangsu Industrial
Technology Research Institute (JRITI) are aiming to bring academic
outcomes closer to industry.
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