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Abstract 

Liquid crystal elastomers (LCEs) are polymeric materials capable of rapid, reversible shape 
change on application of an external stimulus. However, their application as soft actuators has, 
to date, been limited by the requirement to induce a liquid crystal monodomain, with common 
alignment methods restricting possible structures to thin films. Thermoplastic LCEs have the 
potential for processing through large-scale techniques such as extrusion or fibre spinning but 
have been relatively unexplored, with low-yielding synthetic methods preventing further 
investigation into their suitability for processing into alternative geometries to films. 

For this reason, photoresponsive thermoplastic side-chain LCEs based on a polystyrene-b-
poly(methylvinylsiloxane)-b-polystyrene block copolymer backbone have been synthesised for 
processing into responsive fibres. A two-step post-polymerisation modification was used to first 
attach a linking group, followed by the mesogen. A yield of 85% was achieved in the final 
coupling stage, resulting in polymers with 65-85% of linking groups functionalised with 
mesogen. Through the choice of linking group or mesogen it was possible to tune the thermal 
properties of the LCEs to obtain useful transition temperatures for use as room temperature 
actuators. The presence of a nematic mesophase was shown to have a strong effect on the 
physical properties of the polymer, resulting in a microphase segregated morphology at 
temperatures far above the order-disorder transition temperature of the unfunctionalised 
triblock copolymer. This, combined with the relatively high molecular weight of 150,000 g mol-1, 
was demonstrated to limit the ability to process the LCE by melt extrusion, with gel-like 
behaviour observed at temperatures up to 200 °C. However, the high molecular weight of the 
polymer made it suitable for processing from solution, and preliminary experiments 
demonstrated for the first time that fibres of a thermoplastic LCE could be produced by 
electrospinning, with elongation of the jet resulting in the formation of an aligned nematic LC 
mesophase. 
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The presence of an ordered LC mesophase can be identified using complementary experimental 

techniques. Differential Scanning Calorimetry (DSC) can be used to detect the transition to or from 

a mesophase through the change in enthalpy associated with increasing or decreasing the level of 

alignment.1 This gives an idea of the temperature range over which a mesophase is stable, but 

does not allow for unambiguous identification of the type of phase present (e.g. nematic or 

smectic). This requires a technique such as Polarised Optical Microscopy (POM).  

POM is the classic technique used for characterisation of LC mesophases and exploits their 

anisotropic optical properties. In isotropic materials the wavelength and velocity of light 

propagating through the sample will be decreased according to the refractive index, n. Rod-like 

mesogens on the other hand have two refractive indices, the ordinary (no) and extraordinary (ne), 

which will decrease the velocity of propagation by different amounts. This means that light 

entering a LC mesophase will be split into two directions parallel and perpendicular to the 

director, with a phase difference between them. This property is known as birefringence and 

when combined with linearly polarised light allows for the identification of LC mesophases.2 

In POM a sample is placed between two polarisers which are oriented at 90° to each other, as 

shown in Figure 1-3. This configuration means that linearly polarised light from the first polariser 

is not able to pass through the second (also known as the analyser) and is therefore extinguished. 

For an isotropic material, or a LC mesophase where the director is aligned with one of the 

polarisers, the light continues to propagate with the initial polarisation having experienced only 

one refractive index and is extinguished by the analyser. However, for a LC material with the 

director oriented at some other angle to the polarisers the propagating light is split into two, 

propagating parallel and perpendicular to the director. This elliptically polarised light is then able 

to pass through the second polariser to some extent, appearing as a bright region at the objective, 

with the greatest intensity seen when the director is angled at 45° to the polarisers. If the sample 

is rotated so that the director aligns with the polariser then the visible region will be 

extinguished.2  
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1.1.3. Liquid Crystal Elastomers 

Molecular mesogens can be combined with macromolecules to yield liquid crystal polymers 

(LCPs). The mesogen may be attached to the polymer backbone in one of three configurations, as 

demonstrated in Figure 1-5. In main-chain LCPs (MCLCPs), the mesogen is incorporated into the 

polymer backbone, as opposed to side-chain LCPs (SCLCPs), where the mesogen is attached via a 

flexible spacer. SCLCPs can then be further subdivided into either end-on or side-on, dependent 

on the manner with which the mesogen is attached to the spacer. The role of the flexible spacer is 

important, as it acts to decouple the thermal motion of the mesogen from that of the polymer 

backbone. In the absence of an external influence the mesogen will rearrange to form an ordered 

mesophase whereas the polymer backbone will adopt a random coil-like structure in order to 

minimise energy. The flexible spacer allows for both components to adopt their preferred 

conformation to some extent, and allows for the formation of an ordered LC mesophase despite 

the mesogen being attached to the isotropic polymer backbone.5 

 

 

Figure 1-5. Mesogens can be attached either end-on (a) or side-on (b) to the polymer backbone to form 
side-chain liquid crystal polymers or are incorporated into the polymer backbone to give main-chain 
liquid crystal polymers (c). Reproduced with permission from reference 6 - John Wiley & Sons.  

 

Liquid crystal elastomers (LCEs) are a subset of LCPs where the polymer chains are lightly 

crosslinked, typically through covalent bonds. This means that LCEs combine the orientational 

order associated with an aligned LC mesophase and the elasticity found in lightly-crosslinked 

polymer networks, which results in soft materials capable of reversible shape change on 

application of some external stimulus.7 The anisotropy of a LC monodomain draws out the 

polymer chains parallel to the director (for main-chain and side-on SCLCEs), preventing them 

from adopting the preferred random-coil conformation. This deformed state is fixed by the 

crosslinks, generally introduced in a final synthetic step through photoinitiated reactions.  
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On triggering the isotropic transition, typically by heating above the Tiso, the polymer also adopts 

a random-coil conformation as the extended chains collapse. This results in a macroscopic shape 

change; a contraction along the director and a necessary expansion in the perpendicular direction 

in order to conserve volume (Figure 1-6). This effect is greatest for MCLCEs, where the orientation 

of the mesophase is strongly coupled to the conformation of the polymer backbone, and weakest 

for end-on SCLEs.6  

 

 

Figure 1-6. The formation of a LC monodomain acts to draw polymer chains along the director. On 
triggering the transition to the isotropic state both the LC and the polymer backbone adopt an isotropic 
morphology, resulting in a contraction along the director and an expansion perpendicular to it. Adapted 
with permission from reference 6 - John Wiley & Sons.  

 

The reversible nature of the actuation has generated interest in the use of LCEs for a variety of 

applications where soft actuators would be beneficial, as the original conformation can be 

regained by cooling below the Tiso without the need for application of further force. Actuation of 

LCEs can also be induced in response to a number of stimuli, including light8 and humidity.9 

Photoresponsive behaviour is commonly achieved by incorporating an azobenzene unit into the 

mesogen structure, as on irradiation with UV light with a wavelength of 365 nm the azobenzene 

group isomerises from the linear trans-conformation to the bent cis-conformation (Figure 1-7). 

This acts to disrupt the liquid crystal mesophase and yields a disordered isotropic state. Thus, 

actuation can be achieved at room temperature without the need for heating. 
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microns thick which limits their utility. One of the major barriers to increasing the scale of LCE 

actuators is the limited processing methods available due to the need to induce a liquid crystal 

monodomain and crosslink the resulting LCP. A great deal of research has therefore been focussed 

on new methods of processing LCE actuators to give a material with either a uniaxial or complex 

director profile, as discussed below.  

 

1.2. Processing of Liquid Crystal Elastomers 

The responsive properties of LCEs are dependent on the successful formation of a LC 

monodomain. This can be achieved from either mesogenic monomers or from functionalization of 

a lightly crosslinked polymer backbone, with different starting materials favouring different 

alignment methods. The method chosen will determine whether in-plane (contraction and 

expansion) or out-of-plane (bending and twisting) deformations are possible and may also place 

a limit on the geometry and thickness of any actuators. To date, the vast majority of LCEs are 

crosslinked with chemical bonds and so are thermosets, which means that once crosslinked it is 

not possible to process them any further. However, it has been shown that composite structures 

can be manufactured which help overcome this limitation to some extent.   

 

1.2.1. Actuators with Complex Director Profiles 

LCs for display applications are often oriented through a photoalignment layer, where a preferred 

direction can be induced through rubbing the surface of a LC alignment cell before the addition of 

low molecular weight mesogenic groups which then align with the surface. This technique can 

also be used to pattern the director for the production of LCE films by additionally crosslinking 

the mesogenic groups in situ to give the LCE. 

If uniaxial alignment is induced, then uniaxial deformation is seen. If, however, the director is 

continuously varied either through the thickness or the film or by forming concentric patterns 

then more complex actuation can be achieved (Figure 1-9). These complex director profiles can 

be obtained by applying a photomask and rotating the cell while irradiating to create a patterned 

alignment layer. On filling the cell with the mesogen, those molecules in contact with the surface 

will orient with the alignment layer and, after crosslinking, create a film that can be switched 

between a flat and cone-shape by heating through the Tiso.13 This method has also been used to 

pattern alternating stripes of twisted director profiles, which resulted in accordion-like actuation 

as the film folded and contracted along its length on triggering the nematic-isotropic transition.14  
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Figure 1-9. If the director profile is rotated through the thickness of a film, heating above the Tiso results in 
contraction and expansion in different regions and so curvature as the order parameter, S, decreases. 
Reproduced with permission from reference 15 - Elsevier.   
 

An alternative method that allowed for a spatially patterned director in a monolithic material was 

reported by White et al., which was capable of creating patterns made up of volume units, or 

voxels, with an area as small as 0.01 mm2, each having its own localised director. This was 

achieved through the use of a photoalignment material which contained an azobenzene dye. The 

chromophore in the dye oriented at 90° to the electric field vector of linearly polarised light, and 

so the domains in the photoalignment layer could be patterned using polarised light from a 445 

nm laser. The LC cell was then filled with low viscosity precursors, before undergoing a chain-

extension reaction by the Michael addition of a primary amine to a nematic diacrylate to form 

main-chain nematic oligomers which were then crosslinked (Figure 1-10).16 
 

 

Figure 1-10. For the spatially patterned LCEs reported in Reference 16, low viscosity LCP precursors were 
synthesised by mixing the mesogen with a primary amine chain extender. These were oriented in an 
alignment cell where the step growth polymerisation continued before crosslinking.16  
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between two LC cells, but are still limited geometrically by the alignment method to films with a 

maximum thickness of around 50 µm. 

 

 

Figure 1-12. The photoalignment surface (a) was used to control the orientation of a main-chain LCE. It 
was shown that the angle between the director and the loading direction (b) had a significant impact on the 
mechanical properties of the sample (c). This was used to control the local strain environment encountered 
in soft, stretchable electronics under load. Reproduced with permission from reference 20 under a Creative 
Commons Licence. 

 

Attempts to increase the thickness, and so the mechanical properties and work done by LCE films, 

have been made by adhering two of these aligned LCEs together using the monomer mixture. 

Using this method, laminates containing 2 or 4 layers of LCE were produced, with each 

demonstrating a similar level of strain from a thermally induced contraction (50%). The four layer 

laminate, which had a thickness of 210 µm, lifted a weight 1100 times its own weight, with an 

output force of 280 mN generated across a 1.6 mm stroke and a specific work of 19 J/kg,21 in 

comparison to the 2.6 J/kg measured for the single layer.16 These four layer laminates could then 

be layered on top of each other, with glass slides in between each layer, to produce a structure 

which demonstrated a stroke of 6 mm whilst lifting 120x the weight of the assembly (Figure 

1-13).21 

 

 

Figure 1-13. Layered LCE structure displaying 6 mm stroke when lifting 120x its own weight. Scale bar is 
1 cm. Reproduced with permission from reference 21 under a Creative Commons Licence. 
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1.2.2. Actuators with a Single Director 

Developing artificial materials which replicate the contraction and expansion of muscle is of great 

interest to a number of areas, including soft robotics.22,23 Natural muscle consists of a bundle of 

single-cell fibres, where each fibre contains contractile protein-containing myofilaments. When 

constrained by joints, the strain observed on contraction is generally less than 20%.24 LCEs were 

first proposed as polymeric systems capable of acting as artificial muscle by de Gennes in 1997, 

who suggested that a main-chain LC polymer backbone would act to drive a contraction on heating 

above the Tiso, whilst flexible spacers between the mesogens would impart flexibility and allow for 

a return to the undeformed conformation on cooling.25,26 Since then many examples of LCEs 

capable of reversible contraction have been reported, produced either from a two-step 

crosslinking method or by the incorporation of Covalent Adaptable Networks (CANs), but which 

are all aligned by mechanical deformation of the polymer structure.  

 

1.2.2.1. Two-Step Crosslinking 

One of the most common methods for preparing side-chain LCEs was first reported by Finkelmann 

in 1991. This consists of a two-step process, where a mesogenic core terminated with two vinyl 

groups was utilised to crosslink the polymer backbone. In the first step a poly(hydrosiloxane) 

backbone was synthesised and lightly crosslinked, which was necessary for the polymer to have 

sufficient mechanical strength to be aligned in the second step, where the polymer was stretched 

and crosslinked further under applied load.27,28 Since then this method has been extended to 

different polymer backbones including the preparation of MCLCEs.29 This method favours the 

synthesis of LCEs that show uniaxial deformation, as the director will align along the direction of 

stretch, and so has been used to design polymers that could be developed for use as artificial 

muscles.  

Several LCE systems were reported by Keller and Li aiming to create the artificial muscle structure 

proposed by de Gennes (Figure 1-14),25,26 although they utilised side-chain LCPs due to the high 

polydispersity associated with the synthetic route to main-chain LCPs.30 They designed a lamella 

RNR triblock copolymer where the R blocks consisted of an amorphous, crosslinkable polymer 

and the N block a nematic side-chain polymer. It was expected that the triblock copolymer would 

be more mechanically robust than a crosslinked N block, and that the monodomain ordering 

would be better preserved during heating cycles.31  
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was reduced in comparison with the strains measured for the pure LCEs (30-35%),58 and presents 

one of the disadvantages of LCE composites as the non-active matrix material acts to limit the 

deformation of the LC component. 

Bilayer structures can also be used to create multi-responsive soft materials, for example by 

attaching the heat-responsive LCE layer to a water-responsive hydrophilic polymer.59 LCE films 

have also been incorporated into composite hinges to promote a bending deformation. An 

electromechanical response was seen by including a Joule heating layer, consisting of a conductive 

metal layer. The LCE was then combined with either relatively rigid paper regions to promote 

hinge-like deformation,60 or inserted into a soft, 3D printed structure to produce a beam or hinge 

capable of reversible bending on application of an applied voltage.61 In both cases the LCE film 

produced the contractive or extensive force on heating, whilst the surrounding hard regions 

restricted deformation in certain directions to obtain the desired deformed geometry. 

Similar approaches have been used to design actuators for incorporation into larger assemblies, 

for example to manufacture a biomimetic swimming turtle, where propulsion through water was 

achieved by a combined bending and twisting of the composite films acting as flippers.62 The 

smooth and continuous deformations were driven by an active Shape Memory Alloy (SMA) wire, 

which demonstrated a reversible contraction under application of a current. The SMA was affixed 

to soft, 3D printed scaffolds which were designed to have layers with a certain fibre direction, 

where printing cross- or angle-ply structures resulted in smooth bends or twists that were readily 

predicted using Classical Laminate Theory. The assembly was then encased in  PDMS which 

resulted in a soft actuator capable of smooth deformations.62 However, if a polymeric linear 

actuator such as a LCE was available it may be possible to integrate the passive and active layers 

by multi-material 3D printing, instead of using the SMA.   

 








































































































































































































































































































































































































































































