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Liquid crystals (LCs) were identified as a state of matter near the 
end of the nineteenth century1, and have since then remained 
a topic of intense scientific curiosity. LCs self-organize at the 

molecular level (Box  1), and are classified into the subcategories 
of thermotropic (order depends on temperature), lyotropic (order 
depends on the concentration of material in solution) and photo-
tropic (order depends on the presence of light)2,3. Spurred by the 
employment of low-molar-mass LCs in display technologies, 
research of these materials has rapidly grown in recent decades, and 
is now extending into areas beyond displays, including solar-energy 
harvesting4,5, optics and photonics6, mechanics7 and biomedicine8.

Polymeric materials exhibiting liquid crystallinity have been 
referred to by a variety of names, including liquid crystal polymers 
(LCPs), polymeric LCs, liquid crystal elastomers (LCEs), and liquid 
crystal polymer networks (LCNs). The differences in the chemi-
cal composition, crosslinking and thermo mechanical properties 
of these materials are illustrated in Fig.  1. A liquid crystal main-
chain polymer (LCP; Fig. 1a) is a high-performance and typically 
uncrosslinked macromolecule (such as Vectran) that can organ-
ize into liquid crystalline phases through stiff rod-like molecular 
conformation and intramolecular interactions (most commonly, 
hydrogen bonding). LCNs (Fig.  1b) maintain some of the high-
performance properties of LCPs, but notably contain a moderate 
to densely crosslinked network architecture associated with their 
preparation from primarily (meth)acrylate-based multifunctional 
monomers. Whereas LCPs exhibit almost no change in order 
(described by the order parameter, S), the order of LCNs can 
decrease by as much as 5% when subjected to appropriate stimuli. 
LCEs (Fig. 1c) also consist of crosslinked liquid-crystal side-chain 
and/or main-chain mesogenic units9,10, but the polymer backbone is 
typically flexible (commonly a polysiloxane) and the overall cross-
link density is low. Unlike LCPs or LCNs, LCEs can exhibit large 
changes in order when subject to a stimulus. Swelling both LCNs 
or LCEs to form liquid crystalline gels (LCGs) can further sensitize 
the response of the polymeric materials to stimuli11, most notably to 
electric fields12,13.

In this Review, we discuss the remarkable properties of LCNs 
and LCEs, and focus specifically on the burgeoning area of stimuli-
initiated actuation and shape change. We start by briefly introducing 
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how these materials are prepared before discussing the response of 
LCNs and LCEs to temperature. We then review recent results on 
the response of these materials to heat, light and magnetic fields. 
Notably, we highlight efforts on the programming of LCN and 
LCE materials to localize their mechanical response so as to gen-
erate surface features or shape change. We close with a forward-
looking overview of the implications of these materials for a range 
of applications.

Preparation and properties of LCEs and LCNs
The preparation of polymeric materials that exhibit liquid 
crystallinity was initially pursued by Vorländer14, and first realized 
by Jackson and Kuhfuss15. Concurrent to advances in the develop-
ment and application of low-molar-mass LCs in display applica-
tions, researchers achieved the preparation of well-ordered LCEs by 
crosslinking side-chain polymers16–19, where the mesogenic groups 
are attached to siloxane or acrylate polymer main chains (Fig. 2a). 
A two-step crosslinking technique was developed in which the pen-
dant mesogenic groups were oriented by mechanical stretching of 
the polymer during or shortly after the first-stage reaction, after 
which the alignment is fixed by a second-stage crosslinking reac-
tion to form highly aligned LCEs (so-called single-crystal or mono-
domain LCEs). The molecular structure of a LCE corresponds to 
that of a traditional rubber: it consists of long chains of molecules 
that can easily slip past one another and thus enable the material to 
be expanded with very little force. Attached to the elastomer chains 
are the smaller rod-like molecular entities similar to those usually 
found in low-molar-mass LC molecules. The weak crosslinking 
in the LCE allows spontaneous shape changes (strains) of several 
hundred per cent (Fig.  2b,c) under load, and by the application 
of stress or strain they can exhibit some unusual mechano-optical 
effects20. The mechanical responses depend on the direction of the 
applied stress relative to the material’s alignment direction and its 
phase (smectic, nematic, cholesteric or isotropic). The stress–strain 
response of these materials has been described as ‘soft elastic-
ity’ (Fig.  2d), a term that refers to the strain that these materials 
exhibit at near-zero stress while the director is reorienting to the 
strain direction (the physics of this process has been described in 
detail in ref. 21). The optical properties of LCEs are comparable to 
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those of low-molar-mass LCs — a high birefringence and selective 
reflection of polarized light in the case of the cholesteric phase. 
Recent examinations of LCEs have demonstrated potential utility 
as artificial muscles (robotics)22–26, deformable lasers27 and sensors28.

Moderately to densely crosslinked glassy LCNs, which were devel-
oped in the 1980s at Philips Research, are obtained from the poly-
merization of multifunctional mesogenic monomers (Fig. 3a). These 
monomers exhibit a liquid crystalline phase that can be retained after 
polymerization (in most cases by photoinitiated polymerization)29–32. 
Copolymerization of monoacrylates, such as RM23, with diacrylates, 
such as RM82 (Fig.  3a), generate LCNs with side-chain (pendant) 
and main-chain mesogenic units. The advantages of this approach 
are numerous. Within reasonable limits, the polymerization tem-
perature can be freely chosen, which enables the desired phase 
to be retained. Similar to low-molar-mass LCs, the order can be 
manipulated by external boundary conditions and stimuli (includ-
ing surface-alignment materials, surfactants, shear forces, and elec-
tric, magnetic or optical fields) to prepare engineered materials with 
complex properties and alignments that are retained indefinitely 
after polymerization. The ability to arrest the three-dimensional 
structure of the liquid crystalline phase in polymeric form has cre-
ated a number of compelling application possibilities (see ‘Outlook’). 
In conventional polymeric materials the methods to produce such 
structures are limited in number, and no process that we are aware 
of enables such modularity and programmability. Exhaustive reviews 
of the materials chemistry and processing methods to prepare LCNs 
can be found in refs 7, 20 and 28.

Thermomechanical responses
Thermally induced mechanical responses have been widely 
observed in both LCEs and LCNs7,20. These thermomechanical 
responses are ultimately distinguished from those of other materials 
by the possibility to programme the material’s anisotropy, orienta-
tion and alignment to dictate responses that are inherently driven 
by the heterogeneity in the local orientation of LCN or LCEs rather 
than by heterogeneities in material composition or sensitivity to 
stimuli (see ‘Outlook’).

Loosely crosslinked LCEs exhibit thermotropism, similar to that 
of low-molar-mass LCs. Accordingly, on heating LCEs through 

a transition from a liquid crystalline phase (typically nematic) to 
the isotropic (or paranematic) state, a substantial shrinkage strain 
is observed parallel to the director vector10. The light crosslinking 
and elastomeric nature of the materials allow for length changes 
of as much as a factor of four (plotted as L/Liso in Fig.  2c, where 
Liso is the length in the isotropic state and L the actual length at 
the measuring temperature in the nematic state). The large macro-
scopic mechanical response is the result of disorganization of the 
rod-like mesogenic moieties attached to the polymer main chain 
and to the coupling of the conformation of the macromolecular 
backbone with the orientational nematic order S (Fig. 2b)33,34. The 
polymer chains elongate when the mesogens orient in the nematic 
phase (Fig. 2b), whereas in the isotropic phase they recover, driven 
by entropy, a random-coil conformation (Fig.  2b). As predicted 
by de Gennes, the individual polymer-chain shape-changes then 
translate to a macroscopic shape-change of the elastomer sample 
at the nematic–isotropic transition35. The so-called genesis of the 
LCE is known to strongly influence the resulting thermomechanical 
response36. These and other theoretical descriptions of contraction 
and expansion at the nematic-to-isotropic transition stimulated a 
broader interest in artificial muscles based on thermoresponsive 
LCEs10,25,37–39. Recent work in this topic has focused on exploit-
ing the large, thermally induced mechanical response of LCEs in 
a variety of applications40 (see ‘Remote heating’). Highlights from 
the recent literature include the preparation of elastomeric colloidal 
materials41,42, the use of LCEs as shape-memory polymers43–45 and 
surface-feature patterning46–49.

The substantial increase in crosslink density in the formation 
of LCNs from multifunctional liquid-crystalline monomers pre-
cludes the material from undergoing thermotropic phase transi-
tions before the decomposition temperature of the materials. LCNs 
exhibit a glass transition temperature (Tg) that is typically in the 
range of 40–120  °C (at room temperature, the modulus is in the 
order of 0.8–2 GPa; ref. 50). Owing to the anisotropy of the system, 
the compliance of the polymer network perpendicular to the direc-
tor is roughly three times higher than parallel to it. The mechani-
cal properties of LCNs are strongly influenced by the composition, 
namely the length of the aliphatic spacer of the crosslinking dia-
crylate monomer50,51 (Fig. 3a) and the phase behaviour of the mono-
mer or mixture31,52,53. Given the ease of preparation and availability 
of materials, glassy LCN materials prepared from monomers, such 
as those illustrated in Fig. 3a, are now widely studied, in particular 
because of their potential (see ‘Outlook’).

As with other polymers, the volume of LCNs increases with tem-
perature, and this can be described by the coefficient of thermal 
expansion α (Fig.  3b). In aligned LCNs, the sign of α is strongly 
dependent on alignment52. Figure  3b illustrates the influence of 
starting materials and preparation conditions on the thermal 
expansion of LCN materials. Below Tg, α in the direction parallel to 
the director is close to zero. Heating above Tg causes α in this axis to 
become negative. Orthogonal to the director, the thermal expansion 
rapidly increases above Tg. LCN materials prepared with a longer 
aliphatic spacer experience a larger volume increase with tempera-
ture. Furthermore, the temperature at which the LCN was prepared 
can also have a profound impact on the thermal response of these 
materials52,54. LCNs prepared close to the nematic-to- isotropic 
transition (Tp/Tc  =  0.96, where Tp and Tc are the polymerization 
and clearing temperatures, respectively) of the monomer show a 
smaller response than systems cured further below this LC tran-
sition55 (Tp/Tc = 0.86). A decrease in the curing temperature only 
slightly affects the order of the polymer network, but leads to a sig-
nificant increase in the thermomechanical response of the system. 
For example, for C6M (Fig. 3b), decreasing the Tc from 0.96 to 0.86 
increases the order parameter of the network from 0.71 to 0.76, but 
changes the strain parallel to the director from –1.3% to –1.7% on 
heating from –50 °C to 150 °C.

The term ‘liquid crystal’ refers to materials that exhibit long-
range orientational or positional organization at the molecular 
level. In low-molar-mass LCs of the calamitic subclass (the basis 
of displays), the molecules self-organize to form a variety of 
mesophases, including nematic or chiral nematic (one dimen-
sion of order, in this case orientational), numerous variants of 
smectic (two dimensions of order, orientational and positional), 
and more complex geo metries, such as those of the blue or bent-
core phases. The order of low-molar-mass LCs can be affected 
by temperature or light, which can result in transitions between 
these phases or to an isotropic state.

Similarly, in polymeric variants, the term ‘liquid crystalline’ 
indicates that the material has either orientational or positional 
order of mesogenic units in the polymer backbone (main chain) 
or pendant groups (side chain). Figure 1 illustrates select chemi-
cal structures of different subsets of liquid crystalline polymers. 
The sensitivity of the order to stimuli is strongly dependent on 
the composition of the polymer. Inducing chirality through 
chiral inclusions or surface-alignment treatments generates a 
hierarchical variation in the profile of the common orientation 
vector (director) through the sample thickness, as illustrated 
in Fig. 4a–d.

Box 1 | Order and orientation of liquid crystals.
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The reduction of order leads to an increasing average tilt of the 
mesogenic units that decreases the projection of the end-to-end 
length of the monomeric units. Accordingly, at temperatures below 
Tg, the system expands with temperature due to increasing molar 
volume. The preferential expansion direction is perpendicular to the 
long axis of the molecule, as the expansion is dominated by increas-
ing intramolecular distances. Around and above Tg there is a small 
and reversible loss of molecular order, which causes additional 
deformation. The reduction of order is favourable for entropic rea-
sons, but is limited by the polymer network. The measured change in 
order parameter is small (of the order of a few per cent according to 
birefringence measurements), yet geometrical arguments show that 
this change correlates to the mechanical responses evident in Fig. 3b.

In practice, the temperature sensitivity of LCNs and LCEs has 
been employed to generate shape-adaptive responses. The com-
paratively limited strain of glassy LCNs has not hindered their 
examination for potential utility in actuation. Because these films 
tend to be thin, the temperature distribution across an LCN is uni-
form. Accordingly, heating LCNs in which the alignment is uniform 
(Fig.  4a) across the thickness does not induce motion. However, 
LCNs prepared with hierarchical variation in the director (splay, 
twisted nematic; Fig. 4c,d) have been shown to bend and coil simi-
larly to a bimetallic strip55,56. The thermally induced deflection of 
hierarchically oriented LCNs is simply related to the anisotropy in α, 
as is evident in Fig.  3b. As the orientation of the director rotates 
across the sample thickness, the relative magnitudes of the strain 

are the same but the orientation of the strain varies, thus resulting 
in deflection. Further, if the orientation of the LCN is offset to the 
principal axes of the mechanical specimen, the thermal response 
can generate shear, yielding helicoidal and spiral ribbons on heat-
ing57–59 (Fig. 4e,f). The generation of a helicoidal or spiral shape is 
dictated by the aspect ratio of the sample. Moreover, the thermo-
mechanical response can also be harnessed in other geometries41,60 
(fibres, particles) to extend, and in some ways amplify, the nascent 
thermomechanical response to generate actuation.

Photomechanical effects
A variety of approaches have been used to generate large-scale and 
efficient transduction of light into work61–66. Yet despite consider-
able effort, the direct conversion of light into large-scale mechani-
cal output (typically measured as strain) was limited to less than 
1% in photoresponsive amorphous or semicrystalline polymeric 
materials67,68. In 2001, large-scale optically generated and revers-
ible strain of as much as 20%69 was achieved in an LCE functional-
ized with azobenzene (azo-LCE; Fig. 4g). Subsequent examinations 
have reported increases in strain to 100%, and explored variations 
to mesogen connectivity23,70, the inclusion of guest dopants71, cor-
relations to phototropic phase behaviour72,73, and theoretical treat-
ments74–78. It should be noted that this body of work initiated a 
renaissance in the pursuit of light-to-work transduction not only in 
LCEs and LCNs, but also in crystalline solids79,80 and conventional 
polymeric materials66.
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Figure 1 | Liquid crystal polymers, polymer networks and elastomers. a, Liquid crystal polymer (LCP) is a term historically used to refer to high-
performance polymeric materials, such as Vectra (chemical structure, right), that form liquid crystalline phases. These materials are typically linear 
polymers, with melting temperatures (Tm) around or exceeding 300 °C and moduli (E) that can exceed 100 GPa, that undergo minimal change in order 
(ΔS) on heating. b, ‘Glassy’ liquid crystal polymer networks (LCNs) are moderately to densely crosslinked, and most often formed from the polymerization 
of mesogenic (meth)acrylate monomers, which yields glassy polymers that can retain distinctive optical or mechanical properties. These materials have 
glass transition temperatures (Tg) in the interval 40–120 °C and moduli of approximately 1–2 GPa, and on heating can exhibit moderate changes in order. 
c, Liquid crystal elastomers (LCEs) are a subclass of LCNs for which the polymer backbone is commonly polysiloxane and the crosslink density is low. 
Accordingly, subjecting these materials to appropriate stimuli can generate large changes in the order parameter that yield large strains. Red dots indicate 
crosslinks, and blue rectangles indicate either main-chain or side-chain mesogenic moieties. Representative chemical formulas are shown (right).
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The directionality of the bend of a cantilever made of a glassy 
LCN can be regulated by orienting the linear polarization of an 
ultraviolet light source to the axes of the film81 (Fig. 4h). Because 
of the large concentration of azobenzene in most LCN composi-
tions examined to date, the strong absorbance of the material local-
ized the response to the surface, resulting in bending. Subsequent 
examinations of LCN materials have explored mechanical control 
with the intensity82–84, polarization81,85 and wavelength82,83,86 of light. 

Oscillatory responses87,88 have been realized in these materials as well 
(Fig. 4i), and the dependence of the oscillation on the exposure con-
ditions, polarization and sample thickness has also been described88. 
Moreover, the frequency of the observed oscillation matches the 
expected resonant frequency of the cantilever87. Key to the genera-
tion of oscillatory responses is the employment of focused irradia-
tion, which can allow the front and back surface of the cantilever to 
deflect into and out of the light. The contribution of photothermal 
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elasticity (regions I and III). The changes in transparency and the soft–elastic plateaus have been related to director reorientation depicted in the plot of 
order (S) versus stress. Figure reproduced with permission from: a,c, ref. 10, © 2013 Walter De Gruyter; b, ref. 28, Wiley; d, ref. 20, Oxford Univ. Press.
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heating was alluded to in these works, and then further clarified in 
subsequent studies using thermal imaging83. Notable recent efforts 
in the general area of photomechanical responses in glassy LCN 
materials include the preparation and photomechanical charac-
terization of fibres89, the inclusion of upconverting nanoparticles to 
allow for infrared-triggered responses90, bidirectional actuation85,91, 
shape memory92, and the systematic examination of the role of 
crosslinkers on the generation of strain86,93–95.

In addition to in-plane bending, ‘flexural–torsional’ (that is, 
bending and twisting) deflections have also been examined81. 
Polarization-controlled twisting85, also in conditions that induce 

both static83,86 and oscillatory96 deflections, has been demonstrated 
as well. Yet, the magnitude of the twisting is limited in conventional 
domain orientations.

Taking advantage of the ability to spatially and hierarchically 
manipulate the orientation of anisotropy in LCN materials to gen-
erate desired effects, a five-order-of-magnitude enhancement in 
work generation has been achieved for azo-LCNs prepared in the 
planar orientation with respect to azo-LCNs prepared with hier-
archical structures (such as splay or twisted nematic)84,97. In addi-
tion to enhancing the magnitude of planar deflections, hierarchical 
LCN structures also enhance the magnitude of flexural–torsional 

Figure 3 | Liquid crystal monomers and polymer networks. a, Chemical structures of common liquid crystal monomers. The efficiency of the chiral 
monomer to induce twist is referred to as helical twisting power, or HTP. Labels below the structures correspond to trade names (left) and denote phases 
and transition temperatures (right; Cr, crystalline; N, nematic; I, isotropic; CH, cholesteric). b, The thermal expansion coefficient, α, of liquid crystal 
networks is anisotropic in sign. The magnitude of α depends not only on the length of the aliphatic spacer unit, x, but also on the preparation conditions 
(polymerization temperature, Tp) and the thermotropism of the mixture (clearing temperature, Tc). The thermal expansion coefficients correspond to 
a series of LCNs prepared from the chemical structure shown, and with variations in the aliphatic spacer length (x) as well the presence of a methyl 
substituent to the mesogenic core (R). The dashed lines indicate a fit of this data. Panel b adapted with permission from ref. 55, Wiley.

O
O

O
O(CH2)5O CN

JL129, SLO4151

Cr-(N-44)-76-I

Cr-69-CH-97-I (HTP ~6 µm–1)

RM23

O
O

O
O O

O O
O

 CH2  x

b

a

O R

O

O OO O

OO

 CH2  x OO

500

400

300

200

100

0

–100

–200

–300
200

x R Tp /Tc

6 CH3 0.86
6 CH3 0.96
6 H 0.86
6 H 0.96
3 CH3 0.86
3 CH3 0.96

250 300
T (K)

α 
(p

pm
 K

–1
)

350 400 450

α||

α||

α

α

α

α = 1
L0 P

дL
дT

O O

O O

O O
O(CH2)5OO(CH2)6O

C6M, RM82 Cr-86-N-116-I

O O

O O

O O
O(CH2)3OO(CH2)3O

C3M, RM257 Cr-73-N-129-I

REVIEW ARTICLENATURE MATERIALS DOI: 10.1038/NMAT4433

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4433


1092 NATURE MATERIALS | VOL 14 | NOVEMBER 2015 | www.nature.com/naturematerials

responses, as exemplified by reports of photoinduced twisting and 
shape formation in twisted nematic films98,99 (Fig. 4j).

Remote heating
In addition to employing photochemistry, contactless actuation 
of LCN materials can be also be accomplished directly or indi-
rectly through absorptive heating with either optical or magnetic 
stimuli. Distinguishing photochemical mechanisms from photo-
thermal contributions (if any) is a consistent endeavour86,72,73,100–104. 

However, a number of recent reports intentionally hybridized 
photo mechanical and thermomechanical effects through the addi-
tion of guest materials that are efficient heat-transfer agents. In this 
regard, the preparation of an LCE composed with carbon nanotube 
(CNT) additives initially focused on enabling electro mechanical 
effects in these systems105. Building on work in non-liquid- 
crystalline systems106–109, photomechanical effects in composites 
of CNTs and LCEs were later reported110–117. Although the energy 
transfer is indirect (that is, light to heat to work), the effects can be 

0°

–135°
–45°

–90°
365 nm

365 nm

365 nm

365 nm

hν

>540 nm

>540 nm

>540 nm

>540 nm

a b c d

f

i

e g h

j

0.22

0.22
0.20
0.18
0.16
0.14
0.12
0.10

0.08
0.06
0.04
0.02
0.00

0.20

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00
0 10 20 30 40

0 50 100 150 200 250

50
Time (min)

Start position

Azo-LCN

Light beam

Oscillation angle

Holder

φ

C
on

tr
ac

tio
n 

fra
ct

io
n

60 70 80 90

dL dR

UV (λ = 365 nm)

Visible light

Figure 4 | Bends, twists and turns in liquid crystal polymer networks. Representation of changes in LCN or LCE dimensions on exposure to an order-
disrupting stimuli. a–d, Planar uniaxial (a), cholesteric (b), twisted nematic (c) and splay (d) director profiles and their deformations corresponding to 
a decrease in the order parameter. e,f, Offsetting the nematic director to the principal axes of the sample can generate shear, which has been observed 
on heating in LCN materials. The handedness of the twisting (left or right) of the material is dictated by the material’s chirality across the sample 
thickness. The films are approximately 6–10 mm in length and 0.5–2 mm in width. g, Photomechanical effects for LCEs (25 °C, asterisks; 30 °C, circles; 
35 °C, triangles; 40 °C, squares) and LCNs. Inset: The relaxation of the photogenerated strain in the dark at 25 °C. h, Photodirected bending of a LCN 
film on irradiation with linearly polarized 365-nm light. The orientation of linearly polarized light (0°, −45°, −90°, −135°) dictates the directionality of 
the deflection of the samples. Subsequent irradiation with light of wavelength greater than 540 nm flattens the film. i, In appropriate optical conditions, 
irradiation with blue–green light can initiate oscillations87. The cantilever length is 5 mm. j, Light can also be used to introduce both left (dL)- and right (dR)-
handed spirals in a photoresponsive LCN99. The films are more than 10 mm in length. Figure reproduced with permission from: e, ref. 58, NAS; f, ref. 57, 
Wiley; g, ref. 69, APS; h, ref. 81, Nature Publishing Group; i, ref. 87, RSC; j, ref. 99, Nature Publishing Group.
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triggered with white light and infrared sources. The absorption of 
photons by CNTs or other broadband absorbers, such as graphene, 
is radiated as heat, and heat transfer triggers thermomechanical 
effects (local strain) in the polymer network. Methods to homo-
geneously disperse CNTs into LCEs and other matrices have been 
shown, and the benefits of adding CNTs, for example, increased 
toughness and conductivity105,110,114,115, have also been documented. 
Cantilever bending has been used to visualize the response of 
these materials111.

Magnetic actuation has also been harnessed in elastomeric 
and glassy LCNs with magnetic nanoparticles to allow for remote 
actuation118–121. For a review, see ref. 122.

Stimuli-responsive topographical effects
One of the distinguishing features of LCN materials, when com-
pared with the large number of functional polymers developed 
to date, is the ability to prepare films that are homogeneous in 
composition but heterogeneous in mechanical response. We 
conclude this review of stimuli-responsive LCN materials with a 
summary of recent work on the programming of local aniso tropy 
in LCN materials to yield spatially complex shape-changes or 
surface-variations.

LC materials can spontaneously organize, or can be forced to 
align. Polymerization of mixtures composed of liquid crystalline 
monomers has been shown to lock this complex orientation in 
monolithic form. This is most plainly evident in LCNs that retain 
the twisted nematic and splay orientations or the cholesteric 
LC phase (Fig.  4b–d). In each of these geometries, the director 
rotates across the sample thickness. Because of the association 
of the thermomechanical or photomechanical responses and the 
anisotropy of LCN materials, these geometries can be thought of 
as monolithic analogues to those of functionally graded compos-
ites. In combination with lateral (x–y axis) alignment techniques, 
such as rubbing, electric field or photoalignment, polymeric 
films can be prepared with domain variations across the sam-
ple thickness (z axis) so as to achieve complex topographical 
surface deformations123–127.

One approach for the generation of spatially resolved variations 
in the order and orientation of LCNs employs the electro-optic 
response of materials (Fig. 3a) and electrode patterning123–125. The 
generation of topographical surface features in LCN films through 
this method has been recently reviewed127. The use of light to 
remotely trigger topographical features in LCN materials is illus-
trated in Fig.  5a,b. Using a two-step polymerization process and 
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Figure 5 | Reconfigurable topography. a, Monolithic polymer coatings prepared from LCNs change topography with irradiation by light123–125. The polarization 
micrograph shows alternating stripes of a perpendicularly oriented LCN next to an area with a planar chiral-nematic order. On actuation with ultraviolet light 
the planar chiral areas expand, whereas the perpendicularly oriented area contracts, resulting in a regular surface profile. The process is reversible. b, When 
the axis of the helices of the chiral-nematic LCN are oriented parallel to the surface, a fingerprint pattern that switches from planar to homeotropic is formed, 
which when subjected to a stimulus, induces a corrugated surface roughness. c,d, Spatial variation in the local orientation of twisted nematic domains within 
LCN materials has been shown to generate complex mechanical responses on heating, including ripples (c, top right)57, localized curling (c, bottom right)57, 
and localized ridges (d)128. In c, the blue squares denote a planar nematic region and the red squares denote a twisted nematic region in the LCN films. RT, 
room temperature. Figure reproduced with permission from: a, ref. 124, Wiley; b, ref. 123, Wiley; c, ref. 57, Wiley; d, ref. 128, Wiley. 
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electric fields, the LCN material maintains alternating regions of 
homeotropic and planar boundary conditions. Owing to the peri-
odic variation of the director profile in the chiral nematic regions, 
large surface features have been reported with heat, light and 
chemical stimuli. Photoalignment patterning can also be used to 
prepare LCN films with alternating regions of monodomain and 
twisted nematic orientation (Fig.  5c,d). On heating through Tg, 
the films exhibit complex deformation, in which the monodomain 
region remains flat and the twisted nematic regions ripple and curl 
(Fig. 5c)57. Patterned twisted nematic LCN materials have recently 

been shown to exhibit large-scale, accordion-like actuation as 
well128 (Fig. 5d).

Motivated by theoretical work129–133 (Fig. 6a), distinctive shape 
and surface features in LCN films with topological defects have 
been achieved. In an initial demonstration (Fig.  6b), LCN films 
containing a heat-transfer dye were prepared with central-point 
defects of charge +1/2, +1, −1/2 and −1, as well as combinations 
thereof 134. Defects (Fig.  6c) and arrays of defects (Fig.  6d) with 
strengths ranging from ±0.5 to 10 have demonstrated rich and 
diversified photo induced topographical features135.
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Figure 6 | Topography from topological defects. a, Theoretical examination129 of LCNs predict conical and anticonical deformation of topologically 
imprinted defects of +1 strength. b, Schematics illustrating the nematic-director orientation of +1 radial and azimuthal defects, and experimental 
realization134 of the predicted deformations in LCNs (film approximately 10 mm in diameter). c, Preparation and characterization of films subsumed with 
topological defects ranging from –5/2 to +5/2 in strength. Top row: Polarized optical micrographs confirming the charge strength as well as centre of 
the point singularity. Middle row: Illustration of the photoinduced mechanical response of the films on irradiation with UV light. Bottom row: Imaged 
photoinduced mechanical response135. The diameter of the films is 1 cm. d, Arrays of 41 +2 or +4 topological defects can be actuated to generate periodic 
topographical surfaces135. e, Enabled by the formulation of chemistry conducive to photoalignment techniques employed in b–d, LCE films were prepared 
with a 3 × 3 array of +1 radial defects137. The increase in strain to 60% substantially increases the deflection of the tip of the conical deformations to as 
much as 5 mm. Figure reproduced with permission from: a, ref. 129, APS; b, ref. 134, Wiley; c,d, ref. 135, Wiley; e, ref. 137, AAAS. 
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Recent efforts have extended preparation methods to programme 
LCEs136. Very recently, LCE materials were prepared in cells that are 
sensitive to photoalignment137, and very large conical deformations 
were shown to be capable of generating as much as 2.5 J kg−1 in work 
(Fig. 6e)137. Furthermore, the ability to spatially pattern (voxelate) 
local regions of the material was employed to prepare a self-folding 
Miura-ori origami pattern137.

Outlook
To project the future opportunities for stimuli-responsive LCNs 
and LCEs, it is important to distinguish the materials’ novel fea-
tures with respect to the broader literature on stimuli-responsive 
materials and on active mechanisms in conventional materials 
and actuators. Compared with peer material technologies, such 
as shape-memory polymers, electroactive polymers and other 
responsive materials, stimuli-responsive LCNs and LCEs have 
many similarities as well as some advantages and disadvantages. 
For instance, both LCNs and LCEs are capable of exhibiting either 
shape-fixing (shape memory)43–45,57,92,138–141 or shape-restoring 
(artificial muscle)10,23–25,37–39 responses. Within the larger stimuli-
responsive polymeric literature, both of these properties have 
been identified as potential enablers to the realization of novel 
biomedical devices, soft robotics and morphing structures. The 
ability of LCNs or LCEs to self-organize to form materials of 
homogeneous composition with spatial variation of the mechani-
cal response (evident in the localization of planar or hierarchical 
domain orientations in Fig. 5c,d, or topological defect structures 
in Fig. 6a–e) is not simple to emulate in other stimuli-responsive 
materials. Key to enabling the distinctive ability to generate spatial 
variation in the directionality and hierarchical orientation in LCN 
materials are surface-alignment methods, which can involve rub-
bing, magnetic fields and light (photoalignment). Magnetic-field 
alignment has recently been used to prepare a dynamic aperture142. 

Photoalignment methods offer the potential for elaborate spatial 
control to form volume elements (voxels), analogous to the pixela-
tion of LC displays137. The generation of shape-changes or dynamic 
topographical features has potential uses in micro fluidics143,144, 
flow control144, solar-energy harvesting87,145–147 and haptic dis-
plays112–114,148,149 (Fig. 7).

Many reports to date have discussed the potential use of these 
materials in actuation. Yet it is critical to define what is meant by 
actuation. Sometimes actuation is meant to simply imply motion. 
Others define an actuator as a system in which the stimuli- responsive 
element is but a small part of a larger system composed of amplify-
ing elements and other mechanisms. Regardless of the definition, 
the term actuation implies purpose. One significant challenge is the 
extension of the basic understanding of the chemistry and physics 
of these materials, and their responses to stimuli, to what and how 
these can enable distinctive performance when in the hands of a 
mechanical designer. Towards this end, it is important for individu-
als in the community to engage and partner with peers in mechanics 
to frame and articulate potential end uses that will ultimately guide 
the materials development and characterization processes. In this 
respect, an excellent resource is the Ashby plots150.

Stimuli-responsive liquid-crystalline polymer networks offer a 
promising means to generate useful functional devices. As detailed 
in this Review, a diverse range of responses have already been 
reported with a number of stimuli. Building on the foundational 
knowledge of the response of these films, future work exploiting the 
ability to pattern the director profile of these materials to generate 
engineered materials without creases or interconnections shows 
promise in a range of applications in haptic displays, lab-on-chip, 
aerospace and optics.
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Figure 7 | Communicating through touch. Haptic-display principle based on the selective actuation of an elastomeric LCN prepared with carbon nanotube 
(CNT) additives148. a, The elastomeric LCN contracts when a light source switches on, leading to a flat surface. b,c, Preparation of the perforations by 
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blisters (inset) could be used in applications, such as a dynamic Braille display. Figure reproduced with permission: a,b, ref. 148, IOP. 
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