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The intrinsic properties of materials can be sensitive 
to external stimuli. This stimuli-​responsiveness is a 
burgeoning area of research, in particular, for mate-
rials systems that emulate machines by transducing 
energy inputs into mechanical output1. More than  
50 years ago, Pierre-​Gilles de Gennes predicted that 
polymeric materials retaining liquid crystallinity would 
exhibit sizeable stimuli response comparable with the 
cooperative expansile–contractile response of a mus-
cle fibre2,3. These compelling predictions motivated the 
synthesis of elastomeric polymer networks that retain 
liquid crystallinity4–6. These liquid crystalline elastomers 
(LCEs) are crosslinked polymer networks, whose stim-
uli response is associated with the disruption of order 
within the polymer network. Liquid crystallinity was 
initially preserved in local domains within the polymer 
networks; however, collectively, the domain orientations 
were random (that is, polydomain) (Box 1). Subjecting 
these materials to processing (for example, mechani-
cal deformation) during polymerization allowed the 
stabilization of a ‘single-​crystal’ orientation (that is, 
monodomain) of the LCE7. The cooperative and revers-
ible deformation enabled by the coordinated stimuli 
response of monodomain LCEs confirmed de Gennes’ 
predictions.

The interplay of materials chemistry, processing, 
alignment and stimuli response remains a common 
theme in LCE research. Responses to deformation, 
both expected and peculiar (such as striping)8, moti-
vated theoretical research culminating in the detailed 
physical description of these materials9,10. Robust 

composition–structure–property correlations11 have 
established the crucial importance of variables such 
as the degree of crosslinking, mesogen connectivity, 
domain orientation and phase. Two salient features of 
LCEs are particularly interesting from a materials sci-
ence perspective, that is, large deformations (up to 400% 
strain) triggered by stimuli exposure (typically heat) 
and nonlinear deformation to mechanical load (often 
referred to as soft elasticity). The resurgence in LCE 
research is, in part, attributable to advances in materials 
chemistry and processing (for example, alignment) of 
LCEs that are broadly accessible to materials chemists, 
physicists and engineers12,13, motivating the consid-
eration of LCEs for applications in robotics14, optics15, 
health16,17 and consumer goods18 (Fig. 1).

In this Review, we discuss recent developments in 
LCE materials chemistry and materials processing, 
framed within a historical context. After introducing 
the mechanics and stimuli response of LCEs, we detail 
synthetic approaches to prepare LCEs grouped by how 
orientation is imparted to the material: mechanical 
alignment, surface-​enforced alignment, field-​assisted 
alignment and rheological alignment (3D printing). The 
Review concludes with an outlook to emerging research 
foci, unmet challenges and future opportunities.

Mechanics of liquid crystalline elastomers
LCEs are crosslinked polymer networks with poly-
mer chains composed of a high concentration of rigid, 
rod-​like segments based on interconnected aromatic or 
cyclohexyl rings. These rod-​like molecular segments are 
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referred to as mesogens. Mesogens can be integrated into 
the main chain or the side chain of the polymer net-
work (Box 1). Liquid crystallinity is based on the inter-
molecular interactions between mesogens (π-​stacking, 
dipole–dipole interactions). The intermolecular interac-
tions of mesogens are retained within polymer networks 
and the mesogen‒mesogen interactions can introduce 
local order. Notably, liquid crystallinity is retained in the 
polymer networks; however, the morphology is localized 
with micrometre-​sized domains, unless the network is 
subject to an aligning field.

This Review is organized around four approaches to 
enforce global alignment to LCEs. Here, we define align-
ment as the application of an external force (mechani-
cal, chemical, electromagnetic or rheological) to achieve 
collective orientation of the liquid crystalline segments 
in the polymer network. The orientation of liquid crys-
tals (and LCEs) is directionally specified by an axial 
unit vector, that is, the director n. The relative degree of 

orientation of LCEs is defined by the order parameter S, 
which underpins the amplified stimuli-​induced mechan-
ical response and the distinctive nonlinear deformation 
of these materials to load.

Stimuli-​induced mechanical response
The order retained in LCEs can be disrupted by exposure 
to stimuli. Embedded in the predictions of de Gennes2, 
the decrease in orientational order with increasing tem-
perature amplifies the relative magnitude of the material 
response, compared with conventional polymeric mate-
rials. The chemistry used to synthesize LCEs substan-
tially influences the magnitude and rate of mechanical 
response; however, the fundamentals of the mechanics 
are largely agnostic to the composition of the material. 
The alignment of mesogens in the network (typically  
in the nematic phase) most commonly results in a pro-
late configuration of polymer chains within LCEs (Box 1).  
In some cases, usually in LCE compositions prepared 

Box 1 | Liquid crystalline elastomers

Low-​molar-​mass LCs to LCEs:
Liquid crystals (LCs) of the calamitic type are 
thermotropic. Upon heating, they can transition from 
ordered (smectic, nematic) to disordered (isotropic)  
or ordered to less ordered (smectic to nematic). The 
rod-​like mesogens in LCs are oriented along a director (n). 
The addition of reactive functional groups (such as 
acrylates, thiols or epoxides) onto the mesogens  
allows polymerization, resulting in crosslinked polymer 
networks that retain liquid crystallinity with mesogens 
within the main chain, side chain or as side-​on pendants 
(see the figure, panel a).

Monodomain and polydomain:
The nematic phase is commonly retained in liquid 
crystalline elastomers (LCEs). The polydomain orientation 
of nematic LCEs is defined by local domains of nematic 
order (described by directors) that are macroscopically 
unaligned. When alignment is enforced, nematic LCEs can 
be described as monodomain. Monodomain LCEs have  
a common director that defines the orientation of the 
mesogens in the polymer network (see the figure,  
panel b).

Prolate, oblate and spherical:
The polymer chain configuration in a monodomain 
nematic LCE can take the form of a prolate or oblate 
ellipsoid. Oblate chain configurations, although rare, are 
typically realized in compositions with high side chain 
mesogen content. The isotropic configuration is spherical.  
The disruption of chain configuration by heat (or light) 
results in a dimensional change in the polymer chain 
configuration that produces the exceptional contraction 
and extension response in LCEs (see the figure, panel c).

Orientation:
Depending on the surface treatment and alignment 
method, mesogens within LCEs are anchored  
parallel (planar) or perpendicular (homeotropic) to  
the alignment surface. The planar or homeotropic 
orientation can perpetuate through the thickness of the 
film. Through-​thickness variation can also be realized in 
twisted nematic or splay orientations between surfaces 
with different anchoring orientations (see the figure, 
panel d).
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with significant side chain mesogen concentrations, 
the polymer chain configuration is oblate (Box  1).  
In general, the liquid crystalline segments within the 
polymer network are inherently thermotropic, akin  
to low-​molar-​mass liquid crystals7. Subjecting LCEs to 
heat disrupts the alignment of the mesogenic segments, 
causing the LCE to undergo an order‒disorder transi-
tion. The local prolate (or oblate) polymer chain config-
uration transitions to a spherical configuration (Box 1) 
upon heating. As in low-​molar-​mass liquid crystals, heat 
introduces kinetic energy to the molecules. Eventually, 
the LCE reaches a temperature at which the strength  
of the intermolecular forces is reduced by an increase in 
molecular motion and decrease in proximity, resulting 
in near-​complete isotropy. This disruption of aligned 
liquid crystalline phases is the root cause of the compar-
atively large contractile strain evident in monodomain 
LCEs compared with conventional polymeric materials, 
and, further, imparts a directionality to the mechanical 
response. The largest dimensional change in the chain 
configuration of the polymer network is parallel to the 
director orientation of the liquid crystalline phase (Box 1).

The magnitude of mechanical deformation depends 
on the orientation of the polymer network and the 
influence of the applied stimulus on order. LCEs can 
generally be considered crosslinked liquid crystalline 
polymers. However, the stimuli response of LCEs is dif-
ferent than in highly crosslinked and glassy polymers 
prepared by polymerization of high concentrations of 
multifunctional liquid crystalline monomers, referred 
to as liquid crystalline networks (LCNs) (Fig. 2). Within 
the broader classification of crosslinked liquid crystal-
line polymers, the magnitude of the stimuli response 
is coupled to an increase in molecular weight between 
crosslinks (MWc), which corresponds to an increase in 
chain mobility in LCEs19,20 (Fig. 2). Correspondingly, the 
stimuli response of LCNs is characterized by a limited 
decrease in order parameter and actuation of 5% strain 
or less. Comparatively, the mobility of polymer chains in 
LCEs is typified by a near-​complete disruption of order 
and strain values from 40% to 400%.

The mechanical response of LCEs can also be induced 
by other stimuli. For example, additives can sensitize 
(nano)composite LCEs to indirectly convert optical21, 
magnetic22 or electrical23,24 inputs into heat to induce a 
thermotropic response (Fig. 3a). Introducing photochro-
mic constituents can impart isothermal phototropic 
phase behaviour to low-​molar-​mass liquid crystals25,26. 
For example, irradiating azobenzene-​functionalized 
LCEs with ultraviolet light produces a photomechan-
ical response27 associated with the photoisomeriza-
tion of azobenzene from the rod-​shaped trans isomer 
to the bent-​shaped cis isomer (Fig. 3b). The change in 
molecular shape disrupts the order within the network. 
Electromechanical effects have also been extensively 
examined in LCEs28, and the compelling directional 
electromechanical effects are associated with the aniso-
tropy in material stiffness, rather than with the disrup-
tion or reorientation of the mesogens within the polymer 
network29–31 (Fig. 3c).

The directionality of the mechanical response of LCEs 
has long been limited to uniaxial deformation. However, 

the development of materials chemistries amenable to 
processing methods, such as surface-​enforced alignment 
or 3D printing, have enabled the preparation of LCEs 
with spatial variation of the liquid crystal director ori-
entation. Informed by predictions32, reversible 3D shape 
transformations can be programmed during synthesis to 
transduce energy inputs into motion14, actuation33 and 
shape morphing34. As with the uniaxial deformation of 
LCEs19, subjecting patterned LCE materials to a stimu-
lus reversibly transforms the material from one shape  
(typically flat) to another (typically 3D) (Box 2).

Stress-​induced mechanical response
The molecular origins of the elastic deformation of elas-
tomeric polymer networks are well understood35. The 
orientation of polymer chains within LCEs introduces 
differentiated mechanical deformation to load in that 
the stress–strain response to load is highly nonlinear. 
This was first observed in LCEs retaining polydomain 
orientation (that is, an LCE with local but not global 
alignment)36. The material maintains a linear relation-
ship between applied stress and deformation until a 
threshold strain is reached, upon which a stress plateau 
is observed, often described as soft elasticity37 (Fig. 4a). In 
this regime, small increases in applied stress can result 
in large changes in deformation (strain). Physically, the 
macroscopically unaligned domains in the material 
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Fig. 1 | Liquid crystalline elastomers as functional 
materials. Liquid crystalline elastomers have been explored 
for functional use in energy dissipation of impact as a 
helmet lining, robotics, optics, actuation and health. Helmet 
lining image courtesy of University of Colorado Denver. 
Robot reprinted with permission from ref.14, AAAS.  
Optics adapted with permission from ref.15, Wiley. Actuation 
adapted from ref.33, CC BY 4.0 (https://creativecommons.
org/licenses/by/4.0/). Health science reprinted with 
permission of AAAS from ref.17. ⓒ The Authors, some rights 
reserved; exclusive licensee AAAS. Distributed under a CC 
BY-​NC 4.0 License (http://creativecommons.org/licenses/
by-​nc/4.0/).
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cooperatively orient along the loading direction. The 
reorientation of the director within these domains 
introduces nonlinearity to the stress–strain curve. Once 
the domains are collectively aligned to the loading  
axis, the material transitions from the soft elastic plateau 
and hardens to applied stress.

The mechanical deformation of aligned LCEs is 
also highly anisotropic38 (Fig. 4b). When a monodo-
main (aligned) LCE is stretched parallel to the nematic 
director, the stress–strain curve is linear and described 
by classical rubber elasticity. However, when an LCE 
with monodomain orientation is loaded perpendicu
lar to the nematic director, the material also exhibits 
soft elasticity and eventually transitions into a strain-​ 
hardening regime. An LCE in the homeotropic orienta-
tion (Box 1) exhibits soft elasticity to loading in all axes 
(omnidirectional) orthogonal to the director, because 
mesogen alignment is orthogonal to the planar loading  
axis39 (Fig. 4c).

The stress‒strain response of LCEs can be consider-
ably influenced by compositional variables, including 
the degree of crosslinking and the viscoelastic nature 
of the polymer backbone (for example, polyhydrocar-
bon or polysiloxane). The phase in which the polymer 
network is prepared (for example, ‘genesis’) can differ-
entiate the mechanical response of LCEs in the poly-
domain orientation40. The distinct mechanical response 
of polydomain LCEs with isotropic or nematic genesis 
has been theoretically explained by the elastic mem-
ory associated with the formation of crosslinks in the  
polymer networks41.

The cooperative mechanical alignment of liquid 
crystalline mesogens within polymers can also contrib-
ute to the mechanical response observed in amorphous 
elastomeric materials prepared with appreciable liquid 
crystalline content. Upon deformation, these materials 
exhibit mechanotropic phase transitions42; although 
amorphous (isotropic) upon polymerization, mechan-
ical deformation of the material induces alignment of 
the liquid crystalline content, causing the formation 
of a nematic phase. The amorphous polymer network 
architecture enables rapid recovery compared with the 
elastic recovery of polydomain LCEs. This phenomena 
has been explored for photoelastic strain sensors43 and 
is elastocaloric in nature.

The soft elastic and anisotropic deformation phe-
nomena in LCEs can be exploited to spatially program 
local deformation to a global stress (load). Deformation 
in LCEs can be localized by patterning director orien-
tation in monodomain nematic LCEs44, homeotropic 
and planar regions in LCEs39 and polydomain genesis in 
LCEs45. These strategies may, for example, be applied to 
ruggedize flexible electronic devices46.

The sizeable stimuli-​induced mechanical response 
and the nonlinear deformation of LCEs are associated 
with cooperative orientational changes in the polymer 
chains. The underlying physics of the stimuli response 
of LCEs are largely agnostic to the materials chemis-
try and materials processing. However, the approach 
to preparing these materials is paramount in dictating 
the magnitude and rate of response and determines the 
accessibility of materials preparation to non-​chemists, 
as well as the potential for scale-​up. The programma-
bility of the stimuli response or deformation of LCEs 
depends on the compatibility of the materials chemis-
try with surface-​enforced, field-​assisted or rheological  
alignment.

Mechanical alignment of liquid crystalline 
elastomers
Mechanical alignment is the most common approach 
to preparing oriented LCEs, sometimes referred to as 
the ‘Finkelmann method’, and was first reported for the 
preparation of aligned polysiloxane LCEs7. Mechanical 
alignment of LCEs has since been extended to other 
chemistries13. In general, the mechanical alignment of 
LCEs is predicated on a two-​step reaction: LCE compo-
sitions are first partially polymerized and subjected to 
load to bias (align) chain conformation along the load-
ing axis, and then fully polymerized in the loaded state to 
arrest the aligned chain configuration (Fig. 5a,b).
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networks (LCNs) include molecular weight between crosslinks (MWc), glass transition 
temperature (Tg) and modulus. The relative increase in polymer chain mobility allows 
LCEs to undergo a sizeable change in order. b | The relative increase in mobility 
increases the extent and rate at which the order parameter is affected by stimuli  
(here, temperature).

www.nature.com/natrevmats

R e v i e w s

26 | January 2022 | volume 7	



0123456789();: 

Polysiloxanes by hydrosilylation
The original procedure to prepare aligned LCEs employed 
a two-​step hydrosilylation reaction to form a polymer 
network composed of side chain mesogens7 (Fig. 5c).  
This approach has been widely applied to prepare mono
domain LCEs. The reaction occurs by hydrosilylation of 
liquid crystal monomers and crosslinkers with a linear 
polysiloxane in the presence of a platinum catalyst7. 
The initial reaction produces a weakly crosslinked poly
mer network as the vinyl liquid crystal monomers are 
initiated and incorporated into the developing polymer 
network. The preparation of LCEs by this reaction com-
monly exploits kinetic differences in the reactivity of two 
distinct crosslinkers. The faster-​reacting polymerization 
of functional groups of one crosslinker forms a weakly 
crosslinked polymer network, which is then defor
med under constant load to align the polymer chains.  
While under load, the polymerization reaction is restar
ted to complete the polymerization of the remainder of 
the slower-​reacting crosslinker to form a robust, crosslin
ked polymer network. After the load is released, the 
LCE maintains the mechanically induced monodomain 

alignment. Cyclic siloxane can be copolymerized with 
multifunctional liquid crystalline monomers to prepare 
main chain LCEs by hydrosilylation47.

Chain extension of liquid crystalline monomers
Hydrosilylation reactions rely on non-​commercially 
available materials and a nuanced, catalysed polymeri-
zation reaction. Alternatively, chain-​extension reactions 
can be used to produce LCEs12,13, including aza-​Michael 
addition of diacrylate liquid crystalline monomers with 
primary amines12 (Fig. 5d) and thiol-​Michael addition of 
stoichiometrically excess diacrylate liquid crystalline 
monomers with thiols13 (Fig. 5e). Both approaches are 
predicated on commercially available liquid crystal-
line monomers and photoinitiated polymerization48. 
Initially, the preparation of LCEs by chain extension 
focused on surface-​enforced alignment; however, this 
chemistry is also amenable to mechanical alignment. 
Similar to LCEs based on polysiloxanes, LCEs prepared 
by thiol-​Michael chain-​extension reactions retain orien-
tation upon removal of the load and undergo a two-​step 
polymerization based on orthogonal initiation mech-
anisms. This chemistry has proven to be an accessible 
and increasingly popular approach to prepare LCEs. The 
formation of semi-​crystalline domains in LCEs prepared 
with this reaction increase toughness and the relative 
force of actuation49. The reaction of acrylates and certain 
dithiols (Fig. 5f) include some chain extension, as will be 
described later; however, the formation of the polymer 
network is primarily related to a chain transfer.

Dynamic covalent chemistry
The incorporation of dynamic covalent chemistries 
(DCCs) into polymer networks for the preparation 
of covalent adaptable networks is an emerging area in 
chemical research50. Various DCC motifs have been 
incorporated into LCE compositions to enable mechan-
ical alignment. Similar to mechanical alignment by 
two-​step reactions (that is, hydrosilylation and chain 
extension), stimuli exposure can break and reform 
labile covalent bonds in LCEs subject to mechanical 
load. Upon removal of the stimulus while the material 
is subject to load, the material retains the mechanically 
programmed orientation. Initially, catalysed epoxide 
polymerization was used in LCEs51. Enabled by trans-
esterification reactions, polydomain LCEs (formed in 
a one-​step polymerization) are aligned by mechanical 
load at high temperatures and they retain this alignment. 
Transesterification52–54, allyl sulfide55 or polydisulfide56 
DCCs also allow mechanical alignment. Moreover, 
dynamic chemistries based on boronic esters57, 
carbamates58 and siloxanes59 have been integrated into 
LCEs. In addition to enabling the mechanical align-
ment of LCEs, DCCs also extend potential functional 
opportunities, for example, shape memory, healing and  
reprocessing or recycling50,60,61.

Surface-​enforced alignment
Mechanical alignment of liquid crystalline polymer 
chains within LCEs is a straightforward approach to 
prepare LCEs with uniaxial orientation (Fig. 6a,b); how-
ever, this alignment method may not be easily scalable. 
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Furthermore, mechanical alignment is limited in the 
achievable complexity and resolution of spatial variation 
of the liquid crystalline orientation. Most large-​area liq-
uid crystalline displays are based on surface-​enforced 
alignment. Surface-​enforced alignment techniques 
rely on the interaction of liquid crystalline molecules 
with alignment coatings (that is, command surfaces) 
that enforce orientation by topological entrapment62 to 
anchor liquid crystalline molecules near these surfaces 
(Fig. 6c). The lowest energy state f0 for an aligned nematic 
liquid crystal occurs when there is no deviation from 
the director n. For imperfectly aligned liquid crystals, or 
those with bend (K1), twist (K2) and splay (K3) contribu-
tions to the free energy through the bulk, the distortions 
contribute additional elastic energy terms according to 
the Frank free elastic energy density63:
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For liquid crystal molecules adjacent to command 
surfaces, the free surface energy is distinct from the  
bulk and originates from isotropic (surface-​tension-​ 
based) and anisotropic (anchoring energy) compo-
nents. Therefore, the total energy of a surface-​aligned 
cell includes contributions from the Frank free elastic 
energy density and the surface energies of the alignment 
cell. The presence of a magnetic or electric field also  
contributes to the total free energy of the system.

By enforcing alignment at these interfaces, the ther-
modynamic preference of liquid crystals to align with 
one another extends across distances of up to ~50 μm 
(ref.33). The interaction length is defined by the strength 
of intermolecular interaction amongst the mesogens and 
the chemical affinity of the liquid crystal media and the 
alignment material. The interplay of these considera-
tions is nontrivial, with orientational relaxation effects 
present across the volume of the cell63. Surface-​enforced 
alignment techniques are uniquely amenable to pre-
paring LCEs with through-​thickness variation in the 
orientation of the director (twisted nematic64 or splay 
orientation64,65) (Box 1) or to preparing LCEs with spatial 
variation in orientation.

Aza-​Michael addition of liquid crystalline monomers
The polymerization of liquid crystalline monomers 
to form moderately crosslinked and glassy LCNs has 
long been known to be conducive to surface-​enforced 
alignment66. Elastomeric LCNs (that is, LCEs) show size
able changes in order in response to stimuli, owing to poly
mer network mobility afforded by the large MWc (ref.20) 
(Fig. 2). Of note, surface-​enforced alignment of LCEs pre-
pared by hydrosilylation, thiol-​Michael chain extension  
or dynamic covalent chemistry has not yet been realized.

A ‘one-​pot’ preparation of ‘voxelated’ LCEs by 
surface-​enforced alignment has been reported within 
the confines of a liquid crystal alignment cell12. Here, the 
LCEs were prepared by subjecting classical liquid crystal 
diacrylate monomers to chain extension by aza-​Michael 
addition with an amine. This reaction is amenable to sur-
face alignment because the reaction originates from the 
liquid crystalline phase with a low starting viscosity and 
the kinetics of the oligomerization reaction are slow. The 
concentration of the primary amine to the diacrylate liq-
uid crystalline monomer can be varied to adjust the MWc 
while retaining liquid crystalline character. Variation of  
the MWc dictates the resulting magnitude and rate  
of the thermomechanical response20. Anecdotally, if 
the chain-​extension reaction proceeds too quickly, the 
mesogens do not strongly retain alignment, resulting in 
poorly aligned LCEs. Through the inclusion of a photoini-
tiator, the acrylate-​endcapped oligomers can be subse-
quently photopolymerized to prepare a polymer network, 
all within the alignment cell. The composition of the 
amine pendant groups can affect the thermomechanical 

Box 2 | Patterned response in liquid crystalline 
elastomers

The director orientation of liquid crystalline elastomers 
(LCEs) can be spatially patterned by surface-​enforced 
alignment, rheological alignment or field-​assisted align-
ment. One common pattern is described as a +1 topo
logical defect, in which the nematic director forms 
concentric circles around a point. When the order of the 
material is disrupted by heat or light, the local variation 
of strain is orthogonal to the nematic director and results 
in the material transitioning from a flat state to a cone. 
Relatedly, application of an electric field to an LCE  
patterned with this director profile also forms a cone but 
does so due to spatial variation in modulus, which defines 
the local direction and magnitude of deformation.

Heat

Cool

Ultraviolet

Visible

Voltage on

Voltage off

Thermotropic

Phototropic

Electromechanical

n

n

n

n

n
n

www.nature.com/natrevmats

R e v i e w s

28 | January 2022 | volume 7	



0123456789();: 

response of LCEs prepared from the aza-​Michael addi-
tion reaction67,68. This materials chemistry has also been 
employed to prepare azobenzene-​functionalized LCEs, 
including a diacrylate azobenzene comonomer69.

Photopolymerization of acrylate and thiol-​ene 
compositions
Monofunctional and difunctional liquid crystalline 
monomers can be copolymerized to increase the MWc 

in LCNs70. These LCNs are mainly composed of side 
chain mesogens and maintain glass transition temper-
atures above room temperature70. Accordingly, despite 
the reduction in crosslink density, the magnitude of their 
mechanical response is limited compared with LCEs, 
owing to the limited mobility of (typically) polyacrylate 
networks and the reliance on side chain mesogens.

The aza-​Michael addition reaction results in LCEs 
with main chain mesogens. Using appropriate amine 
concentrations, the molecular weight of the oligomeric 
precursors can be tailored to suppress the glass tran-
sition temperature to well below room temperature. 
LCEs with low crosslink density can also be prepared 
by direct photopolymerization of mixtures formulated 
from liquid crystalline monomers71,72, which requires 
minutes to synthesize LCEs. For example, a thiol-​ene 
reaction of a dithiol monomer and liquid crystalline 
monomer with diallyl ether functional groups has been 
used to prepare LCEs71. Here, the allyl ether moieties 
do not readily homopolymerize73, and, accordingly, 
the reaction proceeds primarily by step-​growth poly
merization. A diacrylate liquid crystalline included in 
the formulation contributes as a crosslinker. This LCE 
composition is amenable to surface-​enforced alignment 
and has a thermomechanical response of 160% strain20. 
Alternatively, monofunctional and difunctional thiols 
can be used as chain transfer agents to prepare LCEs72 
(Fig. 5f). Although the chain configuration of the polymer 
network is not fully understood, similar polymerizations 
have resulted in hyperbranched polymer networks74. 
Here, conventional diacrylate liquid crystalline mono
mers were mixed with thiols that could either not 
participate in chain-​extension reactions (monofunc-
tional thiols) or that are known chain transfer agents. 
Photoinitiated polymerization then results in an LCE 
with a low glass transition temperature, actuation strain 
of up to 50% and high optical quality (<0.25% haze). 
This LCE composition is based on low-​molar-​mass 
liquid crystalline monomers, and is, thus, amenable to 
surface-​enforced alignment. The same chemistry can be 
applied to layer LCEs, which achieve a work density of 
more than 20 J kg−1 (ref.33), or to realize large-​scale ther-
mochromism (thermally driven colour change) in LCEs 
that retain the cholesteric phase15. However, likely owing 
to the complicated network architecture, the mechani-
cal deformation and elastic response75 of these materials 
exhibit strain-​dependent recovery to load.

Spatial variation in orientation
Photoalignment. An important subclass of surface-​
enforced alignment is based on photoresponsive com-
mand surfaces (that is, photoalignment). Initially 
developed by the display industry to reduce physical 
contact with large, flat-​panel substrates76, a range of 
alignment materials have been explored, including 
azobenzene dyes, cinnamates and so-​called ‘linearly 
polarized polymers’77. In general, these compositions 
are cast onto a surface (typically glass). In the case of 
azobenzene, irradiation with linearly polarized blue light 
induces stochastic alignment of the dye molecules by  
the Weigert effect77,78. In some liquid crystal mixtures, the 
alignment of the dye molecules is translated to the liquid 
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crystal. Owing to spatiotemporal control of light irradia-
tion, most notably linear polarization, complex patterns 
can be imprinted into photoalignment materials79,80. 
Photoalignment has been used to prepare LCEs with 
complex director profiles, with all three chemistries 

discussed in the previous section, including imprint-
ing of images, director profiles and arrays of director 
fields12,71,72. Photoalignment is a high-​resolution and 
rapid approach to ‘voxelate’ the local alignment within 
LCEs. The resolution scales with sample thickness63. 
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Optical methods to introduce complex director profiles 
include laser rastering12, projection from a spatial light 
modulator63 and plasmonic masks81.

Localized surface rubbing. Another approach to vary the 
local orientation by surface-​enforced alignment is surface 
rubbing. Most liquid crystalline displays are prepared 
with alignment coatings subjected to macroscopic surface 
rubbing, which introduces microscopic grooves into the 
material62. The liquid crystal alignment direction n fol-
lows the orientation of these grooves. Thus, locally varying 
the orientation of the rubbing direction on an alignment 
substrate can vary the orientation of the liquid crystalline 
director. Localized surface rubbing has not been widely 
explored as an approach to introduce alignment patterns 

within LCEs. Conceivably, a master prepared by rubbing 
(for example, by atomic force microscopy)82 could be rep-
licated with moulding and scaled to prepare LCEs with 
precise topological director profiles.

Lithographic patterns. A hybrid of photoalignment and 
localized surface rubbing has been used to enforce spa-
tial variation in the alignment of LCEs. By leveraging 
photolithographic methods, light can be used to prepare 
topographically patterned substrates, which then serve 
to enforce uniaxial or complex alignment onto LCEs83,84. 
The process is predicated on patterning a negative photo
resist layer (such as SU8), which is selectively removed  
by irradiation with a resolution limit set by the wave-
length of the light85. For example, an SU8 master has 
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Fig. 6 | Alignment of liquid crystalline elastomers. a | Liquid crystalline elastomer (LCE) mixtures can be aligned  
through mechanical alignment of oligomerized or partially polymerized networks induced by a mechanical force (panel b). 
c | Some LCE compositions are amenable to surface-​enforced alignment by brushing, photopatterning or inscribing to 
guide mesogen orientation. d | Application of an electric field to cells with uniform or patterned electrodes align the liquid 
crystalline monomers to the field orientation. Indium-​tin-​oxide-​coated glass and electrodes are attached to the cell to 
enable field application across the cell. e | The orientation of liquid crystalline networks and LCEs can be enforced by a 
magnetic field.
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been replicated with a polydimethylsiloxane template. 
Complex geometries, such as microchannel or micropil-
lar LCE arrays, with precise shape change and actuation 
have been realized83,86. This approach is not exclusive 
to photolithography, and could be extended to e-​beam 
lithography. In addition to enforcing alignment a pri-
ori, imprint lithography can also be used to adjust the 
form of an already prepared LCE. For example, an LCE/
covalent adaptable network was patterned with imprint 
lithography to prepare self-​healing micropillars56.

Field-​assisted alignment
Liquid crystalline molecules align to electric and mag-
netic fields. The electro-​optic response of liquid crys-
tals is prevalent in daily life in the implementation of  
these materials in displays. Light is modulated by adjust-
ing the strength of the applied electric field, which  
orients the liquid crystals for a given pixel. As with 
displays, the basis of field-​assisted alignment is the 
anisotropy of the dielectric constant or diamagnetic sus-
ceptibility of liquid crystals. Although electrical reorien-
tation of mesogens in polymerized LCEs is technically 
achievable, it requires exceptionally high voltages above 
the dielectric breakdown voltage of many composi-
tions. Thus, field-​assisted alignment to prepare LCNs or 
LCEs requires materials chemistries that originate from 
low-​viscosity, low-​molar-​mass components.

Electric field
A prerequisite in the molecular design of liquid crystal-
line materials is the incorporation of polar functional 
groups (for example, esters, nitriles or halogens). Many 
common display modes are based on liquid crystal-
line compositions with positive dielectric anisotropy.  
The dielectric anisotropy of a liquid crystal is positive 
if the dielectric constant along the longitudinal axis 
of the molecule is greater than the value for the lat-
eral axis, inducing mesogen alignment parallel to the 
applied electric field. However, to our knowledge, all 
commercially available diacrylate liquid crystalline 
monomers have a negative dielectric anisotropy87; that 
is, the dielectric constant is greater along the lateral 
axis of the molecule, inducing mesogen alignment per-
pendicular to the applied electric field. Accordingly, 
application of an electric field across parallel-​plate 
electrodes in a conventional liquid crystal alignment 
cell strongly enforces planar alignment to these com-
positions (Fig. 6d). Monofunctional liquid crystalline 
monomers have been synthesized with polar head 
groups (such as a nitrile)6 and maintain a positive die-
lectric anisotropy. Mixing these monoacrylate liquid 
crystal monomers with diacrylate liquid crystal mon-
omers can change the average dielectric anisotropy 
of the mixture (from negative to positive), to allow 
electric field alignment of these materials into the 
homeotropic orientation, which can be retained upon  
polymerization88.

Electric-​field-​assisted alignment has been spar-
ingly used to prepare LCEs in planar and homeotropic 
orientations15,89–93. Similar to photoalignment, electrode 
patterning has been explored to spatially vary the ori-
entation (for example, planar or homeotropic)88 or even 

to distort the director profile across the material cross 
section in LCNs90. In regions of the material subjected 
to an electric field, a threshold field strength Ec must 
be surpassed to disrupt the static field-​off director field 
according to the relationship,

E π
d

K
ε ε

=
Δ

(3)i
c

0

where Ki is the Frank elastic coefficient, ε0 is the permit-
tivity of free space, ⊥ε ε εΔ = −  is the anisotropy of the  
dielectric susceptibility and d is the cell thickness94,95. 
The reorientation of liquid crystal molecules to strong 
external fields is known as the Fréedericksz transition.

An electric field can also be used to enhance the ori-
entation of liquid crystals in compositions already sub-
ject to surface-​enforced alignment15. A challenge in using 
electric fields to assist in the preparation of patterned 
LCEs is the need for reaction chemistries that either 
exhibit surface-​enforced planar alignment and positive 
dielectric anisotropy or homeotropic surface-​enforced 
alignment and negative dielectric anisotropy, such 
that application of an electric field selectively reorients 
LCE precursors. Surface-​enforced alignment has been 
demonstrated for the preparation of LCNs91; however, 
the preparation of LCEs that are locally readdressed with 
electric fields (for example, by electrode patterning) to 
orient to the homeotropic state requires the incorpo-
ration of monofunctional liquid crystalline monomers 
with polar head groups (and, subsequently, positive 
dielectric anisotropy). This inevitably results in LCEs 
with a high concentration of side chain mesogens or, in  
the case of chain-​extension reactions, branches from the 
incorporation of mesogen-​terminated oligomers.

Magnetic field
Liquid crystals can also be aligned by a magnetic field, 
analogously to the association of electric field alignment 
and dielectric anisotropy of susceptible liquid crystalline 
materials. Aromatics96 have a high magnetic suscepti-
bility perpendicular to the plane of the ring. Thus, the 
prevalence and orientation of these rings in liquid crys-
talline materials are the primary sources of the large and 
anisotropic diamagnetic susceptibility of these materials. 
Owing to their aromatic character, most liquid crystals 
exhibit positive diamagnetic anisotropy and orient their 
long axis parallel to the applied magnetic field. Liquid 
crystalline materials prepared with cyclohexyl rings 
maintain low (and often negative) values of diamagnetic 
anisotropy, which results in the long axis of these mol-
ecules aligning perpendicularly97. Magnetic fields have 
been extensively used to assist the alignment of LCEs98. 
Adjusting the orientation of the magnetic field by con-
current exposure from multiple sources can locally  
prescribe complexity of the director in LCEs99 (Fig. 6e).

The magnetic field extension of the Fréedericksz 
transition is analogous to that for electric fields, 
described by the relationship,

H π
d

K
μ χ

= (4)i
c
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where Hc is the magnetic field threshold, d is the cell 
thickness, Ki is the Frank elastic coefficient, μ0 is the free 
space permittivity and χa is the diamagnetic susceptibility. 
Here, the threshold magnetic field Hc required to induce 
alignment is inversely related to the anisotropy of the 
diamagnetic susceptibility χa. The relative sensitivity and 
amenability of a particular LCE composition to magnetic 
field alignment is primarily dictated by the diamagnetic 
susceptibility, but is also influenced by other consider-
ations, such as surface anchoring. The magnetic field 
emanating from a strong permanent magnet will gener-
ally suffice in altering the alignment of aromatic-​cored 
mesogens. Increasing the magnetic field strength above 
a threshold value does not further improve the degree 
of alignment99. A key distinction, compared with purely 
surface-​enforced alignment methods, is that magnetic 
field alignment acts on the collective volume of the liq-
uid crystalline composition. This allows for uniform 
orientational control throughout the entire thickness, 
which can be advantageous for preparing thick samples 
(>50 μm), as well as thin samples. Magnetic field align-
ment in LCEs has been applied to prepare uniaxial100,101, 
homeotropic86,102 and radial director patterns99.

Spatial patterns in LCNs have also been prepared 
by digital light processing (DLP), enabled by the use 
of a magnetic field103. During printing, the fields ema-
nating from permanent magnets, which circumferen-
tially surround a polymer resin bath, can be adjusted to 
programmatically exceed the threshold magnetic field 
Hc needed for liquid crystalline alignment. Individual 
layers and voxels can be addressed with a defined mag-
netically assisted orientation, and the resulting direc-
tor profile is entrapped by ultraviolet light, curing the 
LCE resin in the build layer. Although initially used to 
prepare moderately crosslinked LCNs, this fabrication 
strategy can also be employed for complex LCE actua-
tors and mechanical metamaterials. However, DLP and 
other additive techniques (such as inkjet and direct laser 
writing) have been limited to larger LCEs, owing to the 
constraints of alignment. For example, microstructured 
light-​responsive cilia have been selectively patterned 
with inkjet, but this requires deposition of the monomer 
precursors as thin films onto an alignment surface104. 
Similarly, direct laser writing can be used to fabricate 
microstructured actuators, such as light-​responsive 
microwalkers105,106 and other devices107, as long as they 
are prepared in contact with a surface-​aligned substrate. 
To leverage the diversity of 3D printing methods to pre-
pare LCEs will require wider integration of magnetically 
assisted alignment or the development of other strategies 
to achieve volumetric alignment.

Rheological alignment
Rheological alignment of liquid crystals is a well-​known 
approach to introduce and direct orientation108,109. Here, 
we focus on the exploitation of rheological orientation 
of liquid crystals in flow for the 3D printing of LCEs. 
Additive printing techniques based on the flow of mate-
rials include direct ink writing (DIW)110,111, fused deposi-
tion modelling and electrohydrodynamic jet112. Amongst 
these approaches, DIW has proven to be best suited to 
prepare aligned LCEs by printing thus far.

The flow of colloidal and organic DIW ink gels is shear 
thinning and can be described by the Herschel–Bulkley  
model:

̇τ τ kγ= + (5)m
y

where k is the consistency coefficient (or viscosity 
parameter), m is the flow behaviour index (m <1 for 
shear thinning), τy is the yield stress, τ is the stress and 

̇γ is the shear rate113. Extruded through a cylindrical 
printhead, and depending on velocity gradients across 
the cross section of the printhead radius and ink sta-
bility, the LCE inks exhibit a three-​zone shear rate  
(velocity) profile that includes an unyielded gel core 
(constant velocity), a yielded fluid shell layer undergoing 
laminar flow and a thin slip layer114 (Fig. 7a,b).

In DIW, the liquid crystalline content is typically 
forced to align, owing to both shear and extensional 
stresses during extrusion through a printhead. Liquid 
crystalline shear flow, well described by the Ericksen–
Leslie continuum theory of liquid crystals115, can be 
specified by a series of constants characterizing torque 
experienced during shear flow; here, uniform flow 
occurs when shear-​induced torque is vanishing along the 
plane of shear. A physical explanation for liquid crystal 
flow alignment dynamics in terms of a continuum model 
relates the direction of flow and the plane of vanishing 
torque to the ratio of major and minor axes in the liquid 
crystal mesogens, as well as to the overall viscosity of 
the matrix116. In this theory, liquid crystal flow dynamics 
are deconstructed into a function of velocity and direc-
tor vectors117,118. In situ polarization rheology has fur-
ther elucidated the dynamics of anisotropic alignment 
in concentrated solutions of cellulose nanocrystals, in 
particular, the dynamics of anisotropic particles during 
extensional alignment119. Eliminating the contributions 
of the extensional alignment geometry during capillary 
flow identifies a critical radius inside which plug flow 
(and not shear flow) occurs, resulting in only a thin 
(25-​µm) shell of aligned material in the extruded fila-
ment. Conversely, with an extended tapered tip geom-
etry and a long residence time of cellulose nanocrystals 
under shear, the contributions from extensional align-
ment — which are also expected from the high linear 
oligomer content in oligomerized liquid crystalline 
inks — induce more alignment within the filament. 
Ultimately, contributions of shear and extensional flow 
to materials printed with DIW are dictated by the rela-
tive contributions of velocity and director vectors117, as 
well as viscosity, residence time and tip geometry.

Rheological alignment of oligomers prepared by 
chain-​extension reactions
DIW for LCE printing was first demonstrated with print-
able inks prepared by the aza-​Michael oligomerization 
reaction120 (Fig. 7c). Studies using oligomeric precursors 
subjected to the shear and extensional flow conditions 
of ‘hot’ DIW (85 °C) confirmed that acrylate-​terminated 
oligomers readily align to flow direction upon extrusion. 
DIW oligomers retain a high degree of liquid crystal-
line order in their director profiles (described by their 
order parameter), with immediate photopolymerization 
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following extrusion. It was also shown that Newtonian 
flow behaviours in inks prepared by aza-​Michael reac-
tions at higher temperatures (nearing the isotropic state) 

transition into shear-​thinning rheological behaviour at 
lower temperatures, which improves the quality of the 
printed materials121. Informed by these rheological 
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measurements, orientation parameters up to 0.40 have 
been retained in printed LCEs, rivalling those measured 
in surface-​enforced alignment (0.45). In addition to the 
effect of temperature on the orientation of printed LCEs, 
the order parameter correlates with other variables, 
including print speed and print diameter.

Chain-​extension reactions have also been explored 
using the thiol-​Michael addition reaction. For exam-
ple, excess diacrylate liquid crystalline monomer was 
mixed with a dithiol chain extender and a base cata-
lyst to drive the formation of chain-​extended linear 
acrylate-​terminated oligomers within the ink precur-
sor matrix122 (Fig. 7b). This oligomerization yielded a 
room-​temperature-​printable ink at print speeds between 
5 and 10 mm s−1, which requires immediate photopoly-
merization to lock in the orientation. Actuation strains 
within the fully cured DIW filaments (associated with 
the printhead diameter) decreased from 48% to 34%, 
with an increase in filament diameter, attributable to 
reduced alignment. This effect is consistent with the 
known relationship between nozzle radius, volumetric 
flow rate and the shear rate experienced by the flowing 
ink in DIW, which can be estimated as:







̇

̇
γ b Q

πR
= 3 +

4
4 (6)max 3

where ̇Q is the volumetric flow rate, R is the nozzle radius 
and b is the inverse of the flow behaviour index (the 
inverse of m in Eq. 5)111,123.

Other ink compositions have been explored 
that further extend the molecular engineering of 
chain-​extension reactions124. For example, the thiol chain 
extender and diacrylate liquid crystalline monomer con-
tent can be varied in the presence of a tertiary amine 
catalyst to produce high-​weight-​fraction linear chains 
within the ink precursor matrix (Fig. 7b). In contrast to 
ambient thiol-​Michael inks with acrylate-​terminated lin-
ear chain content, the stoichiometry in these formula-
tions leads to thiol end groups on the growing oligomer 
chains. Unreacted thiols can be fully cured after DIW 
extrusion by the incorporation of allyl ‘ene’ monomers, 
which do not homopolymerize but readily react with 
thiyl radicals. Furthermore, a printed LCE was prepared 
using dynamic covalent chemistry (allyl sulfide bonds). 
Light-​activated dynamic bond exchange (Fig. 7c) then 
allows modification of the polymer network in printed 
LCEs125. Conventional actuation of LCE devices requires 
constant energy to sustain shape change and force out-
put. Here, the shape of the printed LCE can be retained 
after removal of the stimulus, enabled by photoinduced 
retention (or release) of thermally generated stress.

Of note, the specific work and actuation strain for 
printed LCEs scale with aligned thickness. Accordingly, 
patterned LCEs prepared by 3D printing (DIW) can be 
used to prepare material actuators. Owing to rheolog-
ical alignment, the local mesogen director is dictated 
by the printing path, which can be exploited to prepare 
topological defects and snap-​through instabilities120,121 
(Fig. 7b). For example, DIW LCE cone arrays within 
radio-​frequency identification tag devices can be applied 
for passive and cost-​effective temperature sensing126,127. 

Moreover, the exceptional work outputs, compliance 
and processability of 3D-​printed LCEs are particularly 
appealing for functional use in soft robotics14. For exam-
ple, by combining elastomeric substrates and conductive 
ink traces, electrothermal actuation enables soft grippers 
to lift ping-​pong balls122.

Outlook
Since de Gennes’ predictions, LCEs have evolved from 
an abstract concept to a popular and increasingly exam-
ined class of stimuli-​responsive materials. The introduc-
tion of new materials chemistries has further enabled the 
preparation of compositions that are widely adoptable 
and amenable to processing techniques, which allow 
the ‘programming’ of the mechanical response of LCEs 
and, thus, functional applications. Future research of 
LCEs will continue to involve investigations of materials 
chemistries, actinic energy inputs and the exploration of 
more advanced functional implementations.

Materials chemistry of liquid crystal elastomers
Advances in the materials chemistry of LCEs have made 
them amenable to processing. However, fundamen-
tal investigations remain limited, in particular, on the 
molecular weight dependence of oligomers subject to 
surface-​enforced alignment, the use of patterned elec-
tric fields to pattern LCE orientation and advanced 
rheological studies of printable inks. In addition, more 
scalable and robust chemistries need to be explored. 
Indeed, neither popular approach to preparing LCEs by 
chain-​extension reactions is optimal. The preparation of 
oligomers at appropriate kinetics by aza-​Michael addition 
to retain surface-​enforced alignment12 is slow, typically 
occurring over timescales of 12‒24 h. However, enforcing 
alignment by directed self-​assembly is highly scalable, evi-
dent in the well-​established manufacture of liquid crys-
talline devices. Conversely, the preparation of oligomers 
by thiol-​Michael addition reactions are comparatively 
fast13 and have become widely adopted. However, owing 
to the rapid development of high-​molecular-​weight 
starting materials, these reactions are not yet amenable 
to surface-​enforced alignment. Uniaxial alignment of 
LCEs is useful in generating linear actuators; however, 
many of the most compelling functional opportunities 
for LCEs seem to originate from the unique opportunity 
to prepare monolithic materials systems that have been 
designed from the bottom up to achieve spatially distin-
guished responses. The use of radical chain transfer can 
circumvent some of these limitations and makes LCEs 
amenable to surface-​enforced alignment; however, the 
resulting polymer network morphologies are not well 
understood72,128 and can exhibit hysteresis75.

3D printing of oligomeric inks by DIW14,120–122,124,125,129 
is an appealing approach to prepare thick, high-​force-​ 
output material actuators from LCEs, but the reso-
lution of DIW patterning is limited by rheological  
constraints. By contrast, the preparation of printed 
LCEs by two-​photon polymerization methods106,107,130 
is a powerful means to fabricating microscale devices, 
with alignment enforced by an external field. However, 
two-​photon polymerization is, in practice, limited to the 
preparation of small patterned areas. DLP has further 
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been applied for voxelated molecular patterning in 3D 
freeforms103, and, thus, we expect to soon see demonstra-
tions of other 3D printing methods for the preparation 
of LCEs with microscale features.

Actinic energy inputs
LCEs have the potential to serve as low-​density, soft actu-
ators in robotic applications1, owing to their compelling 
linear and 3D deformations under load. The magnitude of 
the force output of actuators made of LCEs by layering33, 
interpenetrating networks131, nanocomposites132 or 3D 
printing121 can reach >20 J kg−1. However, current meth-
ods to introduce stimuli for the actuation of LCEs may 
be a limiting factor for implementations that require a 
high-​frequency response. Thermotropic actuation of 
LCEs is, by far, the most common approach. Accordingly, 
the frequency of actuation depends on the rate of heat 
transfer and dissipation, which, in turn, depend on 
material thickness and thermal conductivity. Extending 
thermal actuation to electrothermal133 (for example, 
Joule heating) or photothermal134–136 mechanisms would 
require thermal monitoring feedback inputs or environ-
mental stabilization to enable practical control of these 
materials as actuators.

Photochemical events, such as the isomerization 
of azobenzene, are very rapid at the molecular level137. 
However, employing photoisomerization of azobenzene 
to generate phototropic actuation of LCEs is typically 
slow25,138. Inherently, azobenzene-​functionalized LCEs 
have a trade-​off that must be balanced to use these 
materials as actuators. Increasing the concentration of 
azobenzene can increase the magnitude of the photoin-
duced disruption of order, which correlates with the 
magnitude of the strain. However, increasing the con-
centration of azobenzene (or other absorbing medium) 
also limits the material thickness that can be actuated 
or increase the time necessary to fully convert the iso-
meric form of azobenzene in the material from trans to 
cis139. Electromechanical actuation of LCEs has appeal-
ing advantages for soft robotics29–31. Electrical power is 
readily available from small and low-​density lithium pol-
ymer batteries. In addition, in some cases, for example, 
in LCE nanocomposites30,31, the field strength to induce 
3D deformation is small (1–2 V μm−1). LCEs have also 
been subject to electrostriction by Maxwell stresses 
introduced onto the material by flexible electrodes29. 
Here, the mechanism of electromechanical actuation of 
LCEs is analogous to dielectric elastomer actuators.

Functional implementations
de Gennes suggested that the mechanical response 
of LCEs emulates the performance of muscle fibres3. 
Indeed, LCEs can achieve reversible deformations of 

>400% strain, capable of lifting considerable loads19.  
A largely unexplored path of research is the preparation 
and implementation of LCE fibres132,140,141. The fibres 
could be geometrically combined, analogous to muscle 
fibres, to further amplify the force output. These linear 
actuators could be distributed in soft robotic devices 
and locally addressed to enable dexterity in function. 
3D deformations, enabled by patterning the director 
orientation of LCEs by directed self-​assembly or 3D 
printing, are also being considered for their potential as 
‘push’ actuators, as well as reconfigurable topographi-
cal surfaces. Extruded LCE filaments lock in spatially 
programmed alignment within a single layer that is an 
order of magnitude thicker than LCEs prepared by other 
methods. The force outputs of LCE actuators scale with 
aligned LCE thickness, which is a potential advantage to 
prepare LCE actuators by 3D-​printing.

Local manipulation of the deformation mechanics 
of flexible or stretchable substrates could enhance the 
ruggedness and robustness of flexible hybrid electronic 
devices46. For example, serpentine wires can be used to 
accommodate deformation and minimize the impact of 
stress-​induced failures of electrode traces142,143. The non-
linear and orientation-​dependent deformation of LCEs 
could also be exploited to prepare monolithic substrates 
for these devices39,44,45. For example, a device based on 
LCEs can withstand high mechanical forces that would 
typically be catastrophic, and survive by dissipating 
and localizing the mechanical inputs39. The mechan-
ical properties of LCEs have also been investigated in 
relation to the dissipation of impact or vibration. For 
example, porous LCE compositions have been explored 
for implementation in orthopaedic implants144 or as 
foams in helmets145, with the aim to blunt the impact 
and reduce trauma from head-​to-​head collisions in 
American football and other sports.

The nascent anisotropy of LCEs could further be used 
to pattern the growth of cellular tissues146,147. Various 
cell types, including fibroblasts17,148, cardiomyocytes16, 
myoblasts149–151 and neurons152, adhere to and can be 
propagated on the surface of LCE substrates, which has 
sparked an interest in the influence of director orienta-
tion on cell migration and tissue culture. The potential 
convergence of 3D printing, LCE materials, chemistry 
and these 2D studies may provide opportunities to  
prepare 3D hierarchically aligned tissues.

The recent resurgence of LCEs as responsive mate-
rials has been greatly enabled by advances in synthetic 
methods and materials processing approaches, paving 
the way for functional applications, from robotics to 
medicine to consumer products.
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