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ABSTRACT

Responding to external stimuli is a trait observed in all living organisms. Modern artificial materials have adopted this profound
characteristic, thereby commencing the field of stimuli–responsive systems. Liquid crystal polymers are attractive members of this family of
systems owing to the available control on their anisotropic properties capable of generating complex morphologies under external stimuli.
Liquid crystal polymer systems have been designed to respond to various stimuli such as heat, light, pH, humidity, and electric and magnetic
fields. The attainable shapes and topographies open exciting possibilities for novel applications in a wide range of different fields such as
microfluidics, artificial muscles, haptics, and optical functions. The microstructural design of liquid crystal polymers leading to diverse appli-
cations is the focus of this review. We conclude by presenting the future prospects and developments in these promising material systems.
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I. INTRODUCTION

Nature, after millions of years of evolution, mutation, and com-
petition, presents comprehensive examples and paradigms of sophisti-
cated material behavior. All living organisms, including flora and
fauna, feature special (sometimes unique) physiological structures and
morphologies, reaching a delicate equilibrium with the ambient envi-
ronment. On one hand, they sense external changes and react in a
spontaneous manner, leading to short-term changes. On the other
hand, they interact with the environment through a coordinated
response, adapt and evolve themselves to accommodate the changes in
the environment, and finally influence their surroundings to achieve
certain functionalities in the longer-term. Bio-inspired systems now
attract much attention due to the possibility of mimicking nature with
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the help of current sophisticated technologies. Numerous studies have
aimed at reproducing the complex mechanisms originating from
nature in the design of new generations of advanced materials and to
extend them into practical engineering applications.

When living organisms such as animals and plants interact with
the ambient environment, special morphological changes enable par-
ticular functionalities. A well-known example is the lotus effect, found
on the surface of lotus leaves. As shown in Fig. 1(a), water droplets
remain almost spherical on the lotus surface, and they easily roll off
from the leaves. A detailed inspection into a lower dimension reveals
the underlying mechanism. Figures 1(b)–1(d) illustrate the zoomed-in,
extremely complex morphological texture of lotus leaves. The most
striking aspect is the hierarchy of the texture, from the millimeter
range [Fig. 1(a)] to the sub-micrometer range [Fig. 1(d)]. In addition,
in different dimensions, the morphological features are different: at
the largest dimension, the dominant textures are protrusion-like

bumps, which have similar sizes and heights, while in lower dimen-
sions, the textures feature needle-like spikes with random orientations.
These hierarchical morphologies enable high contact angles between
droplets and lotus surfaces, making the surfaces superhydrophobic
(i.e., contact angles> 150�).1

Another interesting morphological structure with a special func-
tion is Nepenthes alata.6 As shown in Fig. 1(e), the peristome is wetted
and provides lubrication. When insects land on it, they slide off from
the peristome into a liquid pond inside the pitcher and cannot escape.
This trap needs continuous transportation of fluid, secreted inside the
pitcher, to the outside of the peristome surface. As shown in Figs. 1(f)
and 1(g), the wavy surface forms channels and special wedge-like
openings [white parts in Fig. 1(g)] transport fluid efficiently through
capillary effects.2

There are also numerous examples from the animal kingdom.
Gecko’s feet feature strong adhesion and have attracted much

FIG. 1. Special morphologies and surface topographies found in nature. (a)–(d) The superhydrophobicity of a lotus leaf, due to the multiple-scale hierarchical surface rough-
ness, from the micrometer range to the nanometer scale. (e)–(g) The peristome surface and its special channel-like structures of Nepenthes alata. (h)–(i) The hierarchical
structures of gecko feet. (j) Wrinkling formation on a brain as it grows. (k) Helix inversion of Passiflora edulis tendrils. [Figures (a)–(d) are reproduced with permission from
Bhushan et al., Philos. Trans. R. Soc. A 367, 1631–1672 (2009). Copyright 2009 The Royal Society. Figures (e)–(g) are reproduced with permission from Chen et al., Nature
532, 85 (2016). Copyright 2016 Macmillan Publishers Limited. Figures (h)–(i) are reproduced with permission from W. R. Hansen and K. Autumn, Proc. Natl. Acad. Sci. U. S.
A. 102, 385–389 (2005). Copyright 2005 National Academy of Sciences. Figures (j) is reproduced with permission from Tallinen et al., Nat. Phys. 12, 588 (2016). Copyright
2016 Macmillan Publishers Limited. Figures (k) is reproduced with permission from Godinho et al., Soft Matter, 6, 5965–5970 (2010). Copyright 2010 The Royal Society of
Chemistry].
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attention to study and mimic the detailed structures to create superad-
hesive surfaces.3,7 Figures 1(h) and 1(i) depict the multi-scale hierar-
chical texture of gecko feet. In Fig. 1(h), the mesostructure view shows
that adhesive lamellae act as sensors and are smooth in appearance. A
further inspection at the micrometer scale [Fig. 1(i)] shows the micro-
structure of an array of setae (green box) on the lamellae and the
detailed nano-structure on the tip of the seta (blue box), which features
a branched structure terminating in hundreds of spatula tips. Such
self-similar morphologies at different scales enable significantly
enlarged contact areas between gecko feet and target surfaces, leading
to strong adhesives.

The growth of the human brain is another example of balanced
combinations of functionality and morphology.4 During the growth of
a brain, the outside layer, i.e., the cerebral cortex, has a faster growth
rate than the inner regions of the brain. Consequently, wrinkles are
formed on the surface of the cerebrum, resulting in a highly convoluted
structure. These sulci and gyri (i.e., protrusions and grooves, respec-
tively) allow more brain growth through gyrification and can increase
the surface area of the cortex as presented in Fig. 1(j). This increased
brain growth enhances the signal inter-exchange inside the brain, in a
mechanically efficient way as the formation of surface wrinkles is ener-
getically less expensive than the pure expansion of the whole volume.

Transforming morphologies in response to external stimuli pro-
vides the possibility and flexibility of accommodating environmental
changes [see Fig. 1(k)]. When a Passiflora edulis tendril grows and
expands, it forms a helical shape functioning like a spring to provide
enough structural rigidity to withstand external forces such as those
from blowing wind. When the tendril reaches a wall, the tendril stops
growing and attaches to the wall. In order to accommodate the helix,
an inversion of the helix occurs at the middle of the tendril, as shown
in Fig. 1(k) and the overall helix rotation of the tendril can be elimi-
nated.5,8,9 This helix inversion is found to be initiated by geometric
instabilities and provides additional mechanical robustness often
found in plants.10–13 Furthermore, plant leaves capable of transform-
ing their curvature depending on the ambient temperature in order to
minimize water dissipation in harsh environments14 have also been
observed. Some plant leaves have different growth and folding mor-
phologies depending on the direction of incoming sunlight (heliotro-
pism) and ambient humidity.14,15

From the aforementioned examples, it is clear that several sys-
tems in the nature respond to various stimuli such as heat, pH, electric
field, magnetic field, humidity, and light. In order to emulate the auto-
matic and responsive behavior found in nature, researchers have been
endeavoring to unearth the underlying mechanisms and invent artifi-
cial materials that reproduce nature’s mechanisms and functionality.
In this review, an intriguing member of the nature mimicking artificial
materials family, liquid crystal polymers capable of altering their mor-
phologies in response to various external stimuli are discussed. First,
the underlying mechanisms resulting in remarkable shape and topo-
graphical changes are elaborated in Sec. II. The attainable morpholo-
gies by exploiting exceptional characteristics of liquid crystals are
examined in Sec. III. The vast range of applications, from nature inspi-
rations to functional devices, involving the need for intricate shapes
and control uniquely offered by liquid crystal polymers are delved into
extensively in Sec. IV. Finally, a few concluding remarks on prospects
of these fascinating materials and the associated challenges are pre-
sented in Sec. V.

II. RESPONSIVE LIQUID CRYSTAL POLYMERS

Liquid crystal polymers can be broadly classified into liquid crys-
tal glassy networks (LCNs) and rubber-like liquid crystal elastomers
(LCEs). In the following, we first focus on LCNs in Sec. IIA, followed
by a discussion of LCEs in Sec. II B in which we focus especially on the
differences with LCNs.

A. Liquid crystal glassy networks

Liquid crystal glassy polymers are polymerized and densely
crosslinked networks of liquid crystal monomer mixtures. Typical
polymerization processes are photo-initiated or thermally initiated
polymerization.17,18 The photo-polymerization process is fast, and any
phase separation and phase transition possibilities are usually well
suppressed during the polymerization process.16 Furthermore, photo-
polymerization features flexibility in tuning the spatial property distri-
butions (such as molecule concentration gradients and stiffness) via
patterned polymerization. Typical liquid crystal mesogens feature
three parts, as shown in Fig. 2(a), consisting of a stiff central core, flexi-
ble spacers, and polymerizable end groups. Examples of polymerizable
groups are acrylates (as in Fig. 2), methacrylates, and epoxides. The
liquid crystal monomer may contain one polymerizable group to form
side chain polymers with the mesogenic core forming a dangling side
group, or they may contain two or more polymerizable groups as
shown in Fig. 2, which result in a network in which the mesogenic
cores form the crosslinks. The molecular structure is selected carefully,
and usually several different types of LC mesogens are mixed to meet
specific requirements with respect to the (opto-)mechanical properties,
optical properties, glass transition temperature, and ease of fabrication
and polymerization.

Polymerization is generally conducted in the nematic state,17 in
which liquid crystal molecules have directional order but no positional
order. As schematically illustrated in Fig. 2(b), under photo-
polymerization, end groups get crosslinked to form a main polymeric
skeleton. This process ensues at a small concentration of free-radical
photo-initiators. The average direction of the LC molecules is denoted
by the director (~n), and a scalar order parameter S is defined as

S ¼ h3ð cos
2ðwÞ � 1Þi
2

; (2.1)

to quantify the alignment order, where w is the angle between the LC
molecule direction and the director, and the average sign h:i is taken
on all the neighboring molecules. The director of a LC film can be pre-
designed in its nematic state before polymerization by using surface
treatments and anchoring forces,19 electric and magnetic fields,20 pho-
toalignment layers,9,21 and many more.17,22,23 These techniques enable
the possibility of constructing complex director patterns and, thus, can
generate sophisticated topographical transformations. Some of the
most widely fabricated and studied director configurations are shown
in Fig. 2(c). The vertical direction in the figure indicates the thickness
direction of the film. Both the twisted and splayed nematic phases fea-
ture 90� director rotations, but the molecules in the former style rotate
in the plane, while in the latter style, the molecules rotate from being
in the plane to being out-of-the plane through the thickness. Directors
can also be tilted, with a certain angle between the molecules and the
horizontal axis. The chiral nematic, also known as cholesteric, is a spe-
cial type of nematic phase and is widely used as a reflector due to the
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continuous rotation of the directors along a helix perpendicular to the
film plane.

Due to the alignment order of the molecules, a liquid crystal
polymer features anisotropic opto-mechanical properties. Figure 3(a)
shows the variation of the Young’s moduli as a function of the working
temperature.24 The modulus along the director ðkÞ is the highest due
to the fact that it is the average direction of all the LC mesogens. The
perpendicular modulus relative to the director ð?Þ is the lowest. Both
the modulus of a polymer in the isotropic phase (e.g., polymerized in
the isotropic liquid state in which there is no orientational order of LC
mesogens) and that of the twist nematic phase are between Ek and E?.
All the moduli decrease as the temperature increases can be attributed
to glass transitions and loss of order. The liquid crystal glass polymer
is typically assumed to be a linearly elastic material.25–27 Figure 3(b)
shows stress-strain curves of several LC glassy polymers at various
temperatures and in various loading directions. It is found that the
materials roughly follow a linearly elastic behavior. A further study on
the effect of spacer lengths on the failure strength andmaximal elonga-
tion strain is shown in Fig. 3(c). With a longer flexible spacer [see
Fig. 3(c)], the polymers have lower tensile strengths but with a higher
failure strain.

Liquid crystal polymers are intrinsically sensitive to temperature;
they expand perpendicular to the molecular director and contract
along the director upon heating, as shown in Fig. 3(d). The thermal
deformation is a competition between thermally induced free expan-
sions and anisotropic thermal deformations due to a loss of order.19

At a low temperature, the thermal expansion along the director (ak) is
slightly positive, due to the fact that the thermodynamic free volume
expansion is dominant at this temperature. As the temperature rises,
the thermal expansion along the director becomes negative (contrac-
tion) and keeps decreasing. This is attributed to the loss of order:
Upon heating, the reorientation of the molecular units that is related
to the small decrease in the order parameter leads to an expansion per-
pendicular and a shrinkage parallel to the director. Thus, the thermal
expansion perpendicular to the director (a?) is always positive and is
enhanced as the temperature increases. Even though the loss of order
is low for highly crosslinked glassy liquid crystal polymers,17–19,25,28,29

the anisotropic thermal expansion is still enough to construct thermal
actuators19,30 with significant macroscopic topographical transforma-
tions. Due to the intrinsic loss-of-order-induced conformational
changes, a liquid crystal polymer can also be sensitive to other external
stimuli. The order parameter can be manipulated by external condi-
tions when the liquid crystal molecules are disturbed by stimuli-
sensitive molecules, which are embedded and crosslinked into the LC
network.17,31,32 Possible external stimuli include the electric field,33

humidity,34,35 pH,34 and light.36,37

Light-responsive systems are particularly advantageous because
remote control via illumination enables easy spatial variation and
time-dependent actuation with good resolution in space and time. In
order to make LC polymers sensitive to light, specific molecules are
embedded into the polymer backbone such as molecules with an azo-
benzene moiety.38,39 The chemical structure of azobenzene is shown in

FIG. 2. Liquid crystal mesogens and liquid crystal glassy networks. (a) Schematic of a liquid crystal diacrylate. (b) A photo-polymerization process in a nematic state crosslinks
the mesogens, the liquid crystal molecular alignment is frozen and a crosslinked polymer skeleton is formed. The director (see the black arrow), defined as the average orienta-
tion of all the local LC molecules, is an important measure of LC networks. (c) Various molecular configurations for liquid crystal mesogens in the nematic state, i.e., twisted,
splayed, tilted and chiral nematic (aka, cholesteric) phase. [Figures (a)–(c) are reproduced with permission from D. Liu and D. J. Broer, Langmuir 30, 13499–13509 (2014).
Copyright 2014 American Chemical Society].
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Fig. 4(a). The natural, stable state of azobenzenes is the rod-like “trans”
state. Azobenzenes absorb ultra-violet (UV) light [see the absorbance
spectra of azobenzenes in Fig. 4(f)] and isomerize to a metastable “cis”
state. With this isomerization, the length of the azobenzene core
shrinks from 9.0 Å to 5.5 Å. If azobenzenes are crosslinked into liquid
crystal polymer chains, as schematically shown in Fig. 4(b), the azo-
benzenes follow the orientational order of the liquid crystal mesogens,
i.e., they are aligned along the director. Upon UV light exposure, the
azobenzenes isomerize and disturb the neighboring liquid crystal mol-
ecules. The overall order parameter is reduced and an anisotropic con-
formational change is induced, as highlighted by the green and blue
boxes in Fig. 4(b). The isomerization of azobenzene is spontaneously
reversed since the cis state is thermodynamically unstable. In addi-
tion, cis-to-trans back-reactions can be boosted under visible light
illumination since the cis azobenzene has an absorbance peak at the
wavelength of visible light (around 450 nm) at which the absor-
bance of the trans azobenzene is lower. As a result, the light-
induced deformation can be reversed upon heating and/or visible
light exposure.

The reaction speed of the above systems is generally
fast,20,27,41,43,44 as shown in Figs. 4(c) and 4(d). More than 90% of the

deformation is realized on the order of seconds for both the contrac-
tion along the director and the expansion perpendicular to the
director.40 The magnitude of the light-induced deformation depends
on the concentration of azobenzene molecules. Figure 4(e) shows a lin-
ear relation between the deformation amplitude (expressed as strain)
and the azobenzene concentration.26 However, other relations are
found as well in the literature in various liquid crystal polymer net-
works. The ratio of the expansion, P? (perpendicular to director), to
the contraction, Pk (along the director), is an important measure. First,
defined by Warner et al.,45,46 the photo-Poisson’s ratio lph ¼ �P?=
Pk, with a similar definition as the linear elastic Poisson’s ratio, charac-
terizes the anisotropy and magnitude of the photo-induced deforma-
tions. The photo-Poisson’s ratio lph strongly depends on the
composition of the liquid crystal mesogens and azobenzenes varying
over a wide range as reported in the literature19,40,47 [in Fig. 4(c), lph

� 2, and lph � 0:3 in Fig. 4(d)]. A photo-Poisson’s ratio larger than
0.5 indicates that there are an immediate volume increase and a den-
sity decrease upon light actuation, which was proven in experiments.48

Most of the topographical changes in azobenzene-modified glassy liq-
uid crystal polymers (Azo-LC) rely on this free volume generation
mechanism.

FIG. 3. Thermo-mechanical properties of typical liquid crystal glassy polymers. (a) Thermal-dynamic measurements of moduli of various networks (k: parallel to the director;
?: perpendicular). (b) Strain-stress curves of LC polymers with various compositions, working temperatures, and loading orientations relative to their directors. (c) Tensile
strengths and elongation strains at breaks. (d) Thermal expansion coefficients parallel and perpendicular to the director for network systems with various compositions. The
measured loss of the order parameter is small (ca. ST" ¼ 95% S0), but the thermal response is evident. [Figures (a)–(c) are reproduced with permission from R. A. M. Hikmet
and D. J. Broer, Polymer 32, 1627–1632 (1991). Copyright 1991 Butterworth-Heinemann Ltd. Figure (d) is reproduced with permission from Mol et al., Adv. Funct. Mater. 15,
1155–1159 (2005). Copyright 2005 Wiley-VCH].
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FIG. 4. Light-responsive liquid crystal glassy networks doped with azobenzenes. (a) The chemical format of a typical azobenzene molecule. Photo-isomerization occurs under
ultra-violet light exposure, and azobenzene transitions from a rod-like trans-state to a bent-like cis-state. (b) The isomerization of embedded azobenzenes in an LC glassy net-
work induces conformational changes (green rods: LC molecules; blue rods: azobenzenes). The trans azobenzenes follow the alignment order of the neighboring LC mole-
cules, while the cis-state azobenzenes distort the network. (c) and (d) The deformation history of photo-induced spontaneous strains upon cyclic illumination: parallel (c) and
perpendicular (d) to the director. (e) The variation of photo-strains of a LC-Azo system against the concentration of azobenzenes. (f) The absorbance spectra of the trans and
cis azobenzenes. (g) The variation in maximum surface temperature for LC films embedded with different azo-molecules with the increase in the illumination and wavelength.
(h) The variation in tip displacement with the increase in light intensity for a cantilever splay film placed in air and water. [Figures (c) and (d) are reproduced with permission
from Harris et al., J. Mater. Chem. 15, 5043–5048 (2005). Copyright 2005 The Royal Society of Chemistry. Figure (e) is reproduced with permission from Van Oosten et al.,
Eur. Phys. J. E 23, 329–336 (2007). Copyright 2007 Springer. Figure (f) is reproduced from D. Liu and D. J. Broer, Nat. Commun. 6, 8334 (2015). Copyright 2015 Authors,
licensed under a Creative Commons Attribution (CC BY) license. Figures (g) and (h) are reproduced from Da Cunha et al., J. Mater. Chem. C 7, 13502–13509 (2019).
Copyright 2019 Authors, licensed under a Creative Commons Attribution-NonCommercial (CC BY-NC) license].
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The UV-light-responsive Azo-LC system is advantageous in
remote control, but it has limitations in biological applications since
UV light is harmful for tissues and organs. Thus, other azo-derivatives
have been developed to absorb light with larger wavelengths, such as
visible light and infrared light, and to achieve similar light responsive-
ness.49,50 An upconversion layer was placed between the liquid crystal
polymers and the UV light source to convert the incoming UV light
into visible light to accommodate biological applications.51,52

Some other light-responsive LC polymers make use of different
opto-mechanical energy conversion mechanisms. In one of these
mechanisms, molecules that absorb light and generate heat are embed-
ded into the polymeric backbone. The generated heat reduces the
order of the LC networks and induces conformational changes.
Possible candidates for the light-to-thermal conversion include absor-
bent inks,53,54 carbon nanotubes,55–58 dye stabilizers,59,60 and gold par-
ticles.61–63 Figure 4(g) shows the maximum surface temperature of the
LC films embedded with different mono/di-acrylate azo-molecules
and various illumination wavelengths illustrating light-induced gener-
ation of heat. Diacrylate azo-molecules embedded in LC polymer sys-
tems are capable of producing photo-chemical deformations through
(trans/cis isomerization) as well as generating heat to cause photo-
thermal deformations.42 This is clearly demonstrated by the tip

displacement for a cantilever splay LC film illuminated in air and in
water as seen in Fig. 4(h). When the film is illuminated under water,
the generated heat is lost to the surroundings due to the high convec-
tion coefficient of water, whereas, in air, the convection coefficient is
low and the temperature of the film rises and causes the photo-
thermal deformations. The different levels of the convection coefficient
in water and air result in less displacement for the tip in water (only
photo-chemical deformations) than air (both photo-chemical and
photo-thermal deformations) as reported in Fig. 4(h). These photo-
thermal and photo-chemical actuation schemes can also be synergisti-
cally used to develop a reconfigurable photo-actuator.64

B. Liquid crystal elastomers

Another widely studied class of liquid crystal polymers is liquid
crystal elastomers (LCEs).65–67 A typical polymeric morphology of
LCEs is shown in Fig. 5(a). LCEs are much less crosslinked than glassy
liquid crystal polymers. Typical processing of LCEs contains pre-
cross-linking to first form a loosely crosslinked solid, then mechani-
cally stretching the solid to induce a molecular order, and third a sec-
ond full cross-linking to fix the backbone.56,67–69 Some other
techniques have also been used to fabricate LCEs, such as photo-

FIG. 5. Liquid crystal elastomers and thermal-opto-responses. (a) Schematic of a loosely crosslinked liquid crystal elastomer. Red rods: flexible crosslinkers to form polymer
bones, typically polysiloxanes. Gray rods: liquid crystal side chain mesogens. (b) Schematic of conformational changes of a LC elastomer unit: from an oblate shape (S> 0) to
spherical (S � 0, isotropic) due to the reorganization of polymer chains. (c) Measured contractions parallel to the director (L=Liso) and perpendicular expansions (Lper=Liso) of
a LC elastomer upon heating due to a loss of order. (d) Measured contractions of azobenzene-modified LC elastomers under UV exposure at various temperatures. Inset: the
recovery of contraction at 25 �C after 90min of exposure. [Figures (a) and (c) are reproduced with permission from H. Wermter and H. Finkelmann, e-Polymers 1, 1–13
(2001). Copyright 2001 Walter de Gruyter GmbH. Figure (d) is reproduced with permission from Finkelmann et al., Phys. Rev. Lett. 87, 015501 (2001). Copyright 2001 The
American Physical Society].
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polymerization similar to that used in glassy LCNs to create LCEs with
complex director patterns.56,70 The flexible crosslinkers (red rods)
form a main network backbone, and the liquid crystal mesogens (gray
rods) serve as a side chain pendant attached to the main backbone.
Due to the low cross-linking density and the coiled, entangled polymer
chains of LCEs, typical order parameters of LCEs are lower than those
of glassy LCNs. In addition, LCEs endure phase transitions upon heat-
ing, which are usually absent in glassy LCNs. A LCE loses most of its
order when it is heated beyond its nematic-to-paranematic tempera-
ture. The most significant difference in the mechanical properties
between LCEs and glassy LCNs is the LCE’s soft elasticity.67 Upon
stretching along the direction perpendicular to the director, a LCE first
behaves roughly linearly until a threshold, after which the director
starts to gradually rotate toward the loading direction with only a
modest increase in the stress. After the director is fully aligned to the
loading direction, the network starts to behave linearly again.

Another important difference between LCEs and glassy LCNs is
the large conformation change of LCEs upon actuation (e.g., under
heating or illumination), as shown in Figs. 5(b)–5(d). LCEs can transi-
tion from a highly ordered nematic state to a weakly ordered parane-
matic state when heated above their critical transition
temperature.71–73 Along with this, as LCEs are more loosely cross-
linked than LCNs, LCEs can potentially show larger anisotropic defor-
mations under illumination than LCNs. The anisotropic nature of the
deformations in LCEs is similar to that of the glassy LCNs with con-
traction along the director and an expansion in the plane normal to
the director. The ellipsoidal shape of the polymer chain distribution
transitions to a spherical isotropic polymer distribution, as schemati-
cally shown in Fig. 5(b), with stretch ratios (Sk and S?) indicating the
deformations. Measurements of the length change under heating along
(L) and perpendicular (Lper) to the director with respect to the length
in the isotropic state (Liso) are presented in Fig. 5(c). A maximal three-
times contraction is found along the director and a two-times expan-
sion perpendicular to the director. A feature worthy to be noted here
is the incompressibility, as shown by the red symbols in Fig. 5(c), indi-
cating that the volume of the LCE is almost fully preserved during
actuation.

The deformation speed of LCEs is generally low,17,74 on the order
of minutes or hours, compared to that of glassy LC polymers, which is
usually on the order of seconds.20,27,40,41,43,44,75 This is attributed to the
loosely crosslinked polymer backbone of the LCE.17,66,67 One example
for the time-dependent deformation history of LCEs is given in Fig.
5(d). Many attempts have been made to increase the deformation
speed.76,77 Also, mixed LC networks consisting of both a glassy constit-
uent and an elastomeric part have been constructed, featuring mixed
properties of both components.78,79 More detailed information on liq-
uid crystal elastomers can be found in Refs. 17, 67, 80, and 81.

III. MORPHOLOGICAL TRANSFORMATION
MECHANISMS

In this section, several commonly employed mechanisms that
induce morphological changes originating from spontaneous deforma-
tions in liquid crystal polymers are briefly discussed.

A. Bending and oscillations

If a free-standing liquid crystal polymer deforms uniformly, i.e.,
the spontaneous strain is constant throughout, as schematically plotted

in Fig. 6(a), then there is no morphological change. But, if there is a
gradient of deformation across the thickness, it can generate a bending
or folding deformation, as shown in Fig. 6(b). If the material is homo-
geneous and uniform, i.e., the director alignment is constant through-
out, strain gradients can be introduced by a light intensity gradient
due to light attenuation or a temperature gradient.

With the help of the anisotropy and director-dependent sponta-
neous deformation of liquid crystal polymers, a director gradient
through the thickness is an easy way to trigger large bending deforma-
tions.19,26,40 Two different types of director gradients are shown in
Figs. 6(c) and 6(d). One is the twisted nematic, featuring 90� director
rotations inside the plane of the film [see Fig. 6(c)], and the other is
the splayed pattern in which the director rotates gradually from in-
plane to out-of-plane [see Fig. 6(d)]. According to the anisotropy of
light-induced deformations (i.e., contractions along the director and
expansions perpendicular), the films in Figs. 6(c) and 6(d) bend with
larger curvatures in comparison to that of the film with a uniform
director distribution as shown in Fig. 6(b) (see the arrows indicating
the direction of deformation). An additional merit of the twisted
nematic and splayed nematic patterns is that the bending direction is
independent of the illumination direction of the incoming light.
Hence, the films always bend toward the same direction irrespective of
the direction of incident light. This is extremely advantageous in realis-
tic applications, such as sun-light driven motions and self-oscillating
cantilevers [vide infra in Fig. 6(e)].

One issue accompanying the bending deformation is the antielas-
ticity effect,45,46 as illustrated in Figs. 6(b)–6(d). The arrows show the
direction (arrow heads) and relative magnitude (arrow length) of the
spontaneous deformations. The expansion along the short-axis of the
film in Figs. 6(b) and 6(c) induces a curvature along this direction with
the signs being opposite to those along the long axis. The films, thus,
form saddle shapes, and the bending motions are constrained. This
curvature suppression is remedied by using the splayed pattern [Fig.
6(d)], where a lower opposite curvature is induced along the short axis
due to the fact that all the deformations are expansions along this
direction. This leads to a higher bending angle for the splayed pattern
than those of the twisted nematic and uniform director distribution.

Figure 6(e) illustrates several self-oscillating bending systems
using different director patterns. In Fig. 6(e-1), a film with a uniform
director distribution starts to bend toward the light source at high
speed, and an overshot occurs due to the effect of inertia, making the
bottom side of the film illuminated, which induces a bending reversal.
As a result, the top side of the film is illuminated again, so that a next
cycle starts, finally leading to a continuously oscillating bending
motion.77,82 The films in Fig. 6(e.2 and e.3) have the splayed pattern
and feature self-oscillations in different ways. The film from the study
by Kumar et al.83 can self-oscillate under exposure to sunlight avoiding
any direction dependence on the incoming light direction, but the
oscillation frequency is less stable and is chaotic. In contrast, the oscil-
lating film shown in Fig. 6(e.3) relies on a localized focused illumina-
tion area near the end of the film (highlighted by a red box), featuring
a well-defined oscillation frequency.60

Beyond pure bending motions, origami and fold-forming struc-
tures attract much attention. A few of such structures based on liquid
crystal polymers are presented in Figs. 6(f)–6(h). A box-folding thin
film responsive to heating is shown in Fig. 6(f), in which the local
hinges are made of the twisted nematic pattern.84 A light-responsive
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micro-crawler was fabricated, shown in Fig. 6(g), in which the film is
composed of alternating twisted nematic blocks.85 A spring-like poly-
meric helix with a tunable twist level was fabricated in Refs. 86 and 87.
The helix is formed using residual stresses inside twisted nematic

regions, which are misaligned relative to the long axis, and further
manipulations of twisting rely on local UV and visible light illumina-
tion. Although the splayed director pattern is expected to generate
higher bending deformations than that of the twisted nematic phase,

FIG. 6. Folding and origami motions of LC networks. (a)–(d) Schematic of generating bending motions, deviating from the bulk uniform deformation via (a) introducing strain
gradients (b), or introducing director variation through the thickness, e.g., (c) twisted nematic and (d) splayed. (a.1)-(d.1) are the schematics of directors and (a.2)-(d.2) are sim-
ulation results. (e) Peculiar self-oscillating LC cantilevers under a continuous light source developed by Serak et al. (e.1), Kumar et al. (e.2), and Gelebart et al. (e.3). (f) A ther-
mally responsive box-folding actuator. (g) A thermally induced accordion-like origami actuator, arising from the alternating pattern of twisted nematic directors. (h) Twisting and
un-twisting of a cut-strip from a twist nematic film under UV and VIS exposure. [Figures (a)–(d) are reproduced with permission from Nat. Mater. 14, 1087–1098 (2015).
Copyright 2015 Macmillan Publishers Limited. Figure (e.1) is reproduced with permission from Serak et al., Soft Matter 6, 779–783 (2010). Copyright 2010 The Royal Society
of Chemistry. Figure (e.2) is reproduced from Kumar et al., Nat. Commun. 7, 11975 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC BY)
license. Figure (e.3) is reproduced from Gelebart et al., Adv. Mater. 29, 1606712 (2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution-
NonCommercial (CC BY-NC) license. Figure (f) is reproduced with permission from Fuchi et al., Soft Matter 11, 7288–7295 (2015). Copyright 2015 The Royal Society of
Chemistry. Figure (g) is reproduced with permission from de Haan et al., Adv. Funct. Mater. 24, 1251–1258 (2014). Copyright 2014 Wiley-VCH. Figure (h) is reproduced with
permission from Iamsaard et al., Nat. Chem. 6, 229 (2014). Copyright 2014 Macmillan Publishers Limited].
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the latter is more widely used due to its ease of fabrication. Other
mechanisms to trigger bending or origami motions for liquid crystal
polymers are based on material property gradients,27,88 bilayers,89–94

and induced time delay in the material response.95

B. Topographical surface texture changes in films
bonded to a substrate

Another type of responsive morphological transformations con-
sists of topographical surface changes on substrate-constrained films.
When a film is fixed to a rigid substrate, the in-plane spontaneous
deformation is suppressed and all the responsive strains result in
height variations on the top surface. Figures 7(a)–7(c) depict a series of
studies by Liu et al.,20,25 and Liu and Broer75 featuring light-controlled
surface texture modulations using azobenzene-modified liquid crystal

polymeric coatings. The key to trigger surface changes on LC films is
to introduce non-uniform distributions of various kinds by taking
advantage of the anisotropic spontaneous deformations (i.e., contrac-
tions along the director and expansions perpendicular). Possible non-
uniformities can be complex director distributions,20,25,30,75,96,97 mate-
rial and composition gradients in the plane of the film88,98,99 [e.g., Fig.
7(d)], or localized actuation and illumination.48,100 Applications of
these surface roughness modulations include friction, wear manipula-
tion, and microfluidic channels, which will be discussed in later
sections.

As shown in Fig. 7(a), an alternating pattern of a cholesteric
phase and a homeotropic phase (in which the director is perpendicular
to the plane) gives a periodically corrugated profile upon illumina-
tion.20 For a film with a random director distribution, e.g., in Fig. 7(b),
it generates randomized surface textures with rough peaks and

FIG. 7. Various responsive topographical changes on substrate coatings. (a)–c) Light-switchable surface roughness alterations of LC glassy coatings developed by Liu and
Broer, by patterning complex molecular alignment distributions: (a) patterned films, (b) polydomain films and (c) “fingerprint” films. From the top to the bottom are schematics
of director distributions, 3D confocal images of the top surfaces and measured 2D surface profiles. (d) A pH-responsive hydrogel film features undulations arising from
imprinted responsivity gradients. (e) Surface relief gratings of azo-containing polymers under sequential exposure of two polarized light sources parallel (left) and orthogonal
(right) to each other, relying on photo-induced mass transportations. [Figures (a) is reproduced with permission from Liu et al., Angew. Chem., Int. Ed. 51, 892–896 (2012).
Copyright 2012 Wiley-VCH. Figures (b) is reproduced with permission from Liu et al., Proc. Natl. Acad. Sci. U. S. A. 112, 3880–3885 (2015). Copyright 2015 National
Academy of Sciences. Figure (c) is reproduced with permission from D. Liu and D. J. Broer, Angew. Chem., Int. Ed. 53, 4542–4546 (2014). Copyright 2014 Wiley-VCH. Figure
(d) is reproduced with permission from Liu et al., Soft Matter 9, 588–596 (2013). Copyright 2013 The Royal Society of Chemistry. Figure (e) is reproduced with permission from
Viswanathan et al., J. Mater. Chem. 9, 1941–1955 (1999). Copyright 1999 The Royal Society of Chemistry].
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valleys.25 If a film has a planar cholesteric phase as shown in Fig. 7(c),
the film features “fingerprint”-like textures if no further control on the
chiral helix alignment is enforced. These three types of topographical
changes have been extensively studied computationally for their
photo-mechanical response and possible optimization in Refs. 31 and
102. More recently, the computational investigation was further
extended to moving light sources to produce surface waves.103 The
novel possibility of generating dynamic surface patterns, a sinusoidal
wave, for instance, was also demonstrated.

Another category of surface topographical modulation is the gen-
eration of surface relief gratings through light-induced mass migration
by illuminating the azopolymer surface using optical interference pat-
terns.39,101,104–107 Although these surface patterns are first observed in
amorphous azopolymers, liquid crystalline azopolymers are also
shown to be capable of forming surface relief gratings. Figure 7(e)
illustrates two examples showing the final surface textures after the
amorphous films were exposed to interference patterns from polarized
light sources. The left part of Fig. 7(e) is the result of sequential expo-
sure to two different wavelengths, but with the same polarization. The
right part of Fig. 7(e) shows the case where the gratings are orthogonal
to each other (by rotating the sample 90� between each recording) and
exposed to the same polarized light source. Moreover, these surface
gratings can be erased with light of appropriate polarization108 or by
heating it above the glass transition temperature, making them revers-
ible. Jelken and Santer109 showed the formation of dynamic patterns
through repetitive polarization changes generating water-wave like
surfaces. The reader is referred to the recent review articles105–107 for
more details on light-induced mass migration.

C. Surface and geometric instabilities

Another mechanism of topographical transformation is to make
use of surface and geometric instabilities. In this section, three types of
instability problems are briefly discussed. The most-studied surface
instability is the formation of wrinkles. Following pioneering work on
surface wrinkling by Bowden et al.,110 and Huck et al.,111 numerous
studies have been conducted to apply this surface instability phenome-
non to construct rough and undulating surfaces with a wide range of
dimensions even going down to the nanometer length scale. A typical
wrinkled system contains a stiff, thin film upon a compliant, thick sub-
strate. Compressive stresses are generated in the stiff thin film, and the
film buckles into the soft substrate, leading to regular, well-controlled
sinusoidal surface undulations.110–117 Wrinkles and creases are also
able to be formed on monolithic soft materials, e.g., gels,118–121 under
confined boundaries, due to low stiffnesses and large swelling ratios

upon actuation. More information on wrinkled systems can be found
in the review articles.121–127

Liquid crystal polymers have been used to generate surface wrin-
kles sensitive to mechanical, light, or other stimuli in experimental and
theoretical studies. LC polymers are able, due to their moderate stiff-
ness, to either

1. serve as soft substrates in bi-layer systems128–134 and induce
compressive stresses in the stiffer films upon responsive in-plane
contractions or

2. serve as stiffer thin films combined with other soft substrates135–141

and induce compressive film stresses upon spontaneous in-plane
expansions.

Some theoretical studies also evaluated wrinkle formation on
homogeneous and monolithic liquid crystal polymers.142–144

Column and plate buckling mechanisms145–147 and snap-
through phenomena of buckling geometries148–150 were implemented
using liquid crystal polymers to perform responsive topographical
changes with large deformation amplitudes. Exemplary experimental
and theoretical studies include generation of travelling waves on
pre-buckled LC films under self-shadowing of light exposure,44

arrayed snapthrough actuators,151 constrained LC plate buckling,152

biomimetic snapping emulators based on LC springs,153 and
others.154

Different from the buckling and snap-through mechanisms men-
tioned above, one special surface morphological instability was
explored for free-standing liquid crystal polymeric films, by construct-
ing complicated in-plane deformation fields resulting from complex
director distributions.70,155–162 For example, if the director distribution
of a film follows a þ1 disclination profile,163 in which the directors
follow a circular orientation, upon actuation and a loss of order, the
contractions along the directors and the expansions perpendicular to
the directors (i.e., in the radial direction) make the film deform into a
cone (see Fig. 8). This is due to the fact that the cone is the only geom-
etry accommodating an increased film radius and a reduced film
circumference.155 Therefore, even without any through-thickness
strain gradient inside the film, there is still a significant out-of-plane
deformation. More complex director distributions have been theoreti-
cally designed to create sophisticated geometric instabilities, leading
to large in-plane or out-of-plane deformations, such as cones and
anti-cones,155,156,160,164 “pyramids,”157 toruses and spheres,165 slot
valves,158 non-developable surfaces,166 and other geometries with
complex Gaussian curvatures.159,161,167 Experimental realiza-
tions21,70,158,161,163 validated the above theoretical predictions.

FIG. 8. Actuation behavior of the liquid crystal film with circular director distribution upon heating. [Figure is reproduced with permission from de Haan et al., Angew. Chem.,
Int. Ed. 51, 12469–12472 (2012). Copyright 2012 Wiley-VCH].
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IV. APPLICATIONS

In this section, we review various applications based on the
stimuli–responsive liquid crystal polymers. Although the field is in its
infancy for real-life applications, it offers exciting opportunities for
soft actuators, sensors, and robotics domains.

A. Artificial muscles and actuators

Embedding stimuli–responsive artificial muscles and actuators
into functional devices offers abundant opportunities and takes the
field a step closer to the remarkable idea of “The material is the
machine.”177,178 The fundamental functionality of artificial muscles
and actuators can be demonstrated by the load carrying capacity, as
shown in Fig. 9(a), wherein the contraction of the liquid crystal elasto-
meric strip lifts a weight much heavier than itself80 through a tempera-
ture increase from 20 �C to 115 �C. Figure 9(b) illustrates light-
responsive contractile deformations extended to a crane device with
the ability to catch, lift, move, and release objects.168 Evolving from
strips, a “screw-jack” made of liquid crystal elastomers has been dem-
onstrated.70 Transforming to a 3� 3 cone pile from a thin planar film
while pushing up a glassy plate 147 times heavier than itself70

showcases the extremely powerful lifting capacity of LCEs.
Furthermore, layered LCE films have been demonstrated to produce a
large force output and stroke length, i.e., high specific work on objects
1100 times heavier than their own weight under thermal stimulus169

as shown in Fig. 9(c).
Nature has motivated humans to reproduce its wide range of

complex patterns, such as orchids through the swelling mechanism
of hydrogels170 [Fig. 10(a)] and butterfly head featuring its proboscis
through tight rolling of tapered liquid crystal actuators.179 Likewise,
bi-layers have been widely adopted to necessitate shape changes for
actuation in biomimetics. A photo-responsive liquid crystal and kap-
ton bilayer have taken inspiration from nature to mimic the circa-
dian rhythm in Albizia Julibrissin leaves.180 A similar electrically
actuated liquid crystal and kapton bilayer soft robot capable of versa-
tile bio-inspired motions such as a four-legged animal [Fig. 10(b)]
and a two-legged human pushing a load forward [Fig. 10(c)] have
also been illustrated.171 Further interest in reproducing human-like
motions has led to the development of a photo-responsive liquid
crystal and silica bilayer to realize a bionic hand with the capability
of playing a piano172 as shown in Fig. 10(d). Bilayers also offer an
additional ability of dual-wavelength responsivity with each layer

FIG. 9. (a) Liquid crystal elastomeric strip with planar alignment lifts a weight heavier than itself under a thermal stimulus. (b) A crane device with two individually actuated liq-
uid crystal elastomeric strips to catch, lift, move and release objects under local illumination. (c) A layered LCE film with high specific work density under a thermal stimulus
and the effect of layering. [Figure (a) is reproduced with permission from Ohm et al., Adv. Mater. 22, 3366–3387 (2010). Copyright 2010 Wiley-VCH. Figure (b) is reproduced
with permission from Cheng et al., Soft Matter 6, 3447–3449 (2010). Copyright 2010 The Royal Society of Chemistry. Figure (c) is reproduced from Guin et al., Nat. Commun.
9, 2531 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license].
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responding to a specific wavelength to produce selective shape
changes.181–183

Implanting stimuli–responsive materials into devices either
through monolithic structures or by combining active components
with passive parts has additionally produced functionality. Figure
11(a) showcases a liquid crystal forefinger alongside a fixed thumb as a
micro-gripper for object handling and manipulation.173 Also, LCEs
with instilled electrical heating wires have been able to adjust the focal
length of a lens by controlling its diameter through the film’s contrac-
tion under stimulus174 as illustrated in Fig. 11(b). The contraction of
the elastomer has also been applied in a structure to demonstrate a
gripper175 as shown in Fig. 11(c). Furthermore, the bio-compatibility
of the LCE has been adopted to provide photo-responsive assistance to
heart muscles in cardiac contraction.184 Employing an alternate stimu-
lus in terms of hot and cold water for fast actuation, biceps, triceps,
biceps femoris, and masseter muscles along with their actuations [see
Fig. 11(d)] has been demonstrated by He et al.176

Over the years, minimalism has become an integral part of design
methodology coming along with an elemental requirement for smart
material responsiveness. A hominid-type azo-based liquid crystal
hand with the capability to autonomously pick objects based on its

color (i.e., absorbance) under light actuation has been demon-
strated.185 On the other hand, reflected light from objects has also
been used as a stimulus to devise a smart flytrap.76 The light powered
gripping device mimics the behavior of a venus flytrap along with the
ability to autonomously recognize and distinguish between objects as
shown in Fig. 12(a). Based on a calibration between the illumination
intensity and the curvature obtained, an artificial iris with circularly
symmetric actuation of the iris segments capable of self-regulating the
aperture size186 has been illustrated. An LCE-based iris187 with
instilled electrical heaters has also been demonstrated. The fundamen-
tal contraction in the LCE has also been applied in producing a helio-
tropic mechanism15 without the need of any external electrical energy
source or wiring to make a solar panel follow the sun as shown in Fig.
12(b), thereby enhancing the energy conversion efficiency. More
recently, a major breakthrough in enabling liquid crystal network
actuators to learn and respond to an initially neutral stimulus has been
demonstrated.188 By employing the methods of classical conditioning,
a soft thermo-responsive strip is trained to walk upon irradiation.
Furthermore, gripping devices have been taught to differentiate and
respond according to distinct illumination wavelengths. Alongside the
developments in smart material responsiveness, recent effort involves

FIG. 10. (a) A biomimetic hydrogel features morphologies inspired by a native orchid, the Dendrobium helix, upon swelling when soaked in water. (b) A four-legged animal made
out of two liquid crystal and kapton bilayers exhibiting motion on the electrical actuation of the embedded heating wires. (c) A liquid crystal and kapton bilayer soft robot mimic
the motion of a human pushing a load forward. The motion has been demonstrated with three different loads. (d) A bionic hand with fingers made up of a photo-responsive liquid
crystal and a silica bilayer with the sequential arrangement of isotropic and nematic phases playing a piano. [Figure (a) is reproduced with permission from Sydney Gladman
et al., Nat. Mater. 15, 413 (2016). Copyright 2016 Macmillan Publishers Limited. Figures (b) and (c) are reproduced with permission from Xiao et al., Adv. Mater. 31, 1903452
(2019). Copyright 2019 Wiley-VCH. Figure (d) is reproduced with permission from Wei et al., Adv. Opt. Mater. 6, 1800131 (2018). Copyright 2018 Wiley-VCH].
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films with multiple-stimuli–responsiveness, i.e., a single film reacting
to light and magnetic field,189 light, and humidity.190

B. Motility

Movement arises from a collective and orderly response of ele-
mental segments in a body.192 Additionally, liquid crystal systems offer
opportunities for systematic manipulation of parts with minimal or
entirely contactless approaches.193–195 Motion in liquid crystal poly-
mer networks can be simplistically illustrated through caterpillar-like
movement under illumination.191,196,197 Figure 13(a) demonstrates a
LCE sensitive to visible light with alternate spatial patterning of
splayed nematic (homeotropic to planar) and inverted splayed nematic
(planar to homeotropic) arrangement.191 The orientation results in a
consequent bending and unbending of the film under illumination,
thereby producing the caterpillar-like motion. The bump created in

caterpillar-like motion has also been utilized to transport objects from
one side to another.196 Under similar boundary conditions, planar and
twisted nematic liquid crystal polymer networks under illumination
have been found to produce a quick snap-through motion as a result
of the elastic instabilities.198 Furthermore, the wave-like snap-through
motion together with the effects of self-shadowing under illumination
has been utilized to construct a rectangular moving cart44 as shown in
Fig. 13(b). Propagating surface waves using a homogeneous light
source and a rotating polarizer to generate propulsion of fluids, cells,
and organisms has also been conceived.97

The motion of rolling has been instrumental in a majority of
human technological advancements. The advent of smart materials
has opened up new pathways for generating the rolling motion.203

Figure 14(a) elucidates a light-driven motor obtained out of a liquid
crystal thin film.199 Likewise, an azobenzene-based LCE and polypro-
pylene bilayer capable of rolling on exposure to UV light have been

FIG. 11. (a) A liquid crystal forefinger attached to a fixed thumb for handling and manipulation of micro-objects. (b) Focal length control by varying the diameter of the lens
through contraction and relaxation of LC elastomeric strips. (c) A micro-gripper relying on the contraction of LC elastomers under electric actuation. (d) Biceps, triceps, biceps
femoris and masseter muscles made of LC elastomers actuated by hot and cold water. [Figure (a) is reproduced with permission from Huang et al., Smart Mater. Struct. 25,
095009 (2016). Copyright 2016 IOP Publishing Ltd. Figure (b) is reproduced with permission from Petsch et al., Smart Mater. Struct. 25, 085010 (2016). Copyright 2016 IOP
Publishing Ltd. Figure (c) is reproduced with permission from S�anchez-Ferrer et al., Macromol. Chem. Phys. 210, 1671–1677 (2009). Copyright 2009 Wiley-VCH. Figure (d) is
reproduced with permission from He et al., Adv. Mater. Technol. 4, 1800244 (2019). Copyright 2019 Wiley-VCH].
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reported.204 Rolling against gravity has also been achieved in an
azobenzene-based liquid crystal polymer thin film with a helical form
factor.205 The mechanism is extended to construct the wheels of a
vehicle200 as demonstrated in Fig. 14(b). The arrangement offers
means to obtain stepped rotary, curvilinear, or linear trajectories
through combinatorial design strategies. Cylindrical rods made up of
LCE have been synthesized to demonstrate autonomous rolling under
illumination or on a hot plate.201 Furthermore, a weight carrying vehi-
cle with LCE cylindrical rods as wheels capable of translating under
illumination or on a hot plate is presented. Figure 14(c) shows an alter-
nate application of the LCE rods as a conveyor under a thermal stimu-
lus. A triangular-shaped liquid crystal film when placed on a hot plate
is found to exhibit a continual, rocking chair like chaotic oscillatory
motion202 as shown in Fig. 14(d).

C. Haptics

The extensive and ever-growing interaction between humans and
machines has resulted in increasing interest in the field of haptics.207

Devices featuring reversible topographical changes serve as feasible
candidates. Braille displays in which responsive materials deform
under external triggers provide a new systematic design.55,206,208,209

Figure 15 illustrates two types of refreshable tactile displays. The light-
responsive deformation in Fig. 15(a) relaxes the original cone texture
to a flat surface, so that the Braille display is in the off state when the
light source is switched on. Figure 15(b) depicts a similar Braille dis-
play system, but here the display is on when the light source is
switched on. Some other exemplary human-machine interface devices
based on responsive materials can be found in Refs. 31, 210, and 211.

D. Microfluidics

Microfluidics paved the way for revolutionary advances in appli-
cations such as point-of-care diagnostics,212 chemical and bio-
chemical analyses,213,214 environmental monitoring,215,216 and food
and agriculture industries,217,218 among others. Even with two decades
of extensive research, very few microfluidic systems have reached the
point of commercialization.219 This paucity of commercialization has

FIG. 12. (a) A smart LC flytrap that captures an object using the reflected light as a stimulus. (b) Schematics and experiments of a heliotropic mimic device that tilts the top sur-
face facing to sun. [Figure (a) is reproduced from Wani et al., Nat. Commun. 8, 15546 (2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution (CC
BY) license. Figure (b) is reproduced with permission from Li et al., Adv. Funct. Mater. 22, 5166–5174 (2012). Copyright 2012 Wiley-VCH].
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been attributed to the absence of standardization and system level inte-
gration220–222 of the microfluidic chip with the elementary fluid flow
control components and detectors.223 The fundamental components
employed for handling fluid in a microfluidic device are pumps, and
valves for moving the fluids around on the chip, and mixers for com-
bining and mixing them.223 The adoption of stimuli–responsive poly-
mers as actuators in these fluid handling components may enable their
miniaturization so as to achieve a system level integration with the
microfluidic chip.219

Valves are needed to control the flow rate, on/off switching of the
flow, or to seal the fluids in a microfluidic device. An elaborate review
of different valve actuation mechanisms has been presented by Oh
and Ahm.224 The advantages of light-based actuation in comparison
with other stimuli have attracted many researchers toward the devel-
opment of light-actuated microvalves. Chen et al.,225 used the photo-
mechanical bending of liquid crystal polymers for activating the valve
[see Figs. 16(a) and 16(b)]. Figure 16(a) schematically depicts the
working principle of the light-actuated valve. When the film is sub-
jected to UV irradiation, the film bends and allows for fluid flow. To
block the flow, the film is subjected to visible light reversing the previ-
ous generated bent and closes the valve. A thermal-responsive liquid
crystal elastomer valve developed by S�anchez-Ferrer et al.,226 is

schematically illustrated in Fig. 16(c). Figure 16(d) shows the valve in
action as the temperature is increased. The anisotropic thermal
response of liquid crystal polymers has been deployed to create a
micro-valve in a microfluidic device allowing hot water while blocking
cold water158 as presented in Figs. 16(e)–16(g). The drive toward inte-
gration and simplicity led to the development of novel in situ micro-
valves. One of the foremost in situ microvalves was developed by
polymerizing a hydrogel inside the microchannel with masks.227 This
in situ polymerized valve was responsive to the pH level of fluid and,
thereby, autonomous in nature without the need of external control.
Later, the ease of actuation with light and the need for control led to
the development of different light-based in situ valves228–240 over the
years. Of these different light actuated valves, the valves developed by
ter Schiphorst et al.236 and Delaney et al.239 showed precise flow rate
control achieved by tuning the illumination characteristics.

Propulsion of fluid on microfluidic chips using responsive poly-
mers is achieved either using flexible systems or through a gradient in
surface wetting. The oscillating diaphragm-based actuation approach
has been widely used for pumping the fluids.243 Mizoguchi et al.244

reported an opto-thermo-pneumatic-mechano micropump in which
light energy from the laser beam is absorbed by carbon wool to gener-
ate heat and vaporize the fluid pressurizing the chamber, thereby

FIG. 13. (a) Spatially patterned spayed-nematic and inverted splayed-nematic alignment to produce consequent bending and unbending of the LC film under visible light illumi-
nation resulting in caterpillar-like motion. (b) The ejection of sand particles due to the energy release in the snap-through mechanism and motility of a rectangular cart
(15 mm� 5mm) through actuation of a splayed-nematic LC film with the planar side up and homeotropic side up, respectively. [Figure (a) is reproduced with permission from
Zeng et al., Macromol. Rapid Commun. 39, 1700224 (2018). Copyright 2018 Wiley-VCH. Figure (b) is reproduced with permission from Gelebart et al., Nature 546, 632
(2017). Copyright 2017 Macmillan Publishers Limited].
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displacing the diaphragm. Instead of the opto-thermo-pneumatic-
mechanical path, the development of azo-based liquid crystal films
allowed for the direct conversion of light energy into mechanical work.
Chen et al.241 used such an azo-modified liquid crystal polymer to
activate the pump diaphragm as presented in Figs. 17(a)–17(c).
Also, light-actuated rotary micropumps have also been reported in the
literature.245 By tuning the light intensity with the contraction of
spiropyran-modified hydrogels, ter Schiphorst et al.246 developed a
passive micromixer with tunable mixing capabilities. Photo-responsive
azo-based surfactant was shown to allow mixing of two different
phases by forming droplets under UV led illumination.247 Rather than

using extra components such as pumps and mixers, light-responsive
tubular microactuators capable of manipulating fluid slugs by photo-
induced deformation generating capillary forces for liquid propulsion
were developed.242,248,249 Figure 17(d) demonstrates one such light-
responsive micro-tube transporting isopropanol slug with control in
the direction of flow.

Taking inspiration from the nature, micropillars mimicking cilia
capable of performing complex bending and reversal motions and
generating metachronal waves252,253 are developed. The photo-
controlled pillar array made of liquid crystal polymers bends toward
the light source.250 When the light source is rotated to illuminate the

FIG. 14. (a) Schematics and experimental images of a light-driven plastic motor with the LCE thin film under simultaneous irradiation of UV (366 nm) and visible (>500 nm)
light at room temperature. b) Motility resulting from an irradiation cycle of �40� and 40�LC spirals. The green arrow shows the direction of motion. (c) A conveyor made up of
LCE rods transports objects by continuous rolling under the thermal stimulus of a hot plate. (d) Snapshots at the extremes of the chaotic rocking motion of a splayed-nematic
LC film on a hot plate. [Figure (a) is reproduced with permission from Yamada et al., Angew. Chem., Int. Ed. 47, 4986–4988 (2008). Copyright 2008 Wiley-VCH. Figure (b) is
reproduced from Babaei et al., RSC Adv.7, 52510–52516 (2017). Copyright 2017 licensed under a Creative Commons Attribution (CC BY) license. Figure (c) is reproduced
with permission from Ahn et al., ACS Appl. Mater. Interfaces, 10, 25689–25696 (2018). Copyright 2018 American Chemical Society. Figure (d) is reproduced from Da Cunha
et al., Chem. Commun. 55, 11029–11032 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license].
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pillar array from different orientations, the bending motion is fully
controlled by the light source direction. Due to the temporal deforma-
tion response to the moving light source, an asymmetric motion can
be reached. As a result, the collaborative cilia-like motion of the pillar
array induces metachronal waves and propels the fluid [see Figs.
18(a)–18(c)]. Tuning this collaborative cilia-like motion allows for effi-
cient pumping and mixing of the fluids in microfluidic devices.254–256

Many exemplary devices with magnetic, electro-static actuated cilia
pumping and mixing the fluids were reported.251,253,257,258 Figure
18(d) shows a numerical simulation of magnetic cilia proposed to
induce flows through a pattern of metachronical motion.251 But the
inherent advantages of light stimulus over magnetic field led to the
development of light-actuated cilia composed of azo-modified liquid
crystal systems43 [see Figs. 18(e)–18(h)]. To generate asymmetric for-
ward and backward strokes, the cilia are composed of two dyes, vary-
ing the composition in the plane as illustrated in Fig. 18(e). Figure
18(h) shows the developed artificial cilia and their motion under vary-
ing illumination.

1. Surface wetting

Wettability is an important property of a surface, depending on
the surface energies between solid, gas, and fluid. Wetting is also
dependent on the chemical composition of the surface as well as the
surface morphology.260 The wetting contact angle is determined by
the force balance on the three-phase line (a line contacting the gas,
fluid, and surface). The Wenzel roughness parameter261 defined as

r ¼ Areal

Aproj
; (4.1)

where Areal is the real area of the surface and Aproj is the projected area
onto the horizontal plane, correlates the surface texture with the con-
tact angle.262 Wrinkle profiles, featuring sinusoidal undulations, serve
as good candidates to test the influence of the surface roughness on
the wetting properties.122,263 As shown in Figs. 19(a) and 19(b), the
wrinkled surface has larger contact angles compared to that of the
original flat surface. A further increase in the contact angle can be

reached by depositing micro or nano scale particles on the surface and
constructing hierarchical structures: wrinkles at larger dimensions and
particles at smaller dimensions, mimicking lotus leaves [see Figs.
19(a)–19(d)]. Figure 19(b) plots the variation of the advancing and
receding contact angles as a function of Wenzel roughness parameter
r. The increase in the contact angle is evident with an increase in the
surface roughness. The 2D sinusoidal profile of the wrinkled surface
induces anisotropic wetting, as shown in Fig. 19(c1 and c2). As the
mechanical load changes [Figs. 19(c3 and c4) and 19(d)], the droplet
starts to imbibe into the wrinkles as the amplitude of the wrinkles
increases and channels are formed. Light-induced formation/destruc-
tion of wrinkles on photo-responsive liquid crystal systems reported in
Refs. 138 and 264–266 allows for the development of light-actuated
switchable wetting surfaces with a similar mechanism discussed above.

One more way to modify the surface roughness is through struc-
tured micropillars biomimicking the papillae of the lotus leaf267 gener-
ating superhydrophobic surfaces artificially.268–270 The dependence of
the contact angle on the surface topology also enabled the researchers
to switch the contact angle by controlling the surface morphology.
Figures 19(e)–19(i) illustrates the HAIRS (Hydrogel-Actuated
Integrated Responsive Structure) system,259,271–273 featuring hybrid
surfaces consisting of flexible, high aspect-ratio pillars coupled with a
responsive hydrogel matrix. The underlying hydrogel, upon expansion
and contraction in response to external stimuli, moves the passive pil-
lars. In the dry state, the surface is dominated by the high-aspect-ratio
pillars and the surface is hydrophobic [see Fig. 19(h)]. Upon actuation,
the hydrogel expands and fills the space between the pillars and the
whole surface becomes hydrophilic [see Fig. 19(i)].

Instead of hybrid surfaces, Figs. 20(a)–20(d) present a monolithic
surface consisting of temperature-responsive liquid crystal elastomer
micro-pillars.274,277 Upon heating, the aspect ratio of the pillars
decreases due to the material contraction. As a result, the contact angle
is altered [see Fig. 20(c)] depending on the original pillar morphology
and the wetting status (Wenzel or Cassie–Baxter).276 Figure 20(d)
plots the contact angle for glycerol for cyclic heating and cooling,
indicating a good reversibility of the surface wetting. The value of the
initial contact angle (at 40 �C) and the change in the contact angle

FIG. 15. Haptics and human-machine interaction devices employing responsive surface topographies. (a) A refreshable Braille display device relying on photo-induced contrac-
tions of LC elastomers doped with carbon-nanotubes. (b) Tactile devices based on opto-responses of LC elastomers. [Figure (a) is reproduced with permission from Camargo
et al., Macromol. Rapid Commun. 32, 1953–1959 (2011). Copyright 2011 Wiley-VCH. Figures (b) is reproduced with permission from Torras et al., Sens. Actuators, A 208,
104–112 (2014). Copyright 2014 Elsevier].
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depend on the initial surface topography as evident in Fig. 20(d). A
similar liquid crystal micro-pillar surface was made responsive to light
by doping the liquid crystal mixture with an azo-based diacrylate.278

Upon light irradiation, the pillars contracted in height and expanded
in diameter varying the contact angle by around 2�. This variation in
the contact angle is small in comparison with the thermal-responsive
micro-pillars due to the low deformation in the light-responsive sys-
tem than the thermo-responsive polymer. Rather than just contracting
the cylindrical pillars along the height, asymmetric deformation of
cylindrical pillars creates anisotropic wetting275,279 as shown in Figs.
20(e)–20(i). Such asymmetric deformations are realized with the help
of linear light polarization [see Fig. 20(g)]. The pillars expand along

the axis of the polarized light and contract in the perpendicular direc-
tion. The variation in the contact angle along the axis and the perpen-
dicular direction as a function of the aspect ratio of the pillars is
plotted in Fig. 20(i). The variations in the wetting contact angle are in
the range of 2–70� only for the systems discussed to date. A large
change in the contact angle (150�) was observed when cylindrical
polarization of light was used to illuminate the cylindrical pillars trans-
forming them to mushroom-shaped pillars276 through photo-
fluidization as shown in Figs. 20(j) and 20(k). This large variation in
the contact angle is due to the jump from the Wenzel state to the
Cassie–Baxter state [see Fig. 20(l)] as the mushroom-type cylinder
allowed for trapping air efficiently than just symmetric/asymmetric

FIG. 16. (a) Schematic showing the structure and the working principle of the light actuated micro-valve. (b) A picture of the fabricated valve illustrating the size in millimeters.
(c) Solid model of half of the designed heat actuated LCE microvalve. (d) Snapshot pictures during the actuation of the LCE microvalve. (e) A multi-aperture texture (3� 3 cm)
with cuts and between crossed polarizers. (f) The sheet with all apertures closed on a cold water bath. (g) Detail of the upper right slit while closed (in cold water) and opened
(in hot water) [Figures (a) and (b) are reproduced with permission from Chen et al., Appl. Phys. A 102, 667–672 (2011). Copyright 2011 Springer. Figures (c) and (d) are repro-
duced with permission from S�anchez-Ferrer et al., Adv. Mater. 23, 4526–4530 (2011). Copyright 2011 Wiley-VCH. Figures (e)–(g) are reproduced with permission from Modes
et al., Proc. R. Soc. A 469, 20120631 (2013). Copyright 2013 The Royal Society].
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pillars. Note that this photo-fluidization effect could be irreversible,
making it only a one-time switch from hydrophilic to hydrophobic.
Coating azo-based systems on surfaces with permanent micro-
structures allows the base contact angle to reach the hydrophobic
regime and still provides varying contact angles due to trans-cis isom-
erization of azo-chromophore that changes the surface polarity.280,281

The ability to switch the wetting characteristic at a local point by
external stimuli creates a gradient in surface wetting. This wetting gra-
dient allows for the net transport of droplets in microfluidic devices,
termed as digital microfluidics.288 Figure 21(a) demonstrates the
motion of a droplet of olive oil created by the gradient in wetting on a
light-responsive azo-modified surface.282 The gradient in surface

FIG. 17. (a) Schematic illustrating the working principle of the light-actuated micropump (1-pressplate, 2-photodeformable film, 3-pump membrane, and 4-pump chamber). (b)
Cross-sectional view of the designed micropump. (c) Fabricated prototype of the pump (1-inlet, 2-press plate, 3-photodeformable material, 4-outlet, 5-pump membrane, and 6-
pump chamber). (d) Photocontrolled liquid transportation in the liquid crystal polymer microtubes. [Figures (a)–(c) are reproduced with permission from Chen et al., Appl. Phys.
A 100, 39–43 (2010). Copyright 2010 Springer. Figure (d) is reproduced from Liu et al., Adv. Intell. Syst. 1, 1900060 (2019). Copyright 2019 Authors, licensed under a Creative
Commons Attribution (CC BY) license].
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energy is generated photochemically as a result of spatially controlled
trans-cis isomerization of azo molecules on the outermost surface
without any surface topographical deformations. A low speed of
35lm/s was observed for the motion of an� 2ll droplet with a varia-
tion of the wetting contact angle between 29� and 13�. Alternately, cre-
ating a gradient of wetting in the hydrophobic state allowed for high
speed droplet motion (speeds> 250lm/s) with low sliding angles
(� 3�).289 Surfaces that are superhydrophobic as well as non-adhesive
(low sliding angle) for a given droplet are needed for efficient droplet

transportation without any traces. Figure 21(b) illustrates one such
superhydrophobic and non-adhesive micro-patterned liquid crystal
polymer surface capable of self-cleaning.283 As the temperature
increases, the liquid crystal film bends and the droplets slide off (due
to low sliding angles) absorbing dust and, thereby, cleaning the surface
[see Fig. 21(c)]. Chiral-nematic liquid crystal coatings have shown to
generate oscillating finger-print-like textures [see Fig. 21(d)] upon
stimulating with the AC electric field and wipe away dust as demon-
strated in Fig. 21(e).284

FIG. 18. (a)–(c) A photo-responsive micro-fiber array mimicking cilia motions: (a) the fibers bend toward the light source; (b) the bending orientation is guided by the light direc-
tion; and (c) the cilia motion moves floating objects. (d) The simulation of flows induced by cilia strokes: antiplectic and symplectic metachronical waves. (e)–(h) Photo-
responsive artificial cilia made from ink-jet printing of liquid crystal thin films, (e) Schematic illustrating the design of cilia composing two dyes. (f) Schematic illustrating and (g)
Experimental motion of cilia under different illumination conditions creating asymmetric forward and backward strokes. (h) Ciliatic motion used to move particles. [Figures
(a)–(c) are reproduced from Gelebart et al., Adv. Funct. Mater. 26, 5322–5327 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution-
NonCommercial (CC BY-NC) license. Figure (d) is reproduced with permission from Khaderi et al., Lab Chip, 11, 2002 (2011). Copyright 2011 The Royal Society of Chemistry.
Figures (e)–(h) are reproduced with permission from van Oosten et al., Nat. Mater. 8, 677–682 (2009). Copyright 2009 Macmillan Publishers Limited].
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Coating with azo-chromophores on superhydrophobic surfa-
ces with micro-pillars also allows for varying the sliding
angle279,281,285,286,290 as illustrated in Figs. 22(a)–22(e). Under UV
illumination, the trans-cis isomerization of the azo-coated micro-
structured surfaces increases the adhesion between the surface and
the droplet, thereby pinning the droplet as evident in Figs. 22(b3
and d2) and 22(e). Subsequent illumination with visible light pro-
motes the cis-trans isomerization and decreases the adhesion,

thereby allowing the droplet to slide again. Hydrophobic liquid
crystal mats with a variable sliding angle allow for fast pinning of
droplets in any direction287 as shown in Fig. 22(f3). The interplay
between the volume and surface forces makes the droplet volume a
significant factor in determining whether a droplet slides or gets
pinned as evident from Fig. 22(f2). Anisotropic variation of the
sliding angle is realized by exposing the cylindrical pillars to linear
polarized light.279

FIG. 19. Responsive surfaces featuring wetting changes: (a)–(d) Wrinkling-induced wetting changes. (a) and (b) The contact angle and sliding angle of a water droplet
on various surfaces. (c1 and c2) Anisotropic wetting on wrinkles and isotropic wetting on a flat surface. (c3 and c4) As the wrinkling amplitude increases, a glycerin drop-
let starts to imbibe the grooves. (d) The length increase in liquid imbibing filaments as the wrinkle amplitude increases. (e)–(i) The wetting change of the HAIRS system
from Aizenberg et al. (e) A schematic of the system. (f) The responsive surface upon swelling of hydrogels. (g)–(i) SEM images of the original (g), in the dry state (h) and
in the wet state (i), and the corresponding water contact angles. [Figures (a)–(d) are reproduced with permission from Yang et al., Adv. Funct. Mater. 20, 2550–2564
(2010). Copyright 2010 Wiley-VCH. Figures (e)–(i) are reproduced with permission from Sidorenko et al., J. Mater. Chem. 18, 3841–3846 (2008). Copyright 2008 The
Royal Society of Chemistry].
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FIG. 20. Responsive surfaces featuring wetting changes. (a)–(d) Temperature responsive wetting changes in the liquid crystal polymer. (b) Schematic illustration of micro-
pillars’ shape change induced changes in wetting of a droplet. (c) and (d) Reversible change in the contact angle as the micro-pillar surface is heated and cooled. (c)
Snapshots of experiments. (d) changes in the contact angle for different pillar architectures. (e)–(i) Anisotropic change in the wetting contact angle for azo-polymer micro-pillar
surfaces with linearly polarized light. (e) SEM image of micro-pillars under illumination, (f) Droplet with the anisotropic contact angle in the direction parallel and perpendicular
to the axis of polarized light (red–parallel; green–perpendicular). (g) Schematic illustration of the shape change of micro-pillars under linear polarized light illumination. (h) SEM
images of evolution of the shape of an initially cylindrical micro-pillar with exposure to light and (i) the corresponding change in the contact angle as a function of aspect ratio
of micro-pillars along the axis of polarized light and perpendicular to it. (j)–(l) Changes in the wetting contact angle for azo-polymer micro-pillar surfaces with cylindrical polar-
ized light. (j) Schematic illustration of the shape change of initially cylindrical micro-pillars to mushroom-shaped pillars. (k) SEM image of mushroom-shaped micro-pillars. (l)
Switching of the contact angle for different liquids before and after illuminating with cylindrical polarized light and switching the wetting state from the Wenzel to Cassie–Baxter
state. [Figures (a)–(d) are reproduced with permission from Wu et al., ACS Appl. Mater. Interfaces 5, 7485–7491 (2013). Copyright 2013 American Chemical Society. Figures
(e)–(i) are reproduced with permission from Oscurato et al., ACS Appl. Mater. Interfaces 9, 30133–30142 (2017). Copyright 2017 American Chemical Society. Figures (j)–(l)
are reproduced with permission from Choi et al., ACS Nano 11, 7821–7828 (2017). Copyright 2017 American Chemical Society].
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E. Tunable adhesion

An important aspect of the surface topographical manipulations is
the ability to control the surface adhesion on demand by varying the real
contact area between two solid surfaces. The contact interaction area
depends on the surface topographical features such as roughness and
texture.293–295 As discussed in Sec. III B the liquid crystal polymer sys-
tems are capable of showing responsive topographical deformations. The
ability to manipulate the surface topography temporally and spatially
using light as stimuli enables the possibility for switchable adhesion.
Inspired by gecko feet,296–298 switchable adhesives are of interest in sur-
face treatment industries and functional device innovations.

Systems capable of switchable adhesion with liquid crystal poly-
mers as active systems are presented in Fig. 23. Figure 23(a) shows a
thermal-responsive gripper that mimics the peeling of gecko feet.7

Micro-pillars are fabricated on the gripper hands. At low temperature,
the grippers attach to a target object and can lift and move the object
with strong binding. Upon heating, the bending motion of the gripper
hands mimics the peeling behavior of gecko feet and as a result, the
grippers release the object when there is not enough contact area
between the gripper and the target to remain the adhesion. A photo-
controlled adhesive system is shown in Fig. 23(b) with a modified pil-
lar morphology and a material composition with light switchable
adhesive properties that grab and release objects.291 As the backbone

FIG. 21. (a) Light-induced wetting changes enabled sliding of an olive oil droplet with precise directional control. (b) and (c) Self-cleaning in the micro-pillar textured liquid crys-
tal film. (b) Micro-pillars on the liquid crystal film. (c) Sliding of a droplet collecting dust as the liquid crystal polymer film bends due to the increase in temperature. (d) and (e)
AC electric field-induced self-cleaning of azo-modified liquid crystal coatings. (d) Deformation of the surface coatings generating oscillating fingerprint-like texture under AC field
stimulus. (e) Experimental illustration of self-cleaning capabilities of oscillating surfaces subjected to the AC electric field. [Figure (a) is reproduced with permission from
Ichimura et al., Science, 288, 1624–1626 (2000). Copyright 2000 American Association for the Advancement of Science. Figures (b) and (c) are reproduced with permission
from Shahsavan et al., Adv. Mater. 27, 6828–6833 (2015). Copyright 2015 Wiley-VCH. Figures (d) and (e) are reproduced from Feng et al., Adv. Mater. 30, 1704970 (2018).
Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license].
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liquid crystal film starts bending, the peeling starts and reduces the
contact area. When the adhesive force falls below the force due to
gravity, the target is released.

Figure 23(c) shows a switchable adhesive surface292 with ther-
mally responsive micro-pillars. The adhesion/detachment is controlled
by the elongation/contraction of micro-pillars. In the elongated state,
they attach to the probe surface and as temperature increases, the pil-
lars contract and detach from the probe. Light-induced formation of
finger-print surface profiles reduces the real contact area compared to
the flat surface and, thereby, reduces the adhesion75 as illustrated in

Fig. 23(d). Different adhesive switching mechanisms upon topographi-
cal changes are reviewed in Refs. 123, 299, and 300.

F. Surface friction

One more application of surface topographical deformations is
the change of surface frictional properties. The contributions to the
frictional force between two sliding surfaces are associated with the
adhesive interactions between the surfaces and the externally applied
load.301 The influence of the real contact area on the shear resistance
as implied by the adhesive theory of friction has been used widely to

FIG. 22. Responsive surfaces featuring switching of superhydrophobic adhesion: (a) and (b) Light-actuated pinning and releasing of droplets on the hierarchical structured sur-
face coated with the azo-polymer. (a) Schematic of the hierarchical surface structure and the corresponding coatings. (b) Pictures of experimental pinning and releasing of the
droplet. (c) Contact angles and sliding angles for (c1) flat surface and (c2 and c3) micro-patterned surfaces with different parameters. (d) Light-actuated pinning of the droplet
due to trans-cis isomerization of the azo-layer. (e) Light-actuated pinning of droplets on the micro-patterned surface. (f) Light-actuated switchable adhesion on surfaces coated
with liquid crystal polymer fibers. (f1) SEM image of LC fibers. f2) Influence of the volume of the droplet on pinning/sliding of the droplet on the surface. (f3) On-demand pinning
of droplets by illuminating the location where the droplet needs to pin. [Figures (a) and (b) are reproduced with permission from Li et al., Adv. Funct. Mater. 22, 760–763
(2012). Copyright 2012 Wiley-VCH. Figures (c) and (d) reproduced with permission from Li et al., Soft Matter, 8, 3730–3733 (2012). Copyright 2012 The Royal Society of
Chemistry. Figure (e) is reproduced with permission from Groten et al., Langmuir, 28, 15038–15046 (2012). Copyright 2012 American Chemical Society. Figure (f) is repro-
duced with permission from Liu et al., Adv. Mater. Interfaces 6, 1901158 (2019). Copyright 2019 Wiley-VCH].
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tune the friction coefficient.302–304 A switchable surface featuring tail-
orable friction behavior is potentially of interest in surface or coating
research and industries, such as wear endurable coatings, human-
machine interfacing, and soft robotics.

Liquid crystal polymer coatings capable of increasing25,305 and
decreasing75 the surface friction upon illumination are developed by
programming the alignment distribution. Figure 24(a) illustrates a pat-
terned surface topography obtained by alternating homeotropic and

FIG. 23. Exemplary devices with the switchable adhesive property: (a) A thermally controlled gripping and releasing device based on bending motions of LCN cantilevers bio-
mimicking gecko feet. (b) A micro-transporter relying on photo-activated folding motions under illumination: (i) and (iii) approach, attach, and move the object and (ii) and (iv)
release the object upon illumination. (c) A thermally responsive adhesive device relying on contractions of LC elastomer micro-pillars. (d) A gripper capable of photo-actuated
release as adhesion decreases upon generation of finger-print texture on the LC surface under illumination. [Figure (a) is reproduced with permission from Shahsavan et al.,
Adv. Mater. 29, 1604021 (2017). Copyright 2017 Wiley-VCH. Figure (b) is reproduced with permission from Kizilkan et al., Sci. Rob. 2, eaak9454 (2017). Copyright 2017
American Association for the Advancement of Science. Figure (c) is reproduced with permission from Cui et al., Adv. Mater. 24, 4601–4604 (2012). Copyright 2012 Wiley-
VCH. Figure (d) is reproduced with permission from D. Liu and D. J. Broer, Angew. Chem., Int. Ed. 53, 4542–4546 (2014). Copyright 2014 Wiley-VCH].
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cholesteric strips. Upon UV illumination, the cholesteric network
tends to expand in the direction perpendicular to the film, whereas the
homeotropic areas contract along the film thickness generating the lin-
ear pattern. Different variations of the friction coefficient can be
achieved depending on the relative alignment of two such patterned
contacting surfaces under illumination as shown in Fig. 24(a). The
friction decrease is mainly due to the considerably reduced contact
area when the two linear patterns are orthogonal to each other. The
friction increase is attributed to the interlocking of protrusions when
the two coatings are aligned in parallel, and the direction of the applied
sliding force is perpendicular to the orientation of the protrusions. The
friction coefficients also depend on the shape of the surface texture.
Figure 24(b) illustrates a fingerprint film featuring serpentine-like tex-
tures generated from the chiral nematic network with the helical axis
parallel to the substrate under UV illumination. The serpentine-like

textures do not allow for the surface protrusions to interlock with each
other, significantly reducing the friction coefficient. However, the poly-
domain film shown in Fig. 24(c) has spike-like surface textures that
are easier to get interlocked, leading to an increase in friction.

G. Optical functions

Topographical transformations play an integral role in functional
optical devices offering control on the diffraction, transmission, and
reflection properties of a surface.310,311 Figure 25(a) illustrates a polar-
ized light Bragg deflector featuring a helical arrangement of liquid
crystal molecules,306 i.e., a cholesteric thin film. The Bragg reflection
wavelength of a cholesteric film depends on the pitch length and the
refractive index,312–314 k0 ¼ �nP0h, where k0 is the reflected wave-
length, �n is the average refractive index �n ¼ ðno þ neÞ=2 (no and ne

FIG. 24. Tunable friction via surface topography manipulations: (a) generation of linear patterns on liquid crystal surfaces and the variation in friction between two such surfa-
ces based on their alignment. (b) Decrease in friction due to the formation of finger-prints on liquid crystal surfaces with cholesteric alignment under illumination. (c) Increase in
friction due to the formation of spike-like structures on poly-domain liquid crystal surfaces under illumination. [Figure (a) is reproduced with permission from D. Liu and D. J.
Broer, Soft Matter 10, 7952–7958 (2014). Copyright 2014 The Royal Society of Chemistry. Figure (b) is reproduced with permission from D. Liu and D. J. Broer, Angew.
Chem., Int. Ed. 53, 4542–4546 (2014). Copyright 2014 Wiley-VCH. Figure (c) is reproduced with permission from Liu et al., Proc. Natl. Acad. Sci. U. S. A. 112, 3880–3885
(2015). Copyright 2015 National Academy of Sciences].
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are the ordinary and extra-ordinary refractive index, respectively), P0
is the pitch length, which is the distance needed for liquid crystal mole-
cules to rotate a full 360�, and h is the incident angle. A change in the
pitch length induces a shift of the reflected wavelength, i.e., an increase
in the pitch length increases the wavelength and vice versa. A change
in the angle of incidence also alters the reflected wavelength. Figure
25(a) demonstrates a freestanding film bending under actuation by
polarized light. The control in the orientation and wavelength of the
deflected light with the variation in the local surface curvature in terms
of the bending angle is also shown. As the incident illumination inten-
sity is raised, the bending angle increases along with the surface curva-
ture, thereby shifting the wavelength of the deflected light, from red to
orange and to green. Similarly, a change in the pitch length based on
the local change in the thickness due to patterning of the local chemi-
cal composition serves as a sensor,308 as shown in Fig. 25(c). The
wavelength shift in the reflection band of a Cholesteric Liquid Crystal
(CLC) polymer network associated with the change in the thickness
has also been applied to develop an optical strain sensor.315

Furthermore, the patterning of a CLC coating based on the variation
in its reflection band over a range of several hundreds of nanometers

as a function of temperature has been demonstrated.316 In summary,
the optical properties of a CLC coating are related to the applied stim-
ulus, including heat, force, light exposure, and electric or magnetic
fields and provide opportunities in multiple applications.317 Similar
developments in controllable reflection can be found in Refs. 34 and
318–320.

The effect of surface morphological changes through micro-
pillars and roughness alterations on the reflectance has been widely
explored.78,307,321–323 Figure 25(b) shows the wavelength shift of the
reflected light due to the reduction in the spacing between the micro-
pillars under UV illumination.307 Likewise, the transparency of the
film is also impacted by the surface roughness and topography. A
mechanically driven bi-layer wrinkling system to control the transpar-
ency of the film309 is illustrated in Fig. 25(d). Wrinkles are formed per-
pendicular to the direction of the stretch, thereby making the film
opaque, whereas relaxing the film returns its transparency. Additional
studies on transparency and color changes of responsive coatings can
be found in Refs. 324–327. Other optical applications using surface
topographical transformations and some integrated devices are dis-
cussed in Refs. 148, 328, and 329.

FIG. 25. Optical functions achieved from surface topographical changes: (a) A polarized light-guided Bragg deflector made of a cholesteric film upon photo-bending, which
determines the reflection wavelength and efficiencies. (b) A photo-responsive micro-pillar array reflector changes the reflected wavelength when the pillar deforms upon UV. (c)
A pH-humidity dual responsive liquid crystal hydrogel network features local reflective color changes upon topographical changing from swelling/de-swelling. (d) An oxidized
PDMS film under stretching becomes opaque due to the formation of wrinkles. [Figure (a) is reproduced with permission from Li et al., Adv. Opt. Mater. 5, 1600824 (2017).
Copyright 2017 Wiley-VCH. Figure (b) is reproduced with permission from Yan et al., Macromol. Rapid Commun. 33, 1362–1367 (2012). Copyright 2012 Wiley-VCH. Figure (c)
is reproduced with permission from Stumpel et al., Adv. Funct. Mater. 25, 3314–3320 (2015). Copyright 2015 Wiley-VCH. Figure (d) is reproduced with permission from Kim
et al., Adv. Opt. Mater. 1, 381–388 (2013). Copyright 2013 Wiley-VCH].
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H. 3D printing

With the advent of novel additive manufacturing techniques,
there seems to be a radical change in the design and development of
materials. One of the most popular additive manufacturing techniques,
3D printing, is gaining traction for its ability to produce complex
structures and ease in rapid prototyping. Printing of liquid crystal elas-
tomeric materials in complex structures provides an additional oppor-
tunity to produce intricate shape morphing (4D printing) due to its
well-understood phase transformation on exposure to stimuli.332–334 A
photopolymerizable liquid crystal molecule with a suitable viscosity
for 3D printing was developed by Kotikian et al.330 The mesogens are
aligned along the direction of the print path through a high operating
temperature Direct Ink Writing (DIW) method. The fabricated LCE
actuators illustrate 2D-to-3D as well as 3D-to-3D0 shape morphing
with an impressive load carrying capacity as illustrated in Fig. 26(a).
Three-dimensional printed liquid crystal structures illustrating revers-
ible magnified shape transformations through volumetric contractions
as well as rapid and repetitive snap-through transitions have also been
demonstrated.335 Furthermore, a seven-layer printed LCE ring has
been embedded into a Polydimethylsiloxane (PDMS) slab for applica-
tion in adaptive optics.331 The heating of the LCE and PDMS compos-
ite leads to a bulge in the slab, thereby modifying its focusing
characteristics as shown in Fig. 26(b). Alternatively, printing through a
single-component liquid crystal polymer ink in its isotropic state using
the DIW technology has also been investigated.336 The 3D printing of
the LCE using the DIW technology typically requires high tempera-
tures for printing and actuation. Consequently, a novel LCE ink for-
mulation that allows 3D printing at room temperature and a
maximum actuation temperature of 75 �C has been developed.337

Single structures containing multiple LCE inks with each of them hav-
ing a distinct phase transition temperature have also been 3D printed,

thereby allowing the production of sequential, reversible, and multi-
shape morphs.338 More recently, 3D-printed LCE structures capable of
on-demand lock-in to retain their transformed shape on UV exposure
at a high temperature have been demonstrated.339

V. SUMMARY AND OUTLOOK

Inspired by nature, a controlled response to environmental stim-
uli has been showcased in artificial materials, with liquid crystal poly-
mers making a noteworthy contribution. The simple notion of
reducing the order in a LC film to create a microscopic change under
diverse boundary conditions has produced extraordinary shapes and
topographies. Furthermore, the micro-scale spatial control available
on the director orientation through photo-alignment techniques has
generated unprecedented opportunities in terms of the attainable mor-
phologies. The wide range of material responses to stimuli offered by
liquid crystal polymers undeniably offers tremendous potential for
various technological applications. The extent of the applications
encompasses the fields of artificial muscles to photomotility, haptics to
microfluidics, and adhesion to optical functions and has been compre-
hensively discussed in this review.

For the advancements in gaining understanding of the behavior
of liquid crystal polymers and applying them to diverse fields, com-
mercial viability has still not been accomplished. This can be attributed
to minimal developments in the mechanical characterization of liquid
crystal polymers such as reliability and fatigue analysis hindering
product development with these material systems. Moreover, the
transduction especially with light as a stimulus still requires intensities
and wavelengths generated by sophisticated optical equipment and is
mostly harmful to living organisms (UV light), thereby limiting their
scope. However, the novelty and benefits offered by liquid crystal
polymer systems provide enough reason to overcome the challenges.

FIG. 26. 3D printing of LCEs. (a) A 3D-printed LCE showcasing 2D-to-3D and 3D-to-3D0 shape morphing. (b) A 7-layered 3D-printed LCE ring embedded into a PDMS slab
creates a bulge upon heating, thereby altering its focusing characteristics. [Figure (a) is reproduced with permission from Kotikian et al., Adv. Mater. 30, 1706164 (2018).
Copyright 2018 Wiley-VCH. Figure (b) is reproduced from L�opez-Valdeolivas et al., Macromol. Rapid Commun. 39, 1700710 (2018). Copyright 2018 Authors, licensed under a
Creative Commons Attribution (CC BY) license].
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Besides, the autonomous and decisive response characteristics demon-
strated by liquid crystal films can pave the way for next-generation
smart and intelligent systems. Also, responsiveness of a single thin
film to multiple stimuli to produce diverse actions awaits opportunities
in numerous applications. By overcoming the aforementioned difficul-
ties, the light-responsive LC polymers have the potential to revolution-
ize the way the smart material systems and devices are conceived to
date.340
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Mazzolai, and V. Mattoli, “Reversible heat-induced microwrinkling of
PEDOT: PSS nanofilm surface over a monodomain liquid crystal elastomer,”
Mol. Cryst. Liq. Cryst. 572(1), 40–49 (2013).

135S. H. Kang, J.-H. Na, S. N. Moon, W. I. Lee, P. J. Yoo, and S.-D. Lee, “Self-
organized anisotropic wrinkling of molecularly aligned liquid crystalline poly-
mer,” Langmuir 28(7), 3576–3582 (2012).

136C. Fu, F. Xu, and Y. Huo, “Photo-controlled patterned wrinkling of liquid
crystalline polymer films on compliant substrates,” Int. J. Solids Struct.
132–133, 264–277 (2018).

137D. Yang and L. H. He, “Photo-triggered wrinkling of glassy nematic films,”
Smart Mater. Struct. 23(4), 045012 (2014).

138T. Takeshima, W-y Liao, Y. Nagashima, K. Beppu, M. Hara, S. Nagano, and T.
Seki, “Photoresponsive surface wrinkle morphologies in liquid crystalline
polymer films,” Macromolecules 48(18), 6378–6384 (2015).

139D. Yang and L.-H. He, “Nonlinear analysis of photo-induced wrinkling of
glassy twist nematic films on compliant substrates,” Acta Mech. Sin. 31(5),
672–678 (2015).

140J.-H. Na, S.-U. Kim, Y. Sohn, and S.-D. Lee, “Self-organized wrinkling patterns
of a liquid crystalline polymer in surface wetting confinement,” Soft Matter
11(24), 4788–4792 (2015).

141S. E. Song, G. H. Choi, G.-R. Yi, and P. J. Yoo, “Competitive concurrence of
surface wrinkling and dewetting of liquid crystalline polymer films on non-
wettable substrates,” Soft Matter 13(42), 7753–7759 (2017).

142P. Rofouie, D. Pasini, and A. D. Rey, “Nano-scale surface wrinkling in chiral
liquid crystals and plant-based plywoods,” Soft Matter 11(6), 1127–1139
(2015).

143P. Rofouie, D. Pasini, and A. D. Rey, “Tunable nano-wrinkling of chiral surfa-
ces: Structure and diffraction optics,” J. Chem. Phys. 143(11), 114701 (2015).

144P. Rofouie, D. Pasini, and A. D. Rey, “Multiple-wavelength surface patterns in
models of biological chiral liquid crystal membranes,” Soft Matter 13(3),
541–545 (2017).

145J. Michael, T. Thompson, and G. W. Hunt, A General Theory of Elastic
Stability (Wiley, 1973).

146D. O. Brush, B. O. Almroth, and J. W. Hutchinson, “Buckling of bars, plates,
and shells,” J. Appl. Mech. 42, 911 (1975).

147R. M. Jones, Buckling of Bars, Plates, and Shells (Bull Ridge Corporation,
2006).

148D. P. Holmes and A. J. Crosby, “Snapping surfaces,” Adv. Mater. 19(21),
3589–3593 (2007).

149E. Riks, “An incremental approach to the solution of snapping and buckling
problems,” Int. J. Solids Struct. 15(7), 529–551 (1979).

150M. A. Crisfield, “A fast incremental/iterative solution procedure that handles
‘snap-through,’” Comput. Struct. 13(1), 55–62 (1981).

151A. A. Skandani, S. Chatterjee, M. L. Smith, J. Baranski, D. H. Wang, L.-S. Tan,
T. J. White, and M. R. Shankar, “Discrete-state photomechanical actuators,”
Extreme Mech. Lett. 9, 45–54 (2016).

152C. Fu, Y. Xu, F. Xu, and Y. Huo, “Light-induced bending and buckling of
large-deflected liquid crystalline polymer plates,” Int. J. Appl. Mech. 08(7),
1640007 (2016).

153S. J. Aßhoff, F. Lancia, S. Iamsaard, B. Matt, T. Kudernac, S. P. Fletcher, and
N. Katsonis, “High-power actuation from molecular photoswitches in enantio-
merically paired soft springs,” Angew. Chem., Int. Ed. 56(12), 3261–3265
(2017).

154J. Jeong, Y. Cho, S. Y. Lee, X. Gong, R. D. Kamien, S. Yang, and A. G. Yodh,
“Topography-guided buckling of swollen polymer bilayer films into three-
dimensional structures,” Soft Matter 13(5), 956–962 (2017).

155C. D. Modes, K. Bhattacharya, and M. Warner, “Disclination-mediated
thermo-optical response in nematic glass sheets,” Phys. Rev. E 81(6), 060701
(2010).

156C. D. Modes, K. Bhattacharya, and M. Warner, “Gaussian curvature from flat
elastica sheets,” Proc. R. Soc. A 467(2128), 1121–1140 (2011).

157C. D. Modes and M. Warner, “Blueprinting nematic glass: Systematically con-
structing and combining active points of curvature for emergent morphology,”
Phys. Rev. E 84(2), 021711 (2011).

158C. D. Modes, M. Warner, C. S�anchez-Somolinos, L. T. de Haan, and D. Broer,
“Angular deficits in flat space: Remotely controllable apertures in nematic
solid sheets,” Proc. R. Soc. A 469(2153), 20120631 (2013).

159C. Mostajeran, M. Warner, T. H. Ware, and T. J. White, “Encoding Gaussian
curvature in glassy and elastomeric liquid crystal solids,” Proc. R. Soc. A
472(2189), 20160112 (2016).

160C. Mostajeran, M. Warner, and C. D. Modes, “Frame, metric and geodesic
evolution in shape-changing nematic shells,” Soft Matter 13(46), 8858–8863
(2017).

161H. Aharoni, Y. Xia, X. Zhang, R. D. Kamien, and S. Yang, “Making faces:
Universal inverse design of surfaces with thin nematic elastomer sheets,” pre-
print arXiv:1710.08485 (2017).

162L. H. He, Y. Zheng, and Y. Ni, “Programmed shape of glassy nematic sheets
with varying in-plane director fields: A kinetics approach,” Int. J. Solids Struct.
130, 183–189 (2018).

163M. E. McConney, A. Martinez, V. P. Tondiglia, K. M. Lee, D. Langley, I. I.
Smalyukh, and T. J. White, “Topography from topology: Photoinduced surface
features generated in liquid crystal polymer networks,” Adv. Mater. 25(41),
5880–5885 (2013).

164C. D. Modes and M. Warner, “Negative Gaussian curvature from induced
metric changes,” Phys. Rev. E 92(1), 010401 (2015).

165C. D. Modes and M. Warner, “Responsive nematic solid shells: Topology,
compatibility, and shape,” Europhys. Lett. 97(3), 36007 (2012).

166F. Cirak, Q. Long, K. Bhattacharya, and M. Warner, “Computational analysis
of liquid crystalline elastomer membranes: Changing Gaussian curvature
without stretch energy,” Int. J. Solids Struct. 51(1), 144–153 (2014).

167B. A. Kowalski, C. Mostajeran, N. P. Godman, M. Warner, and T. J. White,
“Curvature by design and on demand in liquid crystal elastomers,” Phys. Rev.
E 97(1), 012504 (2018).

168F. Cheng, R. Yin, Y. Zhang, C.-C. Yen, and Y. Yu, “Fully plastic microrobots
which manipulate objects using only visible light,” Soft Matter 6(15),
3447–3449 (2010).

169T. Guin, M. J. Settle, B. A. Kowalski, A. D. Auguste, R. V. Beblo, G. W. Reich,
and T. J. White, “Layered liquid crystal elastomer actuators,” Nat. Commun.
9(1), 2531 (2018).

170A. Sydney Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Mahadevan, and J. A.
Lewis, “Biomimetic 4D printing,” Nat. Mater. 15(4), 413 (2016).

171Y.-Y. Xiao, Z.-C. Jiang, X. Tong, and Y. Zhao, “Biomimetic locomotion of elec-
trically powered ‘Janus’ soft robots using a liquid crystal polymer,” Adv. Mater.
31(36), 1903452 (2019).

172W. Wei, Z. Zhang, J. Wei, X. Li, and J. Guo, “Phototriggered selective actua-
tion and self-oscillating in dual-phase liquid crystal photonic actuators,” Adv.
Opt. Mater. 6(15), 1800131 (2018).

173C. Huang, J.-A. Lv, X. Tian, Y. Wang, J. Liu, and Y. Yu, “A remotely driven
and controlled micro-gripper fabricated from light-induced deformation smart
material,” Smart Mater. Struct. 25(9), 095009 (2016).

174S. Petsch, B. Khatri, S. Schuhladen, L. K€obele, R. Rix, R. Zentel, and H. Zappe,
“Muscular MEMS—The engineering of liquid crystal elastomer actuators,”
Smart Mater. Struct. 25(8), 085010 (2016).

175A. S�anchez-Ferrer, T. Fischl, M. Stubenrauch, H. Wurmus, M. Hoffmann, and
H. Finkelmann, “Photo-crosslinked side-chain liquid-crystalline elastomers
for microsystems,” Macromol. Chem. Phys. 210(20), 1671–1677 (2009).

176Q. He, Z. Wang, Z. Song, and S. Cai, “Bioinspired design of vascular artificial
muscle,” Adv. Mater. Technol. 4(1), 1800244 (2019).

177K. Bhattacharya and R. D. James, “The material is the machine,” Science
307(5706), 53–54 (2005).

178J. M. McCracken, B. R. Donovan, and T. J. White, “Materials as machines,”
Adv. Mater. 32(20), 1906564 (2020).

179J. A. H. P. Sol, A. R. Peeketi, N. Vyas, A. P. H. J. Schenning, R. K.
Annabattula, and M. G. Debije, “Butterfly proboscis-inspired tight rolling
tapered soft actuators,” Chem. Commun. 55, 1726–1729 (2019).

180X. Li, S. Ma, J. Hu, Y. Ni, Z. Lin, and H. Yu, “Photo-activated bimorph
composites of kapton and liquid-crystalline polymer towards biomimetic

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 041306 (2020); doi: 10.1063/5.0014619 7, 041306-33

Published under license by AIP Publishing

https://doi.org/10.1021/ma5025279
https://doi.org/10.1103/PhysRevE.94.012701
https://doi.org/10.1080/15421406.2012.763208
https://doi.org/10.1021/la203799h
https://doi.org/10.1016/j.ijsolstr.2017.10.018
https://doi.org/10.1088/0964-1726/23/4/045012
https://doi.org/10.1021/acs.macromol.5b01577
https://doi.org/10.1007/s10409-015-0463-0
https://doi.org/10.1039/C5SM00694E
https://doi.org/10.1039/C7SM01668A
https://doi.org/10.1039/C4SM02371D
https://doi.org/10.1063/1.4929337
https://doi.org/10.1039/C6SM02619B
https://doi.org/10.1115/1.3423755
https://doi.org/10.1002/adma.200700584
https://doi.org/10.1016/0020-7683(79)90081-7
https://doi.org/10.1016/0045-7949(81)90108-5
https://doi.org/10.1016/j.eml.2016.05.002
https://doi.org/10.1142/S175882511640007X
https://doi.org/10.1002/anie.201611325
https://doi.org/10.1039/C6SM02299E
https://doi.org/10.1103/PhysRevE.81.060701
https://doi.org/10.1098/rspa.2010.0352
https://doi.org/10.1103/PhysRevE.84.021711
https://doi.org/10.1098/rspa.2012.0631
https://doi.org/10.1098/rspa.2016.0112
https://doi.org/10.1039/C7SM01596H
http://arxiv.org/abs/1710.08485
https://doi.org/10.1016/j.ijsolstr.2017.10.002
https://doi.org/10.1002/adma.201301891
https://doi.org/10.1103/PhysRevE.92.010401
https://doi.org/10.1209/0295-5075/97/36007
https://doi.org/10.1016/j.ijsolstr.2013.09.019
https://doi.org/10.1103/PhysRevE.97.012504
https://doi.org/10.1103/PhysRevE.97.012504
https://doi.org/10.1039/c0sm00012d
https://doi.org/10.1038/s41467-018-04911-4
https://doi.org/10.1038/nmat4544
https://doi.org/10.1002/adma.201903452
https://doi.org/10.1002/adom.201800131
https://doi.org/10.1002/adom.201800131
https://doi.org/10.1088/0964-1726/25/9/095009
https://doi.org/10.1088/0964-1726/25/8/085010
https://doi.org/10.1002/macp.200900308
https://doi.org/10.1002/admt.201800244
https://doi.org/10.1126/science.1100892
https://doi.org/10.1002/adma.201906564
https://doi.org/10.1039/C8CC09915D
https://scitation.org/journal/are


circadian rhythms of Albizia Julibrissin leaves,” J. Mater. Chem. C 7(3),
622–629 (2019).

181M. Wang, Y. Han, L.-X. Guo, B.-P. Lin, and H. Yang, “Photocontrol of helix
handedness in curled liquid crystal elastomers,” Liq. Cryst. 46(8), 1231–1240
(2019).

182X. Lu, H. Zhang, G. Fei, B. Yu, X. Tong, H. Xia, and Y. Zhao, “Liquid-crystal-
line dynamic networks doped with gold nanorods showing enhanced photo-
control of actuation,” Adv. Mater. 30(14), 1706597 (2018).

183B. Zuo, M. Wang, B.-P. Lin, and H. Yang, “Visible and infrared three-
wavelength modulated multi-directional actuators,” Nat. Commun. 10(1),
4539 (2019).

184C. Ferrantini, J. M. Pioner, D. Martella, R. Coppini, N. Piroddi, P. Paoli, M.
Calamai, F. S. Pavone, D. S. Wiersma, C. Tesi et al., “Development of light-
responsive liquid crystalline elastomers to assist cardiac contraction,” Circ.
Res. 124(8), e44–e54 (2019).

185D. Martella, S. Nocentini, D. Nuzhdin, C. Parmeggiani, and D. S. Wiersma,
“Photonic microhand with autonomous action,” Adv. Mater. 29(42), 1704047
(2017).

186H. Zeng, O. M. Wani, P. Wasylczyk, R. Kaczmarek, and A. Priimagi, “Self-reg-
ulating iris based on light-actuated liquid crystal elastomer,” Adv. Mater.
29(30), 1701814 (2017).

187S. Schuhladen, F. Preller, R. Rix, S. Petsch, R. Zentel, and H. Zappe, “Iris-like
tunable aperture employing liquid-crystal elastomers,” Adv. Mater. 26(42),
7247–7251 (2014).

188H. Zeng, H. Zhang, O. Ikkala, and A. Priimagi, “Associative learning by classi-
cal conditioning in liquid crystal network actuators,” Matter 2(1), 194–206
(2020).

189M. P. da Cunha, Y. Foelen, T. A. Engels, K. Papamichou, M. Hagenbeek, M.
G. Debije, and A. P. Schenning, “On untethered, dual magneto-and photores-
ponsive liquid crystal bilayer actuators showing bending and rotating motion,”
Adv. Opt. Mater. 7(7), 1801604 (2019).

190O. M. Wani, R. Verpaalen, H. Zeng, A. Priimagi, and A. P. Schenning, “An
artificial nocturnal flower via humidity-gated photoactuation in liquid crystal
networks,” Adv. Mater. 31(2), 1805985 (2019).

191H. Zeng, O. M. Wani, P. Wasylczyk, and A. Priimagi, “Light-driven,
caterpillar-inspired miniature inching robot,” Macromol. Rapid Commun.
39(1), 1700224 (2018).

192F. Lancia, A. Ryabchun, and N. Katsonis, “Life-like motion driven by artificial
molecular machines,” Nat. Rev. Chem. 3, 536–516 (2019).

193J. G. Kim, J. E. Park, S. Won, J. Jeon, and J. J. Wie, “Contactless manipulation
of soft robots,” Materials 12(19), 3065 (2019).

194M. P. da Cunha, S. Ambergen, M. G. Debije, E. F. G. A. Homburg, J. M. J. den
Toonder, and A. P. H. J. Schenning, “A soft transporter robot fueled by light,”
Adv. Sci. 7, 1902842 (2020).

195C. Ahn, X. Liang, and S. Cai, “Bioinspired design of light-powered crawling,
squeezing, and jumping untethered soft robot,” Adv. Mater. Technol. 4(7),
1900185 (2019).

196F. Ge, R. Yang, X. Tong, F. Camerel, and Y. Zhao, “A multifunctional dye-
doped liquid crystal polymer actuator: Light-guided transportation, turning in
locomotion, and autonomous motion,” Angew. Chem., Int. Ed. 57(36),
11758–11763 (2018).

197L. Dong, X. Tong, H. Zhang, M. Chen, and Y. Zhao, “Near-infrared light-
driven locomotion of a liquid crystal polymer trilayer actuator,” Mater. Chem.
Front. 2(7), 1383–1388 (2018).

198M. Ravi Shankar, M. L. Smith, V. P. Tondiglia, K. M. Lee, M. E. McConney,
D. H. Wang, L.-S. Tan, and T. J. White, “Contactless, photoinitiated snap-
through in azobenzene-functionalized polymers,” Proc. Nat. Acad. Sci. U. S.
A. 110(47), 18792–18797 (2013).

199M. Yamada, M. Kondo, J.-I. Mamiya, Y. Yu, M. Kinoshita, C. J. Barrett, and T.
Ikeda, “Photomobile polymer materials: Towards light-driven plastic motors,”
Angew. Chem., Int. Ed. 47(27), 4986–4988 (2008).

200M. Babaei, J. Arul Clement, K. Dayal, and M. Ravi Shankar, “Steering with
light: Indexable photomotility in liquid crystalline polymers,” RSC Adv.
7(83), 52510–52516 (2017).

201C. Ahn, K. Li, and S. Cai, “Light or thermally powered autonomous rolling of
an elastomer rod,” ACS Appl. Mater. Interfaces 10(30), 25689–25696 (2018).

202M. P. Da Cunha, A. R. Peeketi, K. Mehta, D. J. Broer, R. K. Annabattula, A. P.
Schenning, and M. G. Debije, “A self-sustained soft actuator able to rock and
roll,” Chem. Commun. 55(74), 11029–11032 (2019).

203Y.-C. Cheng, H.-C. Lu, X. Lee, H. Zeng, and A. Priimagi, “Kirigami-based
light-induced shape-morphing and locomotion,” Adv. Mater. 32, 1906233
(2020).

204X. Lu, S. Guo, X. Tong, H. Xia, and Y. Zhao, “Tunable photocontrolled
motions using stored strain energy in malleable azobenzene liquid crystalline
polymer actuators,” Adv. Mater. 29(28), 1606467 (2017).

205J. J. Wie, M. R. Shankar, and T. J. White, “Photomotility of polymers,” Nat.
Commun. 7, 13260 (2016).

206N. Torras, K. E. Zinoviev, C. J. Camargo, E. M. Campo, H. Campanella, J.
Esteve, J. E. Marshall, E. M. Terentjev, M. Omastov�a, I. Krupa et al., “Tactile
device based on opto-mechanical actuation of liquid crystal elastomers,” Sens.
Actuators, A 208, 104–112 (2014).

207S. Biswas and Y. Visell, “Emerging material technologies for haptics,” Adv.
Mater. Technol. 4(4), 1900042 (2019).

208C. J. Camargo, H. Campanella, J. E. Marshall, N. Torras, K. Zinoviev, E. M.
Terentjev, and J. Esteve, “Batch fabrication of optical actuators using nanotu-
be–elastomer composites towards refreshable braille displays,” J. Micromech.
Microeng. 22(7), 075009 (2012).

209H. Jiang, C. Li, and X. Huang, “Actuators based on liquid crystalline elasto-
mer materials,” Nanoscale 5(12), 5225–5240 (2013).

210V. Miruchna, R. Walter, D. Lindlbauer, M. Lehmann, R. Von Klitzing, and J.
M€uller, “Geltouch: Localized tactile feedback through thin, programmable
gel,” in Proceedings of the 28th Annual ACM Symposium on User Interface
Software & Technology (ACM, 2015), pp. 3–10.

211N. Torras, K. E. Zinoviev, J. Esteve, and A. S�anchez-Ferrer, “Liquid-crystalline
elastomer micropillar array for haptic actuation,” J. Mater. Chem. C 1(34),
5183–5190 (2013).

212C. D. Chin, V. Linder, and S. K. Sia, “Lab-on-a-chip devices for global health:
Past studies and future opportunities,” Lab Chip 7(1), 41–57 (2007).

213R. E. Oosterbroek, E. Oosterbroek, and A. van den Berg, Lab-on-a-Chip:
Miniaturized Systems for (Bio) Chemical Analysis and Synthesis (Elsevier,
2003).

214P. S. Dittrich and A. Manz, “Lab-on-a-chip: Microfluidics in drug discovery,”
Nat. Rev. Drug Discovery 5(3), 210 (2006).

215J. G. Gardeniers and A. van den Berg, “Lab-on-a-chip systems for biomedical
and environmental monitoring,” Anal. Bioanal. Chem. 378(7), 1700–1703
(2004).

216R. Pol, F. C�espedes, D. Gabriel, and M. Baeza, “Microfluidic lab-on-a-chip
platforms for environmental monitoring,” TrAC, Trends Anal. Chem. 95,
62–68 (2017).

217S. R. Nugen and A. J. Baeumner, “Trends and opportunities in food pathogen
detection,” Anal. Bioanal. Chem. 391(2), 451 (2008).

218S. Neethirajan, I. Kobayashi, M. Nakajima, D. Wu, S. Nandagopal, and F. Lin,
“Microfluidics for food, agriculture and biosystems industries,” Lab Chip
11(9), 1574–1586 (2011).

219W. Hilber, “Stimulus-active polymer actuators for next-generation microflui-
dic devices,” Appl. Phys. A 122(8), 751 (2016).

220I. E. Araci and P. Brisk, “Recent developments in microfluidic large scale inte-
gration,” Curr. Opin. Biotechnol. 25, 60–68 (2014).

221L. R. Volpatti and A. K. Yetisen, “Commercialization of microfluidic devices,”
Trends Biotechnol. 32(7), 347–350 (2014).

222J. ter Schiphorst, J. Saez, D. Diamond, F. Benito-Lopez, and A. P. H. J.
Schenning, “Light-responsive polymers for microfluidic applications,” Lab
Chip 18(5), 699–709 (2018).

223G. M. Whitesides, “The origins and the future of microfluidics,” Nature
442(7101), 368–373 (2006).

224K. W. Oh and C. H. Ahn, “A review of microvalves,” J. Micromech. Microeng.
16(5), R13 (2006).

225M. Chen, H. Huang, Y. Zhu, Z. Liu, X. Xing, F. Cheng, and Y. Yu,
“Photodeformable CLCP material: Study on photo-activated microvalve
applications,” Appl. Phys. A 102(3), 667–672 (2011).

226A. S�anchez-Ferrer, T. Fischl, M. Stubenrauch, A. Albrecht, H. Wurmus, M.
Hoffmann, and H. Finkelmann, “Liquid-crystalline elastomer microvalve for
microfluidics,” Adv. Mater. 23(39), 4526–4530 (2011).

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 041306 (2020); doi: 10.1063/5.0014619 7, 041306-34

Published under license by AIP Publishing

https://doi.org/10.1039/C8TC05186K
https://doi.org/10.1080/02678292.2018.1549285
https://doi.org/10.1002/adma.201706597
https://doi.org/10.1038/s41467-019-12583-x
https://doi.org/10.1161/CIRCRESAHA.118.313889
https://doi.org/10.1161/CIRCRESAHA.118.313889
https://doi.org/10.1002/adma.201704047
https://doi.org/10.1002/adma.201701814
https://doi.org/10.1002/adma.201402878
https://doi.org/10.1016/j.matt.2019.10.019
https://doi.org/10.1002/adom.201801604
https://doi.org/10.1002/adma.201805985
https://doi.org/10.1002/marc.201700224
https://doi.org/10.1038/s41570-019-0122-2
https://doi.org/10.3390/ma12193065
https://doi.org/10.1002/advs.201902842
https://doi.org/10.1002/admt.201900185
https://doi.org/10.1002/anie.201807495
https://doi.org/10.1039/C8QM00190A
https://doi.org/10.1039/C8QM00190A
https://doi.org/10.1073/pnas.1313195110
https://doi.org/10.1073/pnas.1313195110
https://doi.org/10.1002/anie.200800760
https://doi.org/10.1039/C7RA10619J
https://doi.org/10.1021/acsami.8b07563
https://doi.org/10.1039/C9CC05329H
https://doi.org/10.1002/adma.201906233
https://doi.org/10.1002/adma.201606467
https://doi.org/10.1038/ncomms13260
https://doi.org/10.1038/ncomms13260
https://doi.org/10.1016/j.sna.2014.01.012
https://doi.org/10.1016/j.sna.2014.01.012
https://doi.org/10.1002/admt.201900042
https://doi.org/10.1002/admt.201900042
https://doi.org/10.1088/0960-1317/22/7/075009
https://doi.org/10.1088/0960-1317/22/7/075009
https://doi.org/10.1039/c3nr00037k
https://doi.org/10.1145/2807442.2807487
https://doi.org/10.1145/2807442.2807487
https://doi.org/10.1145/2807442.2807487
https://doi.org/10.1039/c3tc31109k
https://doi.org/10.1039/B611455E
https://doi.org/10.1016/B978-0-444-51100-3.X5000-1
https://doi.org/10.1016/B978-0-444-51100-3.X5000-1
https://doi.org/10.1038/nrd1985
https://doi.org/10.1007/s00216-003-2435-7
https://doi.org/10.1016/j.trac.2017.08.001
https://doi.org/10.1007/s00216-008-1886-2
https://doi.org/10.1039/c0lc00230e
https://doi.org/10.1007/s00339-016-0258-6
https://doi.org/10.1016/j.copbio.2013.08.014
https://doi.org/10.1016/j.tibtech.2014.04.010
https://doi.org/10.1039/C7LC01297G
https://doi.org/10.1039/C7LC01297G
https://doi.org/10.1038/nature05058
https://doi.org/10.1088/0960-1317/16/5/R01
https://doi.org/10.1007/s00339-010-6103-4
https://doi.org/10.1002/adma.201102277
https://scitation.org/journal/are


227D. J. Beebe, J. S. Moore, J. M. Bauer, Q. Yu, R. H. Liu, C. Devadoss, and B. H.
Jo, “Functional hydrogel structures for autonomous flow control inside micro-
fluidic channels,” Nature 404(6778), 588–590 (2000).

228S. R. Sershen, G. A. Mensing, M. Ng, N. J. Halas, D. J. Beebe, and J. L. West,
“Independent optical control of microfluidic valves formed from optome-
chanically responsive nanocomposite hydrogels,” Adv. Mater. 17(11),
1366–1368 (2005).

229S. Sugiura, K. Sumaru, K. Ohi, K. Hiroki, T. Takagi, and T. Kanamori,
“Photoresponsive polymer gel microvalves controlled by local light irradi-
ation,” Sens. Actuators, A 140(2), 176–184 (2007).

230G. Chen, F. Svec, and D. R. Knapp, “Light-actuated high pressure-resisting
microvalve for on-chip flow control based on thermo-responsive nanostruc-
tured polymer,” Lab Chip 8(7), 1198–1204 (2008).

231S. Sugiura, A. Szil�agyi, K. Sumaru, K. Hattori, T. Takagi, G. Filipcsei, M.
Zr�ınyi, and T. Kanamori, “On-demand microfluidic control by micropatterned
light irradiation of a photoresponsive hydrogel sheet,” Lab Chip 9(2), 196–198
(2009).

232C.-W. Lo, D. Zhu, and H. Jiang, “An infrared-light responsive graphene-oxide
incorporated poly(N-isopropylacrylamide) hydrogel nanocomposite,” Soft
Matter 7(12), 5604 (2011).

233C.-H. Zhu, Y. Lu, J. Peng, J.-F. Chen, and S.-H. Yu, “Photothermally sensitive
poly (N -isopropylacrylamide)/graphene oxide nanocomposite hydrogels as
remote light-controlled liquid microvalves,” Adv. Funct. Mater. 22(19),
4017–4022 (2012).

234E. Lee, H. Lee, S. I. Yoo, and J. Yoon, “Photothermally triggered fast respond-
ing hydrogels incorporating a hydrophobic moiety for light-controlled micro-
valves,” ACS Appl. Mater. Interfaces 6(19), 16949–16955 (2014).

235A. D. Jadhav, B. Yan, R.-C. Luo, L. Wei, X. Zhen, C.-H. Chen, and P. Shi,
“Photoresponsive microvalve for remote actuation and flow control in micro-
fluidic devices,” Biomicrofluidics 9(3), 034114 (2015).

236J. ter Schiphorst, S. Coleman, J. E. Stumpel, A. B. Azouz, D. Diamond, and A.
P. H. J. Schenning, “Molecular design of light-responsive hydrogels, for in situ
generation of fast and reversible valves for microfluidic applications,” Chem.
Mater. 27(17), 5925–5931 (2015).

237J. Zhang, P. Du, D. Xu, Y. Li, W. Peng, G. Zhang, F. Zhang, and X. Fan,
“Near-infrared responsive MOS2/poly (n-isopropylacrylamide) hydrogels for
remote light-controlled microvalves,” Ind. Eng. Chem. Res. 55(16),
4526–4531 (2016).

238S. Coleman, J. ter Schiphorst, A. Ben Azouz, S. Bakker, A. P. H. J. Schenning,
and D. Diamond, “Tuning microfluidic flow by pulsed light oscillating
spiropyran-based polymer hydrogel valves,” Sens. Actuators, B 245, 81–86
(2017).

239C. Delaney, P. McCluskey, S. Coleman, J. Whyte, N. Kent, and D. Diamond,
“Precision control of flow rate in microfluidic channels using photoresponsive
soft polymer actuators,” Lab Chip 17(11), 2013–2021 (2017).

240L. Breuer, J. Pilas, E. Guthmann, M. J. Sch€oning, R. Thoelen, and T. Wagner,
“Towards light-addressable flow control: Responsive hydrogels with incorpo-
rated graphene oxide as laser-driven actuator structures within microfluidic
channels,” Sens. Actuators, B 288, 579–585 (2019).

241M. Chen, X. Xing, Z. Liu, Y. Zhu, H. Liu, Y. Yu, and F. Cheng,
“Photodeformable polymer material: Towards light-driven micropump
applications,” Appl. Phys. A 100(1), 39–43 (2010).

242Q. Liu, Y. Liu, J.-A. Lv, E. Chen, and Y. Yu, “Photocontrolled liquid transpor-
tation in microtubes by manipulating mesogen orientations in liquid crystal
polymers,” Adv. Intell. Syst. 1, 1900060 (2019).

243D. J. Laser and J. G. Santiago, “A review of micropumps,” J. Micromech.
Microeng. 14(6), R35 (2004).

244H. Mizoguchi, M. Ando, T. Mizuno, T. Takagi, and N. Nakajima, “Design and
fabrication of light driven micropump,” in Proceedings IEEE Micro Electro
Mechanical Systems (IEEE, 1992), pp. 31–36.

245S. Maruo, A. Takaura, and Y. Saito, “Optically driven micropump with a twin
spiral microrotor,” Opt. Express 17(21), 18525–18532 (2009).

246J. ter Schiphorst, G. G. Melpignano, H. E. Amirabadi, M. H. J. M. Houben, S.
Bakker, J. M. J. den Toonder, and A. P. H. J. Schenning, “Photoresponsive
passive micromixers based on spiropyran size-tunable hydrogels,” Macromol.
Rapid Commun. 39(1), 1700086 (2018).

247A. Venancio-Marques, F. Barbaud, and D. Baigl, “Microfluidic mixing trig-
gered by an external led illumination,” J. Am. Chem. Soc. 135(8), 3218–3223
(2013).

248J.-A. Lv, Y. Liu, J. Wei, E. Chen, L. Qin, and Y. Yu, “Photocontrol of fluid
slugs in liquid crystal polymer microactuators,” Nature 537(7619), 179–184
(2016).

249B. Xu, C. Zhu, L. Qin, J. Wei, and Y. Yu, “Light-directed liquid manipulation
in flexible bilayer microtubes,” Small 15(24), 1901847 (2019).

250A. H. Gelebart, M. Mc Bride, A. P. H. J. Schenning, C. N. Bowman, and D. J.
Broer, “Photoresponsive fiber array: toward mimicking the collective motion
of cilia for transport applications,” Adv. Funct. Mater. 26(29), 5322–5327
(2016).

251S. N. Khaderi, C. B. Craus, J. Hussong, N. Schorr, J. Belardi, J. Westerweel, O.
Prucker, J. R€uhe, J. M. J. den Toonder, and P. R. Onck, “Magnetically-actuated
artificial cilia for microfluidic propulsion,” Lab Chip 11(12), 2002 (2011).

252J. R. Blake, “A spherical envelope approach to ciliary propulsion,” J. Fluid
Mech. 46(1), 199–208 (1971).

253J. M. J. den Toonder and P. R. Onck, “Microfluidic manipulation with artifi-
cial/bioinspired cilia,” Trends Biotechnol. 31(2), 85–91 (2013).

254V. V. Khatavkar, P. D. Anderson, J. M. J. den Toonder, and H. E. H. Meijer,
“Active micromixer based on artificial cilia,” Phys. Fluids 19(8), 083605
(2007).

255S. N. Khaderi, J. M. J. den Toonder, and P. R. Onck, “Microfluidic propulsion
by the metachronal beating of magnetic artificial cilia: A numerical analysis,”
J. Fluid Mech. 688, 44–65 (2011).

256M. Baltussen, P. Anderson, F. Bos, and J. den Toonder, “Inertial flow effects
in a micro-mixer based on artificial cilia,” Lab Chip 9(16), 2326–2331 (2009).

257J. D. Toonder, F. Bos, D. Broer, L. Filippini, M. Gillies, J. de Goede, T. Mol,
M. Reijme, W. Talen, H. Wilderbeek, V. Khatavkar, and P. Anderson,
“Artificial cilia for active micro-fluidic mixing,” Lab Chip 8(4), 533 (2008).

258A. R. Shields, B. L. Fiser, B. A. Evans, M. R. Falvo, S. Washburn, and R.
Superfine, “Biomimetic cilia arrays generate simultaneous pumping and mix-
ing regimes,” Proc. Natl. Acad. Sci. U. S. A. 107(36), 15670–15675 (2010).

259A. Sidorenko, T. Krupenkin, and J. Aizenberg, “Controlled switching of the
wetting behavior of biomimetic surfaces with hydrogel-supported nano-
structures,” J. Mater. Chem. 18(32), 3841–3846 (2008).

260Y. Coffinier, G. Piret, M. R. Das, and R. Boukherroub, “Effect of surface
roughness and chemical composition on the wetting properties of silicon-
based substrates,” C. R. Chim. 16(1), 65–72 (2013).

261R. N. Wenzel, “Surface roughness and contact angle,” J. Phys. Colloid Chem.
53(9), 1466–1467 (1949).

262A. Marmur, “Wetting on hydrophobic rough surfaces: To be heterogeneous
or not to be?,” Langmuir 19(20), 8343–8348 (2003).

263P. C. Lin and S. Yang, “Mechanically switchable wetting on wrinkled elasto-
mers with dual-scale roughness,” Soft Matter 5(5), 1011–1018 (2009).

264C. Zong, Y. Zhao, H. Ji, X. Han, J. Xie, J. Wang, Y. Cao, S. Jiang, and C. Lu,
“Tuning and erasing surface wrinkles by reversible visible-light-induced pho-
toisomerization,” Angew. Chem., Int. Ed. 55(12), 3931–3935 (2016).

265T. Seki, D. Yamaoka, T. Takeshima, Y. Nagashima, M. Hara, and S. Nagano,
“Photo-modulations of surface wrinkles formed on elastomer sheets,” Mol.
Cryst. Liq. Cryst. 644(1), 52–60 (2017).

266S. Zhao, F. Xu, C. Fu, and Y. Huo, “Controllable wrinkling patterns on liquid
crystal polymer film/substrate systems by laser illumination,” Extreme Mech.
Lett. 30, 100502 (2019).

267H. J. Ensikat, P. Ditsche-Kuru, C. Neinhuis, and W. Barthlott,
“Superhydrophobicity in perfection: The outstanding properties of the lotus
leaf,” Beilstein J. Nanotechnol. 2(1), 152–161 (2011).

268Z. Ma, C. Jiang, X. Li, F. Ye, and W. Yuan, “Controllable fabrication of peri-
odic arrays of high-aspect-ratio micro-nano hierarchical structures and their
superhydrophobicity,” J. Micromech. Microeng. 23(9), 095027 (2013).

269H. Zhao, J. J. Wie, D. Copic, C. R. Oliver, A. O. White, S. Kim, and A. J. Hart,
“High-fidelity replica molding of glassy liquid crystalline polymer micro-
structures,” ACS Appl. Mater. Interfaces 8(12), 8110–8117 (2016).

270F. M. Ma, W. Li, A. H. Liu, Z. L. Yu, M. Ruan, W. Feng, H. X. Chen, and Y.
Chen, “Geometrical effect, optimal design and controlled fabrication of bio-
inspired micro/nanotextures for superhydrophobic surfaces,” Mater. Res.
Express 4(9), 092001 (2017).

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 041306 (2020); doi: 10.1063/5.0014619 7, 041306-35

Published under license by AIP Publishing

https://doi.org/10.1038/35007047
https://doi.org/10.1002/adma.200401239
https://doi.org/10.1016/j.sna.2007.06.024
https://doi.org/10.1039/b803293a
https://doi.org/10.1039/B810717C
https://doi.org/10.1039/c1sm00011j
https://doi.org/10.1039/c1sm00011j
https://doi.org/10.1002/adfm.201201020
https://doi.org/10.1021/am504502y
https://doi.org/10.1063/1.4923257
https://doi.org/10.1021/acs.chemmater.5b01860
https://doi.org/10.1021/acs.chemmater.5b01860
https://doi.org/10.1021/acs.iecr.6b00432
https://doi.org/10.1016/j.snb.2017.01.112
https://doi.org/10.1039/C7LC00368D
https://doi.org/10.1016/j.snb.2019.02.086
https://doi.org/10.1007/s00339-010-5853-3
https://doi.org/10.1002/aisy.201900060
https://doi.org/10.1088/0960-1317/14/6/R01
https://doi.org/10.1088/0960-1317/14/6/R01
https://doi.org/10.1109/MEMSYS.1992.187686
https://doi.org/10.1109/MEMSYS.1992.187686
https://doi.org/10.1364/OE.17.018525
https://doi.org/10.1002/marc.201700086
https://doi.org/10.1002/marc.201700086
https://doi.org/10.1021/ja311837r
https://doi.org/10.1038/nature19344
https://doi.org/10.1002/smll.201901847
https://doi.org/10.1002/adfm.201601221
https://doi.org/10.1039/c0lc00411a
https://doi.org/10.1017/S002211207100048X
https://doi.org/10.1017/S002211207100048X
https://doi.org/10.1016/j.tibtech.2012.11.005
https://doi.org/10.1063/1.2762206
https://doi.org/10.1017/jfm.2011.355
https://doi.org/10.1039/b901660k
https://doi.org/10.1039/b717681c
https://doi.org/10.1073/pnas.1005127107
https://doi.org/10.1039/b805433a
https://doi.org/10.1016/j.crci.2012.08.011
https://doi.org/10.1021/j150474a015
https://doi.org/10.1021/la0344682
https://doi.org/10.1039/b814145b
https://doi.org/10.1002/anie.201510796
https://doi.org/10.1080/15421406.2016.1277329
https://doi.org/10.1080/15421406.2016.1277329
https://doi.org/10.1016/j.eml.2019.100502
https://doi.org/10.1016/j.eml.2019.100502
https://doi.org/10.3762/bjnano.2.19
https://doi.org/10.1088/0960-1317/23/9/095027
https://doi.org/10.1021/acsami.6b00785
https://doi.org/10.1088/2053-1591/aa7d23
https://doi.org/10.1088/2053-1591/aa7d23
https://scitation.org/journal/are


271A. Sidorenko, T. Krupenkin, A. Taylor, P. Fratzl, and J. Aizenberg, “Reversible
switching of hydrogel-actuated nanostructures into complex micropatterns,”
Science 315(5811), 487–490 (2007).

272L. D. Zarzar, P. Kim, and J. Aizenberg, “Bio-inspired design of submerged
hydrogel-actuated polymer microstructures operating in response to pH,”
Adv. Mater. 23(12), 1442–1446 (2011).

273P. Kim, L. D. Zarzar, X. He, A. Grinthal, and J. Aizenberg, “Hydrogel-actuated
integrated responsive systems (hairs): Moving towards adaptive materials,”
Curr. Opin. Solid State Mater. Sci. 15(6), 236–245 (2011).

274Z. L. Wu, R. Wei, A. Buguin, J.-M. Taulemesse, N. Le Moigne, A. Bergeret, X.
Wang, and P. Keller, “Stimuli-responsive topological change of microstruc-
tured surfaces and the resultant variations of wetting properties,” ACS Appl.
Mater. Interfaces 5(15), 7485–7491 (2013).

275S. L. Oscurato, F. Borbone, P. Maddalena, and A. Ambrosio, “Light-driven
wettability tailoring of azopolymer surfaces with reconfigured three-
dimensional posts,” ACS Appl. Mater. Interfaces 9(35), 30133–30142 (2017).

276J. Choi, W. Jo, S. Y. Lee, Y. S. Jung, S.-H. Kim, and H.-T. Kim, “Flexible and
robust superomniphobic surfaces created by localized photofluidization of
azopolymer pillars,” ACS Nano 11(8), 7821–7828 (2017).

277Z. L. Wu, A. Buguin, H. Yang, J.-M. Taulemesse, N. Le Moigne, A. Bergeret,
X. Wang, and P. Keller, “Microstructured nematic liquid crystalline elastomer
surfaces with switchable wetting properties,” Adv. Funct. Mater. 23(24),
3070–3076 (2013).

278Z. L. Wu, Z. J. Wang, P. Keller, and Q. Zheng, “Light responsive microstruc-
tured surfaces of liquid crystalline network with shape memory and tunable
wetting behaviors,” Macromol. Rapid Commun. 37(4), 311–317 (2016).

279F. Gao, Y. Yao, W. Wang, X. Wang, L. Li, Q. Zhuang, and S. Lin, “Light-
driven transformation of bio-inspired superhydrophobic structure via recon-
figurable PAzoMA microarrays: From lotus leaf to rice leaf,” Macromolecules
51(7), 2742–2749 (2018).

280W. Jiang, G. Wang, Y. He, X. Wang, Y. An, Y. Song, and L. Jiang, “Photo-
switched wettability on an electrostatic self-assembly azobenzene monolayer,”
Chem. Commun. 28, 3550–3552 (2005).

281J. Groten, C. Bunte, and J. R€uhe, “Light-induced switching of surfaces at wet-
ting transitions through photoisomerization of polymer monolayers,”
Langmuir 28(42), 15038–15046 (2012).

282K. Ichimura, S.-K. Oh, and M. Nakagawa, “Light-driven motion of liquids on
a photoresponsive surface,” Science 288(5471), 1624–1626 (2000).

283H. Shahsavan, S. M. Salili, A. J�akli, and B. Zhao, “Smart muscle-driven self-
cleaning of biomimetic microstructures from liquid crystal elastomers,” Adv.
Mater. 27(43), 6828–6833 (2015).

284W. Feng, D. J. Broer, and D. Liu, “Oscillating chiral-nematic fingerprints wipe
away dust,” Adv. Mater. 30(11), 1704970 (2018).

285C. Li, Y. Zhang, J. Ju, F. Cheng, M. Liu, L. Jiang, and Y. Yu, “In situ fully light-
driven switching of superhydrophobic adhesion,” Adv. Funct. Mater. 22(4),
760–763 (2012).

286C. Li, F. Cheng, J.-A. Lv, Y. Zhao, M. Liu, L. Jiang, and Y. Yu, “Light-con-
trolled quick switch of adhesion on a micro-arrayed liquid crystal polymer
superhydrophobic film,” Soft Matter 8(14), 3730–3733 (2012).

287Y. Liu, C. Zhu, Y. Zhao, X. Qing, F. Wang, D. Deng, J. Wei, and Y. Yu,
“Directed pinning of moving water droplets on photoresponsive liquid crystal
mats,” Adv. Mater. Interfaces 6, 1901158 (2019).

288M. Abdelgawad and A. R. Wheeler, “The digital revolution: A new paradigm
for microfluidics,” Adv. Mater. 21(8), 920–925 (2009).

289C. Chen, Z. Huang, L.-A. Shi, Y. Jiao, S. Zhu, J. Li, Y. Hu, J. Chu, D. Wu, and
L. Jiang, “Remote photothermal actuation of underwater bubble toward arbi-
trary direction on planar slippery Fe3O4-doped surfaces,” Adv. Funct. Mater.
29, 1904766 (2019).

290Y. Zhan, J. Zhao, W. Liu, B. Yang, J. Wei, and Y. Yu, “Biomimetic submi-
croarrayed cross-linked liquid crystal polymer films with different wettability
via colloidal lithography,” ACS Appl. Mater. Interfaces 7(45), 25522–25528
(2015).

291E. Kizilkan, J. Strueben, A. Staubitz, and S. N. Gorb, “Bioinspired photocon-
trollable microstructured transport device,” Sci. Rob. 2(2), eaak9454 (2017).

292J. Cui, D.-M. Drotlef, I. Larraza, J. P. Fern�andez-Bl�azquez, L. F. Boesel, C.
Ohm, M. Mezger, R. Zentel, and A. del Campo, “Bioinspired actuated

adhesive patterns of liquid crystalline elastomers,” Adv. Mater. 24(34),
4601–4604 (2012).

293K. N. G. Fuller and D. Tabor, “The effect of surface roughness on the adhesion
of elastic solids,” Proc. R. Soc. A 345(1642), 327–342 (1975).

294A. Del Campo, C. Greiner, and E. Arzt, “Contact shape controls adhesion of
bioinspired fibrillar surfaces,” Langmuir 23(20), 10235–10243 (2007).

295A. J. Kinloch, Adhesion and Adhesives: Science and Technology (Springer
Science & Business Media, 2012).

296K. Autumn, Y. A. Liang, S. T. Hsieh, W. Zesch, W. P. Chan, T. W. Kenny, R.
Fearing, and R. J. Full, “Adhesive force of a single gecko foot-hair,” Nature
405(6787), 681–685 (2000).

297H. Gao, X. Wang, H. Yao, S. Gorb, and E. Arzt, “Mechanics of hierarchical
adhesion structures of geckos,” Mech. Mater. 37(2–3), 275–285 (2005).

298B. Aksak, M. P. Murphy, and M. Sitti, “Gecko inspired micro-fibrillar adhe-
sives for wall climbing robots on micro/nanoscale rough surfaces,” In IEEE
International Conference on Robotics and Automation (IEEE, 2008), pp.
3058–3063.

299L. F. Boesel, C. Greiner, E. Arzt, and A. D. Campo, “Gecko-inspired surfaces:
A path to strong and reversible dry adhesives,” Adv. Mater. 22(19),
2125–2137 (2010).

300A. Tiwari, L. Dorogin, A. I. Bennett, K. D. Schulze, W. G. Sawyer, M. Tahir,
G. Heinrich, and B. N. J. Persson, “The effect of surface roughness and visco-
elasticity on rubber adhesion,” Soft Matter 13(19), 3602–3621 (2017).

301J. Israelachvili, S. Giasson, T. Kuhl, C. Drummond, A. Berman, G. Luengo, J.-
M. Pan, M. Heuberger, W. Ducker, and N. Alcantar, “Some fundamental dif-
ferences in the adhesion and friction of rough versus smooth surfaces,” Tribol.
Ser. 38, 3–12 (2000).

302C. Majidi, R. E. Groff, Y. Maeno, B. Schubert, S. Baek, B. Bush, R. Maboudian,
N. Gravish, M. Wilkinson, K. Autumn et al., “High friction from a stiff poly-
mer using microfiber arrays,” Phys. Rev. Lett. 97(7), 076103 (2006).

303C. J. Rand and A. J. Crosby, “Friction of soft elastomeric wrinkled surfaces,”
J. Appl. Phys. 106(6), 064913 (2009).

304K. Suzuki and T. Ohzono, “Wrinkles on a textile-embedded elastomer surface
with highly variable friction,” Soft Matter 12(29), 6176–6183 (2016).

305D. Liu and D. J. Broer, “Light controlled friction at a liquid crystal polymer
coating with switchable patterning,” Soft Matter 10(40), 7952–7958 (2014).

306C.-C. Li, C.-W. Chen, C.-K. Yu, H.-C. Jau, J.-A. Lv, X. Qing, C.-F. Lin, C.-Y.
Cheng, C.-Y. Wang, J. Wei et al., “Arbitrary beam steering enabled by photo-
mechanically bendable cholesteric liquid crystal polymers,” Adv. Opt. Mater.
5(4), 1600824 (2017).

307Z. Yan, X. Ji, W. Wu, J. Wei, and Y. Yu, “Light-switchable behavior of a
microarray of azobenzene liquid crystal polymer induced by photo-
deformation,” Macromol. Rapid Commun. 33(16), 1362–1367 (2012).

308J. E. Stumpel, E. R. Gil, A. B. Spoelstra, C. W. Bastiaansen, D. J. Broer, and A.
P. H. J. Schenning, “Stimuli-responsive materials based on interpenetrating
polymer liquid crystal hydrogels,” Adv. Funct. Mater. 25(22), 3314–3320
(2015).

309P. Kim, Y. Hu, J. Alvarenga, M. Kolle, Z. Suo, and J. Aizenberg, “Rational
design of mechano-responsive optical materials by fine tuning the evolution
of strain-dependent wrinkling patterns,” Adv. Opt. Mater. 1(5), 381–388
(2013).

310J. C. Stover, Optical Scattering: Measurement and Analysis, 2nd ed. (SPIE,
1995).

311I. K. Robinson, “Crystal truncation rods and surface roughness,” Phys. Rev. B
33(6), 3830 (1986).

312D. W. Berreman and T. J. Scheffer, “Bragg reflection of light from single-
domain cholesteric liquid-crystal films,” Phys. Rev. Lett. 25(9), 577 (1970).

313W. D. St John, W. J. Fritz, Z. J. Lu, and D.-K. Yang, “Bragg reflection from
cholesteric liquid crystals,” Phys. Rev. E 51(2), 1191 (1995).

314D. J. Broer, J. Lub, and G. N. Mol, “Wide-band reflective polarizers from cho-
lesteric polymer networks with a pitch gradient,” Nature 378(6556), 467
(1995).

315O. T. Picot, M. Dai, E. Billoti, D. J. Broer, T. Peijs, and C. W. Bastiaansen, “A
real time optical strain sensor based on a cholesteric liquid crystal network,”
RSC Adv. 3(41), 18794–18798 (2013).

316P. Zhang, A. J. J. Kragt, A. P. Schenning, L. T. de Haan, and G. Zhou, “An eas-
ily coatable temperature responsive cholesteric liquid crystal oligomer for

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 041306 (2020); doi: 10.1063/5.0014619 7, 041306-36

Published under license by AIP Publishing

https://doi.org/10.1126/science.1135516
https://doi.org/10.1002/adma.201004231
https://doi.org/10.1016/j.cossms.2011.05.004
https://doi.org/10.1021/am4017957
https://doi.org/10.1021/am4017957
https://doi.org/10.1021/acsami.7b08025
https://doi.org/10.1021/acsnano.7b01783
https://doi.org/10.1002/adfm.201203291
https://doi.org/10.1002/marc.201500533
https://doi.org/10.1021/acs.macromol.8b00059
https://doi.org/10.1039/b504479k
https://doi.org/10.1021/la302764k
https://doi.org/10.1126/science.288.5471.1624
https://doi.org/10.1002/adma.201503203
https://doi.org/10.1002/adma.201503203
https://doi.org/10.1002/adma.201704970
https://doi.org/10.1002/adfm.201101922
https://doi.org/10.1039/c2sm07471k
https://doi.org/10.1002/admi.201901158
https://doi.org/10.1002/adma.200802244
https://doi.org/10.1002/adfm.201904766
https://doi.org/10.1021/acsami.5b09013
https://doi.org/10.1126/scirobotics.aak9454
https://doi.org/10.1002/adma.201200895
https://doi.org/10.1098/rspa.1975.0138
https://doi.org/10.1021/la7010502
https://doi.org/10.1038/35015073
https://doi.org/10.1016/j.mechmat.2004.03.008
https://doi.org/10.1109/ROBOT.2008.4543675
https://doi.org/10.1109/ROBOT.2008.4543675
https://doi.org/10.1002/adma.200903200
https://doi.org/10.1039/C7SM00177K
https://doi.org/10.1016/S0167-8922(00)80107-8
https://doi.org/10.1016/S0167-8922(00)80107-8
https://doi.org/10.1103/PhysRevLett.97.076103
https://doi.org/10.1063/1.3226074
https://doi.org/10.1039/C6SM00728G
https://doi.org/10.1039/C4SM01249F
https://doi.org/10.1002/adom.201600824
https://doi.org/10.1002/marc.201200303
https://doi.org/10.1002/adfm.201500745
https://doi.org/10.1002/adom.201300034
https://doi.org/10.1117/3.203079
https://doi.org/10.1103/PhysRevB.33.3830
https://doi.org/10.1103/PhysRevLett.25.577
https://doi.org/10.1103/PhysRevE.51.1191
https://doi.org/10.1038/378467a0
https://doi.org/10.1039/c3ra42986e
https://scitation.org/journal/are


making structural colour patterns,” J. Mater. Chem. C 6(27), 7184–7187
(2018).

317T. J. White, M. E. McConney, and T. J. Bunning, “Dynamic color in stimuli-
responsive cholesteric liquid crystals,” J. Mater. Chem. 20(44), 9832–9847
(2010).

318S. Liu, Y. Long, C. Liu, Z. Chen, and K. Song, “Bioinspired adaptive microplate
arrays for magnetically tuned optics,” Adv. Opt. Mater. 5(11), 1601043 (2017).

319L. T. de Haan, A. P. H. J. Schenning, and D. J. Broer, “Programmed morphing
of liquid crystal networks,” Polymer 55(23), 5885–5896 (2014).

320R. Chen, Y.-H. Lee, T. Zhan, K. Yin, Z. An, and S.-T. Wu, “Multistimuli-
responsive self-organized liquid crystal Bragg gratings,” Adv. Opt. Mater.
7(9), 1900101 (2019).

321J. Zhao, Y. Liu, and Y. Yu, “Dual-responsive inverse opal films based on a
crosslinked liquid crystal polymer containing azobenzene,” J. Mater. Chem. C
2(48), 10262–10267 (2014).

322L. Yao and J. He, “Recent progress in antireflection and self-cleaning technol-
ogy—from surface engineering to functional surfaces,” Prog. Mater. Sci. 61,
94–143 (2014).

323E. Lee, M. Zhang, Y. Cho, Y. Cui, J. Van der Spiegel, N. Engheta, and S. Yang,
“Tilted pillars on wrinkled elastomers as a reversibly tunable optical window,”
Adv. Mater. 26(24), 4127–4133 (2014).

324C. Liu, H. Ding, Z. Wu, B. Gao, F. Fu, L. Shang, Z. Gu, and Y. Zhao, “Tunable
structural color surfaces with visually self-reporting wettability,” Adv. Funct.
Mater. 26(43), 7937–7942 (2016).

325Z. Wang, W. Fan, Q. He, Y. Wang, X. Liang, and S. Cai, “A simple and robust
way towards reversible mechanochromism: Using liquid crystal elastomer as a
mask,” Extreme Mech. Lett. 11, 42–48 (2017).

326C. Yu, K. O’Brien, Y.-H. Zhang, H. Yu, and H. Jiang, “Tunable optical gratings
based on buckled nanoscale thin films on transparent elastomeric substrates,”
Appl. Phys. Lett. 96(4), 041111 (2010).

327A. J. J. Kragt, I. P. van Gessel, A. P. Schenning, and D. J. Broer, “Temperature-
responsive polymer wave plates as tunable polarization converters,” Adv. Opt.
Mater. 7(21), 1901103 (2019).

328M. A. C. Stuart, W. T. Huck, J. Genzer, M. M€uller, C. Ober, M. Stamm, G. B.
Sukhorukov, I. Szleifer, V. V. Tsukruk, M. Urban et al., “Emerging applica-
tions of stimuli-responsive polymer materials,” Nat. Mater. 9(2), 101 (2010).

329Z. He, F. Gou, R. Chen, K. Yin, T. Zhan, and S.-T. Wu, “Liquid crystal beam
steering devices: Principles, recent advances, and future developments,”
Crystals 9(6), 292 (2019).

330A. Kotikian, R. L. Truby, J. W. Boley, T. J. White, and J. A. Lewis, “3D print-
ing of liquid crystal elastomeric actuators with spatially programed nematic
order,” Adv. Mater. 30(10), 1706164 (2018).

331M. L�opez-Valdeolivas, D. Liu, D. J. Broer, and C. S�anchez-Somolinos, “4D
printed actuators with soft-robotic functions,” Macromol. Rapid Commun.
39(5), 1700710 (2018).

332S. W. Ula, N. A. Traugutt, R. H. Volpe, R. R. Patel, K. Yu, and C. M. Yakacki,
“Liquid crystal elastomers: An introduction and review of emerging tech-
nologies,” Liq. Cryst. Rev. 6(1), 78–107 (2018).

333Z. Zhang, K. G. Demir, and G. X. Gu, “Developments in 4D-printing: A
review on current smart materials, technologies, and applications,” Int. J.
Smart Nano Mater. 10(3), 205–224 (2019).

334S. Ma, Y. Zhang, M. Wang, Y. Liang, L. Ren, and L. Ren, “Recent progress in
4D printing of stimuli-responsive polymeric materials,” Sci. China Technol.
Sci. 63(4), 532–544 (2020).

335C. P. Ambulo, J. J. Burroughs, J. M. Boothby, H. Kim, M. R. Shankar, and T.
H. Ware, “Four-dimensional printing of liquid crystal elastomers,” ACS Appl.
Mater. Interfaces 9(42), 37332–37339 (2017).

336C. Zhang, X. Lu, G. Fei, Z. Wang, H. Xia, and Y. Zhao, “4D printing of a liq-
uid crystal elastomer with a controllable orientation gradient,” ACS Appl.
Mater. Interfaces 11(47), 44774–44782 (2019).

337D. J. Roach, X. Kuang, C. Yuan, K. Chen, and H. J. Qi, “Novel ink for ambient
condition printing of liquid crystal elastomers for 4D printing,” Smart Mater.
Struct. 27(12), 125011 (2018).

338M. O. Saed, C. P. Ambulo, H. Kim, R. De, V. Raval, K. Searles, D. A. Siddiqui,
J. M. O. Cue, M. C. Stefan, M. R. Shankar et al., “Molecularly-engineered, 4D-
printed liquid crystal elastomer actuators,” Adv. Funct. Mater. 29(3), 1806412
(2019).

339E. C. Davidson, A. Kotikian, S. Li, J. Aizenberg, and J. A. Lewis, “3D printable
and reconfigurable liquid crystal elastomers with light-induced shape memory
via dynamic bond exchange,” Adv. Mater. 32(1), 1905682 (2020).

340D. J. Broer, “On the history of reactive mesogens: Interview with Dirk J.
Broer,” Adv. Mater. 32, 1905144 (2019).

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 041306 (2020); doi: 10.1063/5.0014619 7, 041306-37

Published under license by AIP Publishing

https://doi.org/10.1039/C8TC02252F
https://doi.org/10.1039/c0jm00843e
https://doi.org/10.1002/adom.201601043
https://doi.org/10.1016/j.polymer.2014.08.023
https://doi.org/10.1002/adom.201900101
https://doi.org/10.1039/C4TC01825G
https://doi.org/10.1016/j.pmatsci.2013.12.003
https://doi.org/10.1002/adma.201400711
https://doi.org/10.1002/adfm.201602935
https://doi.org/10.1002/adfm.201602935
https://doi.org/10.1016/j.eml.2016.11.015
https://doi.org/10.1063/1.3298744
https://doi.org/10.1002/adom.201901103
https://doi.org/10.1002/adom.201901103
https://doi.org/10.1038/nmat2614
https://doi.org/10.3390/cryst9060292
https://doi.org/10.1002/adma.201706164
https://doi.org/10.1002/marc.201700710
https://doi.org/10.1080/21680396.2018.1530155
https://doi.org/10.1080/19475411.2019.1591541
https://doi.org/10.1080/19475411.2019.1591541
https://doi.org/10.1007/s11431-019-1443-1
https://doi.org/10.1007/s11431-019-1443-1
https://doi.org/10.1021/acsami.7b11851
https://doi.org/10.1021/acsami.7b11851
https://doi.org/10.1021/acsami.9b18037
https://doi.org/10.1021/acsami.9b18037
https://doi.org/10.1088/1361-665X/aae96f
https://doi.org/10.1088/1361-665X/aae96f
https://doi.org/10.1002/adfm.201806412
https://doi.org/10.1002/adma.201905682
https://doi.org/10.1002/adma.201905144
https://scitation.org/journal/are

	s1
	f1
	s2
	s2A
	d2.1
	f2
	f3
	f4
	s2B
	f5
	s3
	s3A
	f6
	s3B
	f7
	s3C
	f8
	s4
	s4A
	f9
	f10
	s4B
	f11
	s4C
	s4D
	f12
	f13
	f14
	s4D1
	d4.1
	f15
	f16
	f17
	f18
	f19
	f20
	s4E
	f21
	s4F
	f22
	f23
	s4G
	f24
	f25
	s4H
	s5
	f26
	s6
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149
	c150
	c151
	c152
	c153
	c154
	c155
	c156
	c157
	c158
	c159
	c160
	c161
	c162
	c163
	c164
	c165
	c166
	c167
	c168
	c169
	c170
	c171
	c172
	c173
	c174
	c175
	c176
	c177
	c178
	c179
	c180
	c181
	c182
	c183
	c184
	c185
	c186
	c187
	c188
	c189
	c190
	c191
	c192
	c193
	c194
	c195
	c196
	c197
	c198
	c199
	c200
	c201
	c202
	c203
	c204
	c205
	c206
	c207
	c208
	c209
	c210
	c211
	c212
	c213
	c214
	c215
	c216
	c217
	c218
	c219
	c220
	c221
	c222
	c223
	c224
	c225
	c226
	c227
	c228
	c229
	c230
	c231
	c232
	c233
	c234
	c235
	c236
	c237
	c238
	c239
	c240
	c241
	c242
	c243
	c244
	c245
	c246
	c247
	c248
	c249
	c250
	c251
	c252
	c253
	c254
	c255
	c256
	c257
	c258
	c259
	c260
	c261
	c262
	c263
	c264
	c265
	c266
	c267
	c268
	c269
	c270
	c271
	c272
	c273
	c274
	c275
	c276
	c277
	c278
	c279
	c280
	c281
	c282
	c283
	c284
	c285
	c286
	c287
	c288
	c289
	c290
	c291
	c292
	c293
	c294
	c295
	c296
	c297
	c298
	c299
	c300
	c301
	c302
	c303
	c304
	c305
	c306
	c307
	c308
	c309
	c310
	c311
	c312
	c313
	c314
	c315
	c316
	c317
	c318
	c319
	c320
	c321
	c322
	c323
	c324
	c325
	c326
	c327
	c328
	c329
	c330
	c331
	c332
	c333
	c334
	c335
	c336
	c337
	c338
	c339
	c340

