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In this report we demonstrate the ability to tune the physical properties of a liquid crystal
elastomer (LCE) by varying the amount and type of crosslinking within the elastomer
network. LCE films composed of a single mesogenic compound were capable of uniaxial
contraction when thermally actuated through the nematic to isotropic phase of the material.
We probed the physical properties of the LCE films while varying the amount and
concentration of two crosslinking agents and measured actuation strains of 10–35%, elastic
moduli of 3–14 MPa, and transition temperatures ranging between 75 and 60uC. The viscous
losses of the elastomers and the estimated work capable of being produced by the films were
also evaluated. The ability to tune the physical properties of the LCE films allows for a wide
range of applications including robotics, microelectromechanical systems (MEMS), shape-
changing membranes, and/or microfluidics.

1. Introduction

A developing technology is the creation of smart

materials that respond to external stimuli resulting in

a change in the shape or size of that material. These

materials include hydrogels, conducting polymers,

dielectric elastomers, carbon nanotube films, and

nematic or ferroelectric liquid crystalline elastomers

[1–7]. They have been developed to respond to external

stimuli, such as temperature, electric field, ion concen-

tration, changes in pH, etc., and have a wide range of

physical properties including stress, strain, and response

time. The obvious attraction of these actuators is their

use in applications where reproducible contractions

and/or deformations are desired. The response of an

actuator is controlled by three principal parameters: the

contraction length (3strain) of the material, the stress it

is capable of exerting, and the speed of the response.

The optimization of these three parameters is important

for successful implementation in a wide range of

applications including robotics, microfluidics,

microelectromechanical systems (MEMS), and shape-

changing membranes.

A unique application of liquid crystals is the

development of crosslinked polymeric liquid crystals

with anisotropic properties that are able to mimic

biological materials such as skeletal muscles [7–9]. The

supramolecular ordered assembly of liquid crystals

provides the framework to incorporate anisotropy in

response to an external stimulus. Polymerization and

crosslinking of mesogenic units in an oriented nematic
phase creates an ordered and anisotropic network.

Thermoelastic studies of such materials led to the

observation of several phenomena including memory

effects, i.e. reversible contraction and relaxation

through the phase transition of the elastomer resulting

in anisotropic, macroscopic shape changes [10].

The development of a nematic liquid crystal elasto-

mer (LCE) with an optimal thermostrictive response
depends on the coupling and orientation of the

mesogenic unit to the polymer backbone. Previous

reports have used neutron scattering to demonstrate

that the orientational order of the mesogenic groups is

coupled to the orientational order of the polymer

backbone. For example, laterally attached mesogens

within an elastomer exhibit large backbone anisotropy

[9, 11]. Mesogens with lateral orientation (with respect
to the polymer backbone) reduce the effect of soft

elasticity, a phenomenon thought partly to arise from

reorientation of the nematic director within the

elastomer [12]. Coupling between the nematogen and

the polymer backbone should be optimized to allow

changes in mesogen orientation that are tightly asso-

ciated with the orientation of the polymer backbone [13,

14]. The orientation of the mesogenic units with respect
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to the polymer backbone will partly dictate the response

of the material to application of an external field. In

terms of the change in molecular orientation upon

thermal actuation, our laboratory and others have

previously demonstrated that the origin of the aniso-

tropic, macroscopic strain response is due to the loss of

side chain mesogenic order as the material passes from

the nematic to isotropic phase [7, 14]. The loss of

mesogenic order is accompanied by a change in the

conformation of the acrylate backbone, as revealed by

macroscopic contraction of the film. The macroscopic

contraction and change in the polymer backbone

conformation is reversible due to the elastomer network

created by the crosslinking agents [10].

Previously, we have developed and reported the

physical properties of thermally actuated liquid crystal

elastomers in the form of films and fibres [5, 7, 15, 16].

In each case a single crosslinking agent was used to

produce the elastomers. In this paper we probe the

effect of two different types of crosslinking agent on

the mechanical properties of the resulting elastomer. By

varying the concentration of the two crosslinkers we

are able to tune the physical properties of a nematic side

chain LCE film to optimize the strain, work capacity,

and transition temperature of the films.

2. Experimental

2.1. Materials

All reagents and solvents were purchased from Aldrich

and were used as received. The monomer C411U8,

shown in figure 1, was synthesized partly using proce-

dures described by Gray et al. [17] and adapted with

a polymerizable acrylate group. The structure of the

material consists of a rigid core composed of three

phenyl rings with hydrocarbon chains attached to either

end of the rings. The four-hydrocarbon spacer between

the core of the molecule and the acrylate polymerization

site was used to couple the orientation of the molecule

tightly to the orientation of the polymer backbone.

The tri-functional disk-like crosslinker TAC-4 pos-

sesses three acrylate sites that can be involved in the

polymerization process (figure 1). A similar crosslinker

had been synthesized and used by Kim and Finkelmann

[18]. TAC-4 was prepared by a standard esterification of

trimesic acid trichloride and 4-hydroxybutyl acrylate.

The second crosslinking agent used in this study was

hexanediol acrylate (HDA), a commercially available

fluid-like material that contains two sites available for

crosslinking (figure 1).

Preparative chromatographic purifications were per-

formed by employing flash chromatography on E.

Merck 40–63 mm normal phase silica gel. Analytical

thin layer chromatography was performed on glass

silica plates (0.25 mm thick, E. Merck silica gel 60-

F254). GC/FID sample analysis was carried out on a

HP 6890 instrument equipped with a 30 m DB-5

column, with an oven program of 50uC (1 min) to

300uC (10 min) at a rate of 8uC min21. 400 Mhz 1H

NMR spectra were recorded on a Bruker MSL300

spectrometer in CDCl3 or DMSO solutions. Differential

scanning calorimetry (DSC) revealed C411U8 to have a

large temperature range in the nematic phase, making it

an ideal candidate for use in the LCEs.

2.2. LCE films

The preparation of elastomer films has been previously

described [7]. Mixtures of monomer and crosslinker

were dissolved in dichloromethane with 0.1 mol % of the

photoinitiator Irgacure-369. Following evaporation of

the solvent, the mixture was heated above TNI and filled

into a glass cell on a temperature-controlled hot stage.

Glass cells were made of two antiparallel rubbed poly-

vinyl alcohol (PVA)-coated glass plates separated by

Mylar spacers. The spacers determined the thickness of

Figure 1. Chemical structures of the components in the
nematic elastomer film. The materials include the monomer
C411U8 (heating: K 50 N 74 I; cooling: Cr,0 N 74 I, uC) and
the two crosslinking agents, TAC-4 and HDA.
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the LCE films, which were either 50 or 100 mm thick.

Once the cell was filled, the mixture was slowly cooled

below TNI (,50uC) and aligned in the nematic phase.

The mixture was exposed to a UV light source for 8 min

at ,6 mW cm22 to create the LCE film. Films were

removed from the cell by dissolving the PVA in water at

80uC until the glass separated from the film. Alignment

of the films was confirmed by viewing them through

crossed polarizers on a microscope stage. The thermal

transitions of the materials were determined using DSC

(scan rate 5uC min21).

2.3. Mechanical studies

All mechanical measurements were performed on a TA

Instruments Dynamic Mechanical Analyser (DMA)

2980. Films were held in a tension clamp consisting of

a fixed upper clamp and a moveable lower clamp

positioned on an air bearing. Three types of experiment

were performed on the DMA: thermoelastic, isostrain,

and stress/strain. Thermoelastic experiments were per-

formed by ramping the temperature of the film

0.5uC min21 through the transition temperature of the

material. The transition temperature for each thermo-

elastic cycle was calculated by dividing each cycle into

the heating and cooling segments and calculating the

numerical derivative. Plots of the numerical derivative

were then fitted to a 3-parameter Lorentzian curve.

Isostrain experiments were performed with a ramping

rate of 1uC min21. Isothermal experiments monitored

the strain on a film in the nematic phase (40uC) as a

function of the force per cross-sectional area (stress).

The force was ramped 0.001 N min21 for stress/strain

curves. Passive and active work loops maintained the

same force ramping rate. Dynamic work loops had a

temperature ramping rate of 1uC min21.

3. Results and discussion

The tensile strength and resistance of an LCE to applied

forces are primarily dependent on the type(s) and

density of crosslinker added in combination with the

liquid crystal monomer. As a first step toward the

creation of a nematic elastomer, the nematogen C411U8

was combined with the crosslinker TAC-4 at varying

mole percentages. LCE films made with increasing

amounts of TAC-4 (5, 10, or 15 mol %) led to several

changes in the C411U8 films. The elastic modulus

increased from 3 to 14 MPa with the 3-fold increase in

TAC-4, which corresponds to an increase in the stiffness

of the films. In films made with increasing amounts of

TAC-4, the transition temperature from the nematic to

isotropic state, TNI, decreased from 75 to 65uC and the

strain decreased from 35% to 7% in thermoelastic

experiments (figure 2). In addition, DSC revealed an

increase in the glass transition of the material from 26uC
with 5 mol % to 34uC with 15 mol % TAC-4.

Increasing the amount of TAC-4 in the elastomer also

resulted in a significant decrease in the viscous losses of

the LCE films. Passive work loops were used to measure

the viscous losses of LCE films via cyclic scans of the

stress versus the strain monitored under isothermal

conditions in the nematic phase. The accompanying

hysteresis of a cycle, figure 3 (a), was determined by

calculating the area enclosed by the increasing and

decreasing stress curves. The area within the curve was

then converted to mass specific work using a density of

1.04 g cm23 for our films, based on several measure-

ments of the volume and mass of film samples. All

subsequent values of energy loss or active work of the

films were calculated using the same density. Passive

loops measure the history dependence of the material

and provide a measure of the internal energy losses,

i.e. energy dissipation, of the material. As shown in

figure 3 (b), there was a 50% decrease in the viscous

losses of the film in the nematic phase when the amount

of TAC-4 was increased from 5 to 15 mol % for passive

work loops cycled between forces of 0.001 and 0.01 N.

No significant difference in the energy dissipation was

observed when the TAC-4 concentration was increased

from 10 to 15 mol %. The cause of this apparent

saturation was not determined, but may have been

the result of some degree of phase separation of

TAC-4 within the elastomer network. When viewed

through crossed-polarizers under a microscope, the

films crosslinked with increasing amounts of TAC-4

were observed with non-uniformities dispersed through-

out the network.

Figure 2. Thermoelastic effect of increasing mole percentage
of TAC-4 from 5 to 15% in the nematic LCE films. The
decrease in strain (grey) and the transition temperature
(hatched) were the result of an increase in the crosslinking
density within the LCE film.
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Just as the viscous losses of the films decreased with

increasing TAC-4 content, a similar trend was observed

for the work performed by the films. A work loop

technique first described by Josephson [19], and

subsequently used by others [20], was adapted based

on the description given by Hebert et al. [21] to

determine the work output of the LCE films. As shown

in figure 4 (a), the dynamic work loop employs compo-

nents of both thermoelastic (segments 1 and 3) and

isothermal (segments 2 and 4) experiments and operates

in a counter-clockwise manner on a stress versus strain

curve. In such a way, a closed loop is constructed and

the area within the loop corresponds to an estimation of

the work done by the film through an actuation cycle

(assuming a film density of 1.04 g cm23). Dynamic work

loops with TAC-4 LCE films were all conducted under

the same conditions. The temperature was ramped

between 40 and 75uC during segments 1 and 3 and

the force ramped between 0.002 and 0.015 N through

segments 2 and 4. The slow temperature and force

ramping rates through a dynamic loop actuation cycle

represent an upper limit of the estimated work

performed by the films. As shown in figure 4 (b),

dynamic work loops on LCE films with increasing

Figure 3. Viscous losses of C411U8/TAC-4 LCE films. (a)
Passive work loop of an LCE film containing 10 mol % TAC-4.
The viscous loss of the film in the nematic phase (40uC) was
calculated to be 0.49 J kg21. (b) Summary of the viscous losses
of films containing the nematogen C411U8 and the crosslinker
TAC-4 (solid bars). For comparison, the hatched bar
represents the viscous losses of films containing 5 mol %
TAC-4 and 10 mol % HDA.

Figure 4. Dynamic work loop technique and work summary
of LCE films with varying amounts of TAC-4. (a) Conceptual
diagram of a dynamic work loop performed with LCE films.
The elastomer film was first equilibrated in the isotropic phase
under minimal load (0.002 N). The strain was monitored as the
temperature was ramped to the nematic phase of the film
(segment 1). Next, the force applied to the film was increased
to a predetermined maximum (segment 2). In the third
segment, the force was held constant as the temperature was
increased at 1uC min21 to the isotropic phase. Finally, under
constant temperature the force was decreased and returned to
the initial minimum load. (b) Work performed by LCE films as
a function of TAC-4 concentration, showing a 70% decrease in
the work with a three-fold increase in the amount of TAC-4
(solid bars). Films containing TAC-4/HDA had the greatest
work capacity of all samples tested (hatched bar).
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concentrations of TAC-4 revealed a significant decrease

in the amount of work performed by the film. The work

decreased from 28 J kg21 with 5 mol % to 9 J kg21 with

15 mol % TAC-4.

From the three concentrations of TAC-4 used to

crosslink the elastomer, C411U8 combined with 5 mol %

TAC-4 produced the desirable qualities of high strain

and a large capacity to perform work. However, a few

drawbacks left room to improve the physical properties

of the elastomers. For practical applications, a large

energy input would be required to actuate the C411U8

films containing 5 mol % TAC-4 at the high transition

temperature of 75uC. Ideally, a more desirable LCE

would feature a low TNI in order to reduce the energy

required to switch the thermally-driven material. It is

also useful and advantageous to have the ability to

increase the elastic modulus and reduce the viscous

losses while maintaining the largest possible strain and a

large capacity to perform work.

As an alternative, a bi-functional crosslinker HDA

was used to crosslink C411U8 polymer. The mechanical

properties of the elastomer were studied to compare

with the TAC-4 based elastomers. Stress/strain experi-

ments on C411U8 combined with 10% HDA revealed

an elastic modulus of 1 MPa, less than one-third of

the elastic modulus of any film made with TAC-4 as

the sole crosslinking agent. The low elastic modulus

was expected and nearly matched the value of 0.9 MPa

reported previously with nematic LCEs crosslinked

with 10 mol % HDA [7]. Thermoelastic cycles revealed

a strain of 38% through a transition temperature

of 68uC, which is comparable to elastomers pre-

pared with 5 mol % TAC-4 (see figure 2). This strain

value is also similar to the strains observed in our

previous study of nematogens crosslinked with 10 mol %

HDA [7].

Both the energy dissipation and work capacity of the

C411U8/HDA films were also determined. The viscous

loss was found to be 0.23 J kg21, which was lower than

the viscous losses of all films crosslinked only with

TAC-4. The amount of active work performed by the

film was 6.8 J kg21 when stressed under 0.008 N of

force. The application of ramping forces of 0.012 N or

higher during the active work loop caused the HDA

films to fail, emphasizing that the low work capacity of

these films is primarily due to the low elastic modulus.

Overall, LCE films crosslinked with HDA had positive

qualities of high strain and low viscous losses. These

advantages, however, were outweighed by the low

elastic modulus and the small capacity to perform

work. On the other hand, films made with TAC-4 had

larger elastic moduli and a greater work capacity.

Therefore, the approach was taken to tune the physical

properties of the C411U8 elastomer using a mixture of

TAC-4 and HDA.

Films were made with 5 mol % TAC-4 and 10 mol %

HDA as described previously. These films were

subjected to heating and cooling cycles under constant

load through the transition temperature. As shown in

figure 5, the elastomer demonstrated 20–25% strain

through TNI when the temperature was ramped between

30 and 110uC. Within this range, 10 and 90% contrac-

tion was observed between approximately 45 and 85uC,

respectively.

In conventional liquid crystals, there is an expected

first order transition from the nematic to isotropic

phase and a discontinuity in the orientational order of

the material as a function of temperature. However, in

the LCE films containing C411U8, TAC-4 and HDA

we observe both a broad and smooth variation in the

strain over a wide temperature range as the LCE

undergoes a nematic–isotropic phase transition. There

are at least two sources for this broad temperature

range. First, multiple components added to a mixture

result in a broadening of the phase transition tempera-

ture. Second, Selinger et al. have demonstrated that

quenched disorder within the LCE network is a key

limiting factor in a rapid phase transition [22]. In

subsequent work, Selinger and Ratna employed a lattice

model and concluded that both chemical heterogeneity

and the distribution of local stresses within the

elastomer network contribute to the observed broad-

ening of the phase transition [23].

LCE films made with 10 mol % HDA and 5 mol %

TAC-4 had a transition temperature of 65uC. This is a

significant reduction from the transition temperature of

Figure 5. Thermoelastic plot of LCE film containing
10 mol % HDA and 5 mol % TAC-4. Cycles repeated through
the same temperature range but under higher loads (held
constant throughout a cycle) showed no significant change in
the strain of the material.
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75uC observed with 5 mol % TAC-4 and similar to the

TNI of LCEs made with 10 mol % HDA. The strain

and transition temperature of the elastomer with two

crosslinking agents were similar to the results obtained

for the films containing 10 mol % TAC-4 (figure 2). The

similarities may partly arise from the fact that 10 mol %

of TAC-4, with its three polymerization sites, provides a

similar number of crosslinking sites within the elastomer

network as the combination of 10 mol % HDA and

5 mol % TAC-4. Isostrain experiments were performed

on the LCE films to monitor the stress (force) as a

function of the temperature as the film was heated

through TNI. The primary objective of isostrain experi-

ments was to determine the stress necessary to prevent

contraction of the film as it was slowly heated through

the transition temperature, while held under constant

strain. As shown in figure 6 (a), when the film was held

under 1% strain, the stress increased with increasing

temperature until failure of the film at 250 kPa.

A representative stress/strain curve is shown in

figure 6 (b). The elastic modulus calculated at low stress

values was 5 MPa. The elastic modulus of the LCE films

crosslinked with both HDA and TAC-4 is slightly

higher than LCEs crosslinked with 5 mol % TAC-4 and

five times higher than the films crosslinked with

10 mol % HDA alone. The elastomer has been strength-

ened in an additive manner by combining the two

crosslinking agents into the nematic elastomer.

The work output of an LCE partly depends on the

ability of the elastomer to overcome the energy

dissipation within the material through an actuation

cycle. An example of a passive work loop performed on

LCE films with 5 mol % TAC-4 and 10 mol % HDA is

shown in figure 7. Multiple passive work loops per-

formed on film samples at constant temperature

resulted in negligible changes in the viscous losses.

The calculated energy loss of 0.14 J kg21 was almost an

order of magnitude lower than for films containing only

5 mol % TAC-4, see figure 3 (b), and 40% lower than the

losses found in films crosslinked with 10 mol % HDA.

Based on the sites available for crosslinking within

the elastomer network (three for TAC-4 and two for

HDA), one might expect the energy losses for the HDA/

TAC-4 films to be comparable to the losses for films

with either 10 or 15 mol % TAC-4. However, we

observed energy losses that were a third or less than

for the 10 or 15 mol % TAC-4 films. Estimates of the

crosslinking density based on the elastic modulus of the

films do not account for the reduction in the viscous

losses for the HDA/TAC-4 films [7]. A more reasonable

explanation is the distribution of the crosslinker

throughout the films. When the elastomer was cross-

linked with 10 mol % HDA and 5 mol % TAC-4 there

were few, if any, non-uniformities compared with the

films made with higher percentages of only TAC-4. The

combination of 10 mol % HDA and 5 mol % TAC-4 in

the elastomer network significantly reduced the viscous

energy losses of the LCE films and optimized the elastic

response compared with films crosslinked with only

TAC-4.

Figure 8 displays three dynamic work loops for three

different maximum ramping forces of 0.008, 0.012 or

0.016 N. The combination of TAC-4 and HDA in the

elastomer network resulted in over a two-fold increase

in the amount of work performed by the film compared

to those crosslinked with HDA alone, when subjected

to the same maximum ramping force of 0.008 N. The

mass-specific work of the LCE films containing HDA

Figure 6. Isostrain and isothermal results for LCE films
containing 10 mol % HDA and 5 mol % TAC-4. (a) The LCE
film was actuated under 1% isostrain as the stress was
monitored until failure of the film, providing a measure of
the maximum sustainable stress by the film. (b) Isothermal
curve performed on an LCE film in the nematic phase (40uC).
The initial linear region of the curve (inset) provides a measure
of the elastic modulus of the film, which measured 5.1 MPa for
this particular sample.
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and TAC-4 was slightly greater (15%) than films

containing 5 mol % TAC-4, when compared at similar

ramping forces, figure 4 (b). In addition, there was over

a two-fold increase in the work performed by the HDA/

TAC-4 films when compared with films made with

10 mol % TAC-4. Taking into account the similar

performance of these two films in thermoelastic experi-

ments, the combination of HDA and TAC-4 has

increased the amount of work performed by the LCE

films. Also, the viscous loss of HDA/TAC-4 films was

less than 0.5% of the mass-specific work, indicating that

internal energy losses are minimal compared to the

capacity of the films to perform work.

In addition to the increased work capacity, HDA in

combination with TAC-4 resulted in a transition

temperature of 65uC. This value is a few degrees lower

than the TNI of films crosslinked with HDA but

approximately 10uC lower than for films made with

5 mol % TAC-4, a concentration that produced the

highest strain and greatest work when TAC-4 was the

sole crosslinking agent. For practical application of

thermally actuated LCE films, a lower transition

temperature will increase the energy efficiency, i.e. less

heat energy will have to be put into the system to

actuate the material. If energy considerations are not

important for a particular application, the films

containing either 5 mol % TAC-4 or 10 mol % HDA

provide a useful alternative, especially where high

strains are important. However, the low elastic modulus

of both these films, particularly the HDA films, will

limit the capacity to perform work. In general, the

combination of HDA and TAC-4 has optimized the

physical properties of the films by increasing the work

capacity, lowering the viscous losses, and reducing the

transition temperature of the material.

This study has demonstrated the ability to tune the

physical properties of an LCE by adjusting the type and

amount of crosslinker used with a nematic material. A

common challenge for many actuators is the balance

between the strength of the material and the strain it is

capable of producing. We have demonstrated the ability

to adjust these parameters, thus providing a unique

advantage to adapt the material properties to fit

particular application requirements.

It is important to compare the response of our LCE

films to other materials in order further to develop the

response of the films toward specific applications.

Skeletal muscle is able to perform many functions that

require both gross and fine motor skills and is a useful

standard for comparison. Assuming a blocked stress of

300 kPa, a strain of 25%, and the density of skeletal

muscle to be 1.06 g cm23, the mass-specific work of

skeletal muscle is ,70–75 J kg21 [24]. The maximum

work we were able to perform with the C411U8 films

crosslinked with both TAC-4 and HDA (32.5 J kg21)

reveals that we have attained a mass-specific work of

the same magnitude as that of skeletal muscle.

4. Conclusions

We have successfully created and tuned the physical

properties of a liquid crystal elastomer film with the use

of two different crosslinking agents. The nematic films

contract with anisotropy in a reversible manner when

heated/cooled through the transition temperature of the

material. We recognize that the LCE films are limited

by the efficiency with which heat can be transferred to

Figure 7. Example of passive work loops in the nematic
phase (40uC) demonstrating the viscous loss of C411U8 LCE
films with 5 mol % TAC-4 and 10 mol % HDA. The average
energy loss calculated from this experiment was 0.14 J kg21.

Figure 8. Dynamic work loops of LCE films containing
10 mol % HDA and 5 mol % TAC-4. Fmax is the maximum
ramping force applied and maintained on the film in the 2nd
and 3rd segments of the loop, see figure 4 (a). The work
performed through each cycle is indicated within the loop.
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and through the film. Since actuation is temperature-

controlled, it is apparent that the frequency of contrac-

tion is limited. Initial observations in our laboratory

have revealed a maximum contraction (heating) fre-

quency of the order of one Hertz and further studies are

underway to evaluate this parameter. Current research

focuses on developing similar liquid crystal materials
with lower transition temperatures, and also on devel-

oping materials that respond to different external

stimuli, such as electric fields.
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