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Società Italiana di Fisica
Springer-Verlag 2001

Spontaneous thermal expansion of nematic elastomers
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Abstract. We study the monodomain (single-crystal) nematic elastomer materials, all side-chain siloxane
polymers with the same mesogenic groups and crosslinking density, but differing in the type of crosslinking.
Increasing the proportion of long di-functional segments of main-chain nematic polymer, acting as network
crosslinking, results in dramatic changes in the uniaxial equilibrium thermal expansion on cooling from the
isotropic phase. At higher concentration of main chains their behaviour dominates the elastomer properties.
At low concentration of main-chain material, we detect two distinct transitions at different temperatures,
one attributed to the main-chain, the other to the side-chain component. The effective uniaxial anisotropy
of nematic rubber, r(T ) = �‖/�⊥ proportional to the effective nematic order parameter Q(T ), is given
by an average of the two components and thus reflects the two-transition nature of thermal expansion.
The experimental data is compared with the theoretical model of ideal nematic elastomers; applications
in high-amplitude thermal actuators are discussed in the end.

PACS. 61.41.+e Polymers, elastomers, and plastics – 61.30.-v Liquid crystals – 46.25.Hf Thermoelasticity
and electromagnetic elasticity (electroelasticity, magnetoelasticity)

1 Introduction

Liquid crystalline elastomers (LCE) have attracted a sig-
nificant experimental and theoretical interest. Recent re-
view articles summarise much of the recent-years research
[1–5]. The novel behavior of these materials arises from a
coupling between the liquid crystalline ordering of meso-
genic moieties and the elastic properties of the polymer
network. Several unusual physical effects have been discov-
ered in LCE: a) Spontaneous, reversible shape changes on
heating or illumination. b) “Soft elasticity” —mechanical
deformation without (or with very low) stress. c) Mechan-
ical instabilities and discontinuous stress-strain relations
on switching of nematic director by mechanical fields [6,
7]. d) Electrical switching of optical properties with ac-
companying mechanical strains in [8,9]. e) Solid phase
nematohydrodynamics and unusual rheology and dynam-
ics, leading to anomalous dissipation, mechanical damping
and dynamic softness [10,11].

Theoretical work has been able to develop simple
molecular models of ideal nematic network and qualita-
tively describe or predict nearly all observed phenomena
with a description having no free parameters, based only
on independently measurable quantities [3]. This theory
of an ideal nematic rubber is encompassed in the expres-
sion for the free-energy density of a nematic rubber in re-
sponse to an arbitrary general deformation expressed by
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the strain tensor λ:

Felast = 1
2µ Tr

[
�
0
· λT · �−1 · λ

]
, (1)

where µ ≈ nxkBT is the rubber modulus proportional
to the crosslinking density of the network. Within the
phantom Gaussian chain approximation, the matrix � (as
well as �

0
) represents the anisotropic distribution of ne-

matic chain segments after the affine deformation λ is ap-
plied (or the initial anisotropy before deformation, in the
case of �

0
). The effective chain anisotropy is the crucial

factor in the description. The matrix � characterises the
local nematic director n as its principal eigenvector, as
well as the degree of local order expressed by the differ-
ence between its principal eigenvalues: in the component
form �ij = �⊥ δij + [�‖ − �⊥]ninj . Accordingly, the ne-
matic polymer chain has the anisotropic radius of gyra-
tion, R‖ = (1

3�‖L)1/2 and R⊥ = (1
3�⊥L)1/2 for a Gaussian

chain of contour length L. In the isotropic phase both
principal values become equal to the single parameter, b,
of chain persistence length: �isoij = b δij and R = (1

3bL)1/2

along each of the three coordinate axes. A more recent rep-
tation theory of entangled nematic rubber [12] has shown
that, although the elastic free energy is significantly mod-
ified, many key parameters and predictions of the ideal
theory remain in force.

One such equilibrium effect stands out in the proper-
ties of liquid crystalline elastomers, being especially pro-
nounced when a monodomain (single crystal, permanently
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aligned [13]) nematic network is prepared. It is the anoma-
lous thermal expansion —the spontaneous elongation of
the material along the director axis on cooling from the
isotropic phase [14,15]. It is rather straightforward to de-
rive the equilibrium uniaxial extensional strain by minimi-
sation of equation (1) where the chain anisotropy changes
from �

(0)
‖ = �

(0)
⊥ = b, in the initial state, to a set of values

�‖ �= �⊥, with �‖ along the nematic director n, which is
also the principal axis of spontaneous extension (see [3]
for details). The result for the uniaxial expansion,

λth = (�‖/�⊥)1/3, (2)

is a sensitive function of temperature. Remarkably, the
same expression for λth is obtained from the modified rep-
tation theory of entangled nematic elastomers [12]. The
reason for this spontaneous uniaxial thermal expansion is
the direct coupling between the average chain anisotropy
and the nematic order parameter. Depending on this cou-
pling, the magnitude of λth could differ greatly (and even
change sense from extension to contraction in a poly-
mer with oblate backbone conformation), reaching a max-
imum in a main-chain nematic polymer systems which
could expand, spontaneously and reversibly, by a factor
of ∼ 3–4 [16,17].

We must quote here a recent study by Wermter and
Finkelmann [18], where the similar concept of using the
main-chain nematic polymer in a composite elastomer has
been explored. The difference between [18] and the present
work is in that we keep several parameters fixed: in partic-
ular, the length of long main-chain polymer segments (75
units) and the overall crosslinking density (10 mol%). Ac-
cordingly, in this paper we focus on the role of the single
parameter in the above molecular theories —the effective
chain anisotropy � of the composite. On the one hand,
the strength of the theory is that the effective anisotropy
parameter r = �‖/�⊥ could be directly measured by exam-
ining the thermal expansion of a uniaxial nematic rubber,
cf. equation (2), thus leaving no free parameters and al-
lowing quantitative predictions. On the other hand, one
appreciates that the value of r measured in a macroscopic
experiment, such as the mechanical deformation, is an ef-
fective average parameter of the whole network, not neces-
sarily directly related to the persistent length anisotropy
of a particular polymer forming the network. It is obvi-
ous that there has to be a direct relationship between the
anisotropy r and the local (thermodynamic) nematic or-
der parameter Q(T ), with the limit r → 1 at Q → 0.
However, the theoretical derivation of such a correspon-
dence is difficult because it is based on the single-chain
analysis and is strongly model-dependent, varying from
a trivial r = (1 + 2Q)/(1 − Q) for a freely jointed chain
model to a highly non-linear r ∼ exp [3/(1 − Q)] in the
hairpin regime of main-chain homopolymers [19].

We examine a sequence of materials, having essentially
the same chemical structure and composition of side-chain
polysiloxane nematic polymer strands but different in
the type of permanent chemical crosslinking. Maintaining
the constant degree of crosslinking, at 10% (by reacting
bonds), we continuously alter the proportion between the

two crosslinking agents: i) flexible di-alkeneoxybenzene
units, which are thought to have only a minor effect on
the anisotropy of nematic network strands, and ii) long di-
functional chains of main-chain nematic polymer, which
create an additional (and very high) anisotropy in the
composite material. In all cases we prepare uniformly
aligned monodomain nematic networks —single-crystal
liquid crystal elastomers (SCLCE) in the terminology of
[13]. By measuring the spontaneous uniaxial thermal ex-
pansion λth, we obtain the temperature-dependent effec-
tive network anisotropy r(T ). A parallel thermal study
(DSC) identifies the points of nematic phase transitions
for all materials and correlates these with the thermo-
mechanical response.

Finally, we conclude by discussing the possible applica-
tion of spontaneous deformation of monodomain nematic
rubber in thermo-mechanical actuators. Section 4 presents
a study of a selected optimised sample, providing the data
for deformation under load (the artificial muscle regime
[20]) and for the stress-temperature relation at fixed geo-
metry (the dynamic actuator regime). There are compet-
ing factors, for instance, the amplitude and the steepness
of the response are in the opposite relation to the response
rate. Comparing the materials that span the wide range
of possibilities, we propose that highly anisotropic main-
chain–containing nematic elastomers are most suitable for
large-amplitude actuation when the time is a less relevant
factor, while the low-anisotropy nematic materials provide
the low-amplitude but high-frequency response suitable,
for instance, for acoustic applications.

2 Experimental

All starting materials and samples of side-chain silox-
ane liquid crystalline elastomers were prepared in the
Cavendish Laboratory by modification of the procedure
of Finkelmann et al. [13,17,21]. The polymer backbone
was a poly-methylhydrosiloxane with approximately 60
Si-H units per chain, obtained from ACROS Chemicals.
The pendant mesogenic groups were 4′-methoxyphenyl-4-
(1-buteneoxy) benzoate (MBB), as illustrated in Figure 1,
attached to the backbone via the hydrosilation reaction.
All networks were chemically crosslinked via the same re-
action, in the presence of commercial platinum catalyst
COD, obtained from Wacker Chemie, with di-functional
crosslinking groups also shown in Figure 1 (both synthe-
sized in the house). In all cases the crosslinking density
was calculated to be 10 mol% of the reacting bonds in the
siloxane backbone, so that on average each chain has 9
mesogenic groups between crosslinking sites.

However, the samples were different in the propor-
tion of two crosslinking components. The first crosslinking
agent, 1,4 di(11-undecene) benzene (11UB), is a small flex-
ible molecule deemed to have relatively minor effect on the
overall mesogenic properties of the liquid crystalline poly-
mer (apart from the trivial effect of added impurity, which
is deliberately kept constant in our experiments). The
second crosslinking agent was very different: di-vinyl ter-
minated chains α-{4-[1-(4′-{11-undecenyloxy} biphenyl)-
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Table 1. Proportions of crosslinkers 11UB and MC in the overall crosslinking composition (of 10 mol%), the corresponding
volume fraction of the MC component (in wt%) and temperatures of glass and nematic-isotropic transitions. Values of Tni in
brackets refer to the second transition observed in “mixed” materials. The glass transition temperatures are approximate, with
an error of at least ±5 ◦C.

Samples mol% (11UB) mol% (MC) MC content Tg (◦C) Tni (◦C)

MC0 10 0 0 wt% 3 85.5

MC0.1 9.9 0.1 10 wt% 7 85.6(106)

MC0.25 9.75 0.25 22 wt% 2 88(106)

MC0.5 9.5 0.5 36 wt% 7 (91)106

MC1 9 1 47 wt% 2 (98.5)107

MC10 0 10 93 wt% 17 108

Fig. 1. Schematic illustration of the materials used in this work. Siloxane backbone chain with Si-H groups reacting with
90 mol% mesogenic phenyl-benzoate side groups (MBB) and 10 mol% of di-vinyl crosslinking groups combining a changing
proportion of flexible small-molecule 1,4 alkeneoxybenzene (11UB) and the main-chain nematic polymer of 1-biphenyl-2-phenyl
butane (MC). Apart from the presence of 11UB, compensating for the reduction of MC content, the molecular components are
the same as those used in [18].

2-phenyl] butyl)-ω-(11-undecenyloxy) poly-[1-(4-oxydeca
methyleneoxy)- biphenyl-2-phenyl] butyl chains (MC)
that themselves make a main-chain liquid crystal [22].
In our case the crosslinking chains were with ∼ 75 rod-
like monomers between the terminal vinyl groups (deter-
mined by GPC, polydispersity ∼2). Each such long-chain
crosslinker connects two siloxane polymer chains.

Calculating the crosslinking density by reacting bonds,
as described above, can be quite different from the actual
concentration of the species in resulting material. In par-
ticular, in the case of MC polymer crosslinker, the rela-
tive gram weight of it in the otherwise side-chain polymer
matrix is very high: the molecular weight of an average
MC crosslinking chain, cf. Figure 1, is 34530 ∼ 75 × 456
—which is much greater than the molecular weight of the
corresponding 9-unit side-chain polymer strand between
crosslinking points (2691 ∼ 9 × 299). One may equally
regard such a system as a main-chain nematic rubber net-
work, end-linked with relatively small crosslinking groups
made of side-chain nematic polysiloxane, cf. [18].

The series of materials, synthesized in this way, are re-
ferred to by the (molar) proportion of MC crosslinker in
the total crosslinking composition. In this way, the sample
labeled as MC0 is crosslinked purely by the 10 mol% of the
small-molecule group 11UB. At the opposite end, MC10
refers to the material crosslinked purely by the long main-
chain nematic polymer. We find particularly interesting
effects occurring at a very small proportion of main-chain

crosslinker. The borderline case, when the overall mass of
the MC material in the network composition is approxi-
mately equal to that of side-chain polysiloxane, is at ∼1.75
mol% of MC. We find that compositions close to this are
optimal in balancing the increasing amplitude of thermal
expansion and the decreasing rate of response. The sam-
ples we have studied, MC0.1, MC0.25, MC0.5 and MC1,
refer to the crosslinking composition listed in Table 1, to-
gether with the actual weight or volume fraction of the
MC material and their characteristic transition tempera-
tures. For comparison, the pure uncrosslinked melt of the
same main-chain polymer, studied in some detail in [23],
has Tg ≈ 38 ◦C and Tni ≈ 112 ◦C (for the longer-chain MC
component).

Monodomain, aligned samples were made by preparing
partially crosslinked films in a centrifuge, highly swollen
in toluene (2-3 ml per 1 g of material), reacting for 25-
35 minutes before evaporating the solvent and suspending
the samples under load in an oven to complete the re-
action for more than 5 hours at 120 C. A careful study
of reaction kinetics ensured that approximately 50% of
crosslinks were established in the first stage of this prepa-
ration. When a uniaxial stress is applied to such a partially
crosslinked network, the aligned monodomain state in the
resulting nematic elastomer is established with the direc-
tor along the stress axis. This orientation is then fixed by
the subsequent second-stage reaction, when the remain-
ing crosslinks are fully established. Following the ideas
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and results of [13], in all cases we performed the second-
stage crosslinking in the high-temperature isotropic phase:
in this way a better alignment and mechanical softness
are achieved (in contrast to the crosslinking in a stretched
polydomain nematic phase [13,24], which results in a num-
ber of defects and domain walls frozen in the material).

Equilibrium transition temperatures given in Table 1
were determined on a Perkin Elmer, Pyris 1 differential
scanning calorimeter (DSC), extrapolating to low cool-
ing rates, and the nematic phase identified by polarizing
optical microscopy and X-ray scattering. Thermal expan-
sion measurements were made by suspending the samples,
without load, in a glass-fronted oven and measuring the
variation in natural length of the samples with tempera-
ture, L(T ). Precise length measurements were made using
a traveling microscope, as the samples were slowly cooled
(at a rate 0.5 ◦C/min) after the complete annealing in the
isotropic state.

The force measurements were performed on a custom-
built device consisting of a temperature-compensated
stress gauge and controller (UF1 and AD20 from Pioden
Controls Ltd) in a thermostatically controlled chamber
(Cal 3200 from Cal Controls Ltd). The rectangular-shaped
samples (approximately 30 × 5 × 0.3 mm) were mounted
with clamps, at room temperature, in such a way that the
sample length L remains fixed throughout the experiment.
The samples were then heated (at a rate ∼ 0.5 ◦C/min)
to the isotropic phase. The stress and temperature val-
ues were acquired by connection to a Keithley multimeter
(2000 series) and stored on a PC over an IEEE interface.
The increasing force was measured by the stress gauge
and later correlated with the effective strain in the sam-
ple, due to the decreasing underlying natural length L(T ).
Since the effective strain reached high values, λth ∼ 3–3.5
when Tni was reached, many samples broke or tore. How-
ever, a good reproducibility of force-temperature, as well
as stress-strain relations allowed one to extrapolate the
data over the whole temperature range.

3 Thermal and mechanical equilibrium

Phase transitions

Figure 2 presents the data of DSC measurements of phase
transformations in our materials. All samples exhibit a sin-
gle nematic phase above their glass transition, however,
the position and the morphology of phase transforma-
tions strongly depends on the composition. It is expected,
and well known, that liquid crystalline polymers show a
much broader and diffuse signature of the weakly first-
order nematic-isotropic transition. This effect is especially
pronounced in crosslinked elastomers, where the quenched
sites of random disorder introduced by crosslinks lead to a
more diffuse transition and stronger hysteresis. Figure 2(a)
shows an example of heating and cooling scans for a se-
lected sample, MC0 and MC10, at the opposite ends of
the series. One can clearly recognize the effect of main-
chain polymer component, which increases the glass and
the nematic-isotropic transition temperatures.

˚

˚
Fig. 2. DSC data for the series of nematic elastomers, at
10 ◦C/min. (a) Heating and cooling scans of MC0 and MC10,
showing the glass and the nematic-isotropic transitions and
their hysteresis. (b) Sequence of cooling scans of the nematic
transition for all the materials in the series, MC0 to MC10
—increasing curves.

Figure 2(b) focuses only on the region of nematic tran-
sition and brings together the DSC scans for all materials,
obtained at the same cooling rate of 10 ◦C/min after a long
annealing at 120 ◦C. Comparison between MC10 and MC1
tells that even at the relative proportion of MC crosslink-
ing chains of 1% the properties of the resulting network
are dominated by their effect. This observation will be sup-
ported below by the comparison of spontaneous thermal
expansion of MC10 and MC1, which has the same overall
character and the transition point, but is rather different
from the other members of the series. One should expect
this, since the calculation of the relative mass of the side-
and the main-chain components in our materials becomes
approximately equal at the level of 1.75 mol% of MC (see
Tab. 1).

The second key result of this DSC study, evident
in all materials between MC0.1 and MC1, is the pres-
ence of two sequential nematic transitions. We have veri-
fied by X-ray and optical observations that no additional
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phase exists in the materials, which are optically trans-
parent and homogeneous at all temperatures. Clearly,
the higher-temperature transition is related to the main-
chain nematic component of the network: its temperature
hardly shifts on composition (remember that the data in
Fig. 2(b) is obtained on cooling after the complete an-
nealing), but its overall latent heat decreases in propor-
tion with the decreasing percentage of MC. The second,
lower-temperature transition is, of course, that of the side-
chain polysiloxane polymer. Its temperature continuously
shifts up on increasing proportion of the MC crosslinker
and, accordingly, the stronger nematic field provided by
the more strongly anisotropic MC polymer (which has al-
ready undergone the phase transformation, as indicated
by thermal scans). We shall now investigate the related
mechanical response and return to the discussion of the
possible reasons for such a behavior.

Uniaxial thermal expansion

Changing the temperature affects the nematic order pa-
rameter Q(T ) of a nematic elastomer and, in a per-
manently aligned monodomain state, alters the effective
chain anisotropy of the rubber, r = �‖/�⊥. Figure 3 shows
the variation of the natural length of free, unloaded sam-
ples, measured along the nematic director. Obviously, in
an incompressible rubber the volume is conserved and
the two perpendicular directions experience the symmet-
ric contraction by 1/

√
λ when the principal direction is

elongated by λ = L/L0. Here the length L(T ) is mea-
sured with respect to the length L0 the corresponding
sample has in the isotropic phase. Elongation on cool-
ing into the nematic phase means that the network is
characterised by an effective prolate anisotropy, that is
r > 1, below Tni. The spontaneous uniaxial thermal ex-
pansion described by the strain λth, equation (2), is an
equilibrium reversible process. Figure 3(a) illustrates this
by showing the evolution of sample length for one selected
material, MC0.25, on heating and on cooling. There is an
evident hysteresis which, however, is rather small at the
cooling rate used in this experiment. Without going into
greater detail, we must mention that the characteristic
response time, or equivalently, the width of hysteresis, in-
crease dramatically with the increasing MC concentration.
In the material MC0 we find no trace of a hysteresis, while
in MC10 the response to changing temperature is rather
slow and the hysteresis in L(T ) is very noticeable at an
already slow cooling/heating rate of 0.5 ◦C/min. For this
slow response and relaxation of main-chain nematic poly-
mers [23], the likely reason is the freezing of chain motion
in narrowly confining hairpins.

Analyzing the sequence of λth(T ) data for the full se-
ries of samples, one is impressed by the high value of strain
achieved, especially in the MC-containing materials. The
arguments already presented above, about the relative
mass of the long-chain MC material in the overall network
composition becoming approximately equal to that of the
siloxane side-chain polymer at the level of MC ∼ 1.75%,

˚

˚
Fig. 3. Uniaxial thermal expansion λth = L(T )/L0 for the
uniaxial nematic rubber, with the temperature rate of ∼
0.5 C/min. (a) Heating and cooling cycles for MC0.25, showing
the effect of hysteresis. (b) Sequence of cooling cycles for all ma-
terials, from MC0 to MC10. Notice the two-stage expansion,
beginning at the higher nematic transition temperature and
enhanced at the lower Tni —consistent with the two-transition
feature of DSC data.

are confirmed by the observation that no significant fur-
ther increase in the effective network anisotropy r = λ3

th
occurs in high-MC–containing samples; the increase in λth

at a given T in going from MC1 to MC10 is much less than
from MC0 to MC1. One could argue that the ambient-
temperature value of r ≈ 42 found in MC10 is close to
the natural anisotropy of our MC polymer. This would
make a prediction for the radius of gyration anisotropy
R‖/R⊥ ≈ 6.5 (since 〈R2〉 ∼ � L), which is a high but not
unexpected value for this type of semiflexible polymer, as
seen by neutron scattering from the melt (see, e.g., [25]
and references therein).

Another remarkable aspect of the results shown in Fig-
ure 3(b) is the dual-transition feature of the transition,
similar to that seen in the DSC study. Networks with the
low MC concentration, when the main-chain component
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is the minority in the composition, show their first sign
of nematic transition (indicated here by the initial small
uniaxial expansion) at the higher Tni, followed by a sub-
sequent rapid increase at the lower Tni. The amount of
average network anisotropy generated at the first transi-
tion increases with the concentration of MC, and is consis-
tent with the overall latent heat of this higher-temperature
transition in Figure 2(b). The second transition, seen as a
near-critical jump in λth for MC0.1, moves towards higher
temperatures as the MC concentration increases, again
consistently with the DSC data.

One fundamental question that arises from the results
shown above is the nature of the first, higher Tni, nematic
transition. A natural explanation would be the phase
separation of very long MC chains during the synthesis,
when they are in the minority composition. It would then
be natural that small volumes with the high concentra-
tion of MC undergo the nematic transition at ∼ 108 ◦C.
The high uniaxial elongation of these small MC regions
would, however, be absorbed by the still isotropic network
of polysiloxane chains and the overall mechanical strain
would be small. This would also explain the shift of the
Tni, because the uniaxially aligned nematic MC regions
would provide a driving field for the rest of the mesogenic
material. However, it is not straightforward to reconcile
this hypothesis about the phase separation with the fact
that our materials show no optical inhomogeneity (which
could simply mean that the MC regions are too small),
as well as with the fact that each MC chain has to be
crosslinked at both ends to a siloxane strand. Since the
first-step crosslinking takes place in the presence of sol-
vent in a well-mixed centrifuge environment, one expects
a relatively homogeneous distribution of junction points,
which should then be preserved after the second crosslink-
ing stage, in spite of de-swelling. An intriguing alternative
possibility could be that we observe the precursor to the
nematic transition in essentially separate chains of MC.
Theoretical studies [26] have long ago predicted the exis-
tence of nematic-nematic phase transition lines when two
competitive ordering trends are present in the system; in
that terminology, we could be observing the discontinu-
ous NIII-N ′

III transition at a temperature below Tni for
the change between the isotropic and the NIII phases. We
have not pursued this question in any more depth here, in-
stead concentrating on the mechanical aspects of nematic
ordering in rubber.

4 Thermo-mechanical actuation

An important practical question of spontaneous thermal
expansion of monodomain nematic rubbers, relevant to
practical use of this effect in thermo-mechanical actua-
tors, is the amount of stress the material can sustain. The
work cycle of a corresponding artificial muscle depends on
the amplitude of motion, but also on the force the ne-
matic rubber exerts —or the load it can work under. In
this section we focus on the sample MC1, which shows an
almost maximal strain λth(T ), but still has a reasonably
fast response and small hysteresis.

˚

˚
Fig. 4. (a) Cooling cycles for MC1 under increasing load, cor-
responding to an applied stress of 0, 30, 60 and 90 kPa. (b) The
nominal stress exerted by a clamped strip of MC1, of fixed
length Lfix, heated from room temperature to above Tni. Sym-
bols are the data points from different samples which were
tearing at certain levels of stretching, at a stress ∼ 100 kPa;
the solid line is the plot of the underlying effective strain
ε = [Lfix − L(T )]/L(T ) (values on the second y-axis).

Figure 4(a) shows the difference in thermal expan-
sion curves when the sample was loaded with increasing
weights. For the sample of cross-section area ∼ 1.5 mm2

each 5 g of weight corresponds to the stress σ ≈ 30 kPa;
the curves in the plot are for the stress increasing from 0
to 90 kPa. Clearly, the qualitative nature of the effect is
preserved when changing the temperature under load. An
increase in the strain values is the natural consequence of
rubber elasticity: at any given temperature and natural
length, the applied load would cause an extra stretching
of the rubber band. Several interesting effects are seen in
this plot, in particular, the small but unambiguous shift
of the nematic transition temperature, ∆Tni ∼ 5 ◦C, with
increasing load. Such an effect is expected on theoreti-
cal grounds in a weak first-order transition system in an
external field —however, in ordinary liquid crystals, elec-
tric and magnetic fields are usually too small to create a
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noticeable shift. On the other hand, there is no trace of
supercritical behaviour or paranematics phase above Tni

[27]: the transition remains abrupt and well defined; the
small increase of λ above Tni is purely due to the rubber-
elastic response to the applied load.

Another practically important experiment is reported
in Figure 4(b). Here we measure the force that a nematic
rubber band can exert when thermally contracting. A strip
of MC1 elastomer with a cross-section of 5×0.3mm (stan-
dard in all experiments described in this paper) is rigidly
clamped in a dynamometer device at ambient tempera-
ture, so that its length L remains constant. On heating,
the underlying natural length decreases, L0(T ), accord-
ing to the data of the previous section, cf. Figure 3(b)
for MC1. Accordingly, the effective extensional strain in-
creases in the material and the sample exerts an increas-
ing force on its clamped ends. This force is measured and
transformed into the nominal stress by dividing by the
sample cross-section area.

The plot in Figure 4(b) shows two separate experi-
ments on heating the constrained rubber band MC1, cir-
cles and diamonds data points (the reproducibility of re-
sults is comforting). In both cases the sample broke before
reaching the isotropic phase —clearly, the stress of the or-
der of 100 kPa has been the limit this particular material
could bear (one could conceivably increase the strength
by tailoring the sample shape and in particular, its thick-
ness). We performed a number of such measurements and
the results are very reproducible for a given material and
sample shape. The second y-axis on this plot gives the
variation of the underlying effective strain. We calculate
it determining the actual gradient of underlying displace-
ment with respect to the “virtual” equilibrium length,
ε = [Lfix − L(T )]/L(T ), where Lfix is device-fixed, while
L(T ) follows the data measured and reported in the pre-
vious section. One can clearly see that the internal stress
and the effective strain follow exactly the same graph and,
therefore, are linear functions of each other over a large
region of deformations.

5 Conclusions

In this article we report the systematic study of uniax-
ial thermal expansion of monodomain nematic elastomers.
Composite materials combined main-chain and side-chain
nematic polymers in their networks and the results are
sensitive functions of concentration of the MC compo-
nent. Increasing the proportion of MC in the otherwise
side-chain nematic network has a great effect on the av-
erage effective anisotropy of polymer chains and, as a re-
sult, on the magnitude of spontaneous strain λth. At the
same time, there is a pronounced slowing down of all re-
sponse processes: the stress relaxation, the equilibration
of natural length and the shape recovery. One does expect
such slow dynamics in MC-dominated materials, which is
consistent with other studies of main-chain nematic poly-
mers. The isotropic-nematic transition at Tni is abrupt in
all our materials, with no supercritical effects or parane-
matic phase. However, both the mechanical and the ther-

mal data indicate that at a small concentration of MC,
the network experiences a sequence of two nematic tran-
sitions. A possible explanation for this effect could be a
microphase separation of MC-rich regions, however, there
are factors against it and the question is far from being
fully understood.

The study of mechanical actuation, that is the con-
traction under load, or exerting a force on changing the
temperature shows that uniformly aligned nematic elas-
tomers have a great potential in practical applications,
from stress and deformation gauges, to artificial muscles
and micromanipulators. On the map of material proper-
ties of different materials used in actuator design [28], the
nematic elastomers would occupy the region of low stress
(unlikely to exceed a few MPa) and extremely high de-
formations. In comparison, the present “large-amplitude”
actuators are based on shape-memory alloys, which reach
strains of up to 10% —something that pales in comparison
with over 300% deformations described in this work.
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