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Applications of Liquid Crystalline Elastomers

C. Ohm, M. Brehmer, and R. Zentel

Abstract This chapter focuses on recent developments in the field of liquid

crystalline elastomers (LCEs) that bring these materials closer to the world of

real applications, concentrating on their actuation properties. First, we briefly

introduce different LCE materials that show actuation behavior and explain how

they can be synthesized. In the second part, we focus on materials in which

a shape change is triggered by a phase transition. In particular, we discuss how

the chemistry of the polymeric material influences the strength and direction of

the shape change. We review the efforts made to trigger the actuation event by

stimuli other than temperature variation. Subsequently, we summarize prepara-

tion techniques for various sample geometries of aligned LCEs that all show

actuation properties and assign them to particular applications. A short summary

is given of devices that have been built in this way. In the third part, we

concentrate on actuators that show deformation in an electric field without any

phase transition. We start with a short introduction to ferroelectric liquid crystal-

line elastomers (FLCEs) and discuss molecules exhibiting these phases. Subse-

quently, we show how the electroclinic effect of FLCEs can be utilized to induce

macroscopic deformations by an electric field.
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Abbreviations

a electrostriction coefficient

BCFLCE Bent-core ferroelectric liquid crystalline elastomer

BCLC Bent-core liquid crystal

c-director Projection of the director on the smectic layer

d33 Piezoelectric constant

e Flexoelectric coefficient

FLC Ferroelectric liquid crystal

FLCE Ferroelectric liquid crystalline elastomer

LC Liquid crystal

LCE Liquid crystalline elastomer

NI Nematic–isotropic

Ps Spontaneous polarization

R Radius of gyration

S Order parameter

sA Smectic-A phase

sA* Chiral smectic-A phase

sC Smectic-C phase

sC* Chiral smectic-C phase

Sx unidentified smectic phase of higher order

T Temperature

1 Introduction

Liquid crystalline elastomers (LCEs) are materials that combine the properties of

polymeric elastomers (entropy elasticity) with those of liquid crystals (self-organi-

zation). They are the subject of several reviews and books [1–10]. Their most

interesting property is the ability to change their shape reversibly after the applica-

tion of a certain external stimulus. This feature was predicted by de Gennes as early
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as 1975 [11, 12]. Since then, LCEs have been extensively discussed as materials for

actuators. They offer an alternative to piezoelectrics, hydrogels, and various other

types of polymer systems (see [13] for an overview). The possible applications are

wide, and range from micromechanical systems [14] (in atomic force microscopy ,

as valves in microfluidic systems, as artificial muscles in robots) to propulsion

systems [15] (inspired by cilia in nature), and active smart surfaces that can change

their properties according to the environment [16].

The basic idea behind the shape variation of LCEs is straightforward [184].

Imagine a network swollen with an LC material. The polymer chains experience an

anisotropic environment and deviate from the isotropic conformation. As a result,

the coil dimension (the radius of gyration RG) will be different parallel and

perpendicular to the LC director. Such an elastomer loses its anisotropy when

heated to the isotropic phase. As a consequence, an isotropic chain conformation

will be regained and the sample as a whole will change its shape (Fig. 1) [10, 11, 17,

18, 184]. This scenario, which relies on the change of the order parameter S and the
resulting anisotropy of the polymer chains, is used most often. Thereby, the change

of the order parameter is either directly induced by a temperature variation or by an

“isothermal” shift of the phase transition temperatures, which can be achieved by a

photochemical isomerization of dyes [19, 20] (see Fig. 1).

Alternatively, an external (electric) field can be used to change the orientation of

the LC director inside the network. The network will then reorient and produce

a shape change. This effect can be observed either in LC actuators made from

highly swollen nematic systems [7, 9, 21, 22, 185] or in bulk LCEs with ferroelec-

tric phases (see Sect. 3). In LCEs with ferroelectric phases, the electroclinic effect

TLC-i

TLC-i1TLC-i2 T

S
ba

Fig. 1 (a) Anisotropy of the LC phase as expressed in the order parameter S, leads to an

anisotropic conformation of the polymer backbone. The magnitude of chain anisotropy is gener-

ally assumed to have the same temperature dependence as S. It decreases with increasing

temperature and jumps to zero at the clearing temperature (TLC-i1). By a photoisomerization of

suitable dyes (mostly azobenzene dyes) it is possible to shift the clearing temperature (TLC-i2) and
thus the order parameter and the chain anisotropy at constant temperature. (b) Visualization of the

change of the order at the clearing temperature. In the isotropic phase the polymer chains adopt

a random coil conformation, leading to a macroscopic deformation of the sample
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[23–25] can lead to a change of the tilt angle of the mesogens in chiral smectic-C

(smectic-C*) or chiral smectic A (smectic-A*) systems. This causes a change of the

smectic layer thickness, which in turn induces the actuation (see Sect. 3). The

polymer network serves here mostly as a matrix, which transforms a “liquid-like”

ferroelectric phase into a “soft solid-like” ferroelectric, which can exert permanent

stress. The magnitude of the shape change achievable in this way is smaller than for

systems that rely on a nematic–isotropic (NI) phase transition. But, this actuation

principle has the advantage that shape variations happen in direct response to an

electric field (in fact it is a piezoelectric effect) and does not require heating.

LCEs can have different topologies depending on the attachment of the

mesogenic units (see Fig. 2), which is important for the magnitude of the chain

anisotropy. If they are incorporated into the main chain, a large interaction between

LC phase and mechanical properties is expected. If the mesogens are attached as

side groups (LC side-chain polymers), their orientation is decoupled from that of

the polymer chains [26]. Thus orientational correlations will be smaller than in LC

main-chain polymers [10, 27].

In this chapter, we will focus on the application of LCEs that can change their

shape in response to temperature, to irradiation with light, or to electric fields (either

by resistive heating or by a direct piezo-like response). Compared to inorganic

piezoelectric materials, LCEs show a much larger shape variation but smaller

forces. Compared to gels working by reversible swelling and deswelling, they

have the advantage that the shape variation does not require mass transport of

solvent.

The basic principles of preparation and operation of LCEs – especially with

regard to the route shown in Fig. 3a – have been described in [184]. Still, some

a b

Fig. 2 (a) Network containing side-chain mesogens; (b) network containing main-chain mesogens
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remarks concerning crosslinked liquid crystalline polymers seem appropriate in the

present context. We will discriminate between LCEs and liquid crystalline

thermosets. LCEs are a subclass of chemically (or physically) crosslinked polymers

with a low crosslinking density, resulting in long polymer chains between the

netpoints. Thus, they can be deformed easily to high strains and they swell strongly

in good solvents. Typical elastic moduli (bulk state, above the glass transition

temperature Tg) are in the range of megapascals [28–31]. By contrast, highly

crosslinked systems, so-called thermosets, are hard materials with little deform-

ability that hardly swell. Their elastic moduli lie in the range of gigapascals [32].

Both types of networks can be made from LC polymers, depending on the amount

of crosslinking agent incorporated. In addition, LCEs can be made by covalent

crosslinking or by physical crosslinking due to the (reversible) segregation of

hard or ionic blocks [33, 34]. Typical LCEs (low crosslink density) show NI

phase transitions (e.g., clearing points) and a temperature-dependent LC order

parameter. In LC thermosets (high crosslink density) the LC order is “frozen-in”

and is nearly temperature independent, although photoisomerization can slightly

change the order.

LCEs and thermosets offer differing potential applications. LCEs give rise to

large deformations, which require a phase transition and strong deformability. The

more densely crosslinked LC networks show small deformations, but their macro-

scopic shape variation can often be “boosted” by using bending deformations (see

Sect. 2.3). In that case, tiny deformations at one side of an object can lead to huge

bending deformations.

+ 

+ 

react react 

react 

or 

a

b

c

d

Fig. 3 Different reaction

paths for the preparation

of LCEs: (a) “One-pot”

synthesis, usually via

hydrosilylation; (b) reaction

of LC polymer with

a crosslinker; (c) LC

polymer containing

a reactive group that is

activated by UV irradiation;

(d) mono- and bifunctional

low-molecular-mass LCs

that are polymerized
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Additionally, it is important to realize that deformations at an NI phase transition

occur locally, on the level of a small volume of the material in the micrometer

range. To observe the unique properties of LCEs on a macroscopic scale, the

mesogens have to be aligned uniformly over the whole sample, yielding an LC

monodomain or, at least, a sample with a well-defined overall director pattern (see

Chap. 1). Thus, the use of LCEs as actuators always requires a step to orient the

sample prior to final crosslinking [184]. Consequently, we will discuss first the

influence of different preparation strategies on the orientation step, focusing on

materials for actuator applications (Sect. 1.1). This section will be followed by a

discussion of properties needed for application. We will examine temperature-

driven actuators (Sect. 2) and electrically driven systems (Sect. 3).

1.1 Preconditions for Selecting LC Elastomers

Generally, crosslinking can be done in various ways, as summarized in Fig. 3 and

outlined in [5]. This includes a one-pot process, in which crosslinking and the build-

up of the LC polymer are done simultaneously (Fig. 3a); the crosslinking of

functional LC polymers with a bifunctional crosslinking agent (Fig. 3b); the

photochemical crosslinking of a properly functionalized LC polymer (Fig. 3c); or

the (photo)polymerization of a mixture from a liquid crystalline monomer and

a crosslinking agent (Fig. 3d). For chemical crosslinking of a multicomponent

mixture a solvent is needed to ensure miscibility of all components. This applies

to routes (a) and (b) but it is especially important for route (a), in which the

miscibility of various low-molar-mass compounds with a polymer must be ensured

[184]. However, the solvent needed for this purpose will destroy the LC phase.

Thus, the orientation must be accomplished in a second step, after most of the

chemical reactions and a preliminary crosslinking have taken place in concentrated

solution. Thereafter, the dried, solvent-free sample (now in its LC phase) is finally

crosslinked in a strongly stretched state. By this method, nice macroscopic films of

LCEs can be made (centimeter size), which have been the basis for most

investigations in this field [184]. However, the samples made by route (a) show

non-Gaussian behavior [35]. Additionally, small micrometer-sized samples with

complex director patterns are difficult to make by this technique.

Orienting small samples and creating complex director patterns can be accom-

plished more easily by either using the orientability of the LC phase from the

beginning or using electric (magnetic) fields or surface forces. This requires orien-

ting and photocrosslinking of multifunctional LC polymers [36–39] or monomers

in the neat (solvent-free) LC state [32, 40] (see Fig. 3c, d). In this case, it is either

necessary to incorporate photocrosslinkable groups (route c) into the LC polymer or

to establish (route d) a mixed system of (photo)polymerizable LC monomers. Route

(c) has the advantage that the crosslinking of a small amount of crosslinkable

groups has only a minor influence on the phase type and phase transition tempera-

ture. However, in this case the relatively high viscosity can create problems.

54 C. Ohm et al.



Route (d) has the advantage of a low viscosity of the monomer mixture. However, it

is not trivial to obtain a system in which phase type and temperature range of the LC

phase of polymer and monomer overlap well. From the synthetic side, either

acrylate groups (photoinitiated radical polymerization) can be incorporated into

an LC polymer by a polymer-analogous reaction [23, 36, 39, 41] or groups leading

to direct photocrosslinking can be used, like benzophenone units [42, 43]. As a

result of these efforts, neat (i.e., solvent-free) LC materials have become available,

in which a complex director pattern can be created by the methods known from low-

molar-mass LC systems. The resulting director patterns can afterwards be stabilized

by photoinitiated crosslinking. As photocrosslinking can be done in a spatially

resolved manner, this route allows the creation of different director patterns in

different parts of the sample.

An interesting alternative to covalent crosslinking is the use of secondary

interactions like ionic interactions [34] or complex formation [44–46]. Redox

reactions that change the valence of the center ion can be used for reversible

crosslinking. Also, block copolymers have been used for the formation of supra-

molecular networks [33, 47]. In this case, the crosslinks are formed by hard polymer

segments that are in the glassy state surrounded by LC polymer segments. If such

a block copolymer is heated above the Tg of the hard segments, it becomes melt-

processable. As with ionic systems, the crosslinking of the block copolymers is

reversible and reuse becomes possible. In the case of the covalent networks mostly

investigated, recycling is not an option, as there is no way to selectively break the

chemical bonds formed during preparation.

2 Actuators Powered by a Phase Transition

2.1 Designing Actuators with Defined Specifications

In this section, we will discuss LCEs in which shape variation is induced by

a change of the order parameter S. This is most pronounced in the vicinity of an

NI phase transition (see Fig. 1 and Sect. 1). In addition, we will discuss how the size

and shape of aligned (and therefore actuating) LCE samples can be controlled in

order to meet certain specifications dictated by an application. We will address the

question of how the mechanical and actuation properties of the materials are

influenced by the chemical nature of the LCE system.

From an application-based point of view, the most important characteristics of

an actuator are the stimulus under which actuation occurs, the direction of

actuation, the maximum displacement that can be produced, and the maximal

force that can be created. The maximum displacement and force that an LCE

actuator can produce depend on the chemical structure of the material. This aspect

will be discussed in Sect. 2.1.1. Concerning the stimulus leading to the shape

change, temperature-driven and UV-driven systems can be distinguished. In both
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cases, the transition from the LC phase to the isotropic phase triggers the actuation.

UV-driven systems contain photosensitive dyes that allow isothermal isotropization

by UV irradiation. Additionally, temperature-driven systems have been coupled

with other materials that allow the production of heat, either directly inside the

sample by an electric current, by a magnetic field, or by infrared irradiation. The

whole concept triggering the actuation will be discussed in Sect. 2.1.2. Finally,

the direction in which a deformation occurs depends on the orientation pattern of

the LC material. This topic will be addressed in Sect. 2.1.3.

2.1.1 LC Elastomer Structure and Strength of Actuation Properties

LCEs gain their actuation properties from the coupling between the elastomeric

network and the LC units. It causes an anisotropic chain conformation of the

network polymers if the mesogens exhibit an LC phase. Accordingly, the chains

adopt different radii of gyration parallel (R||) and perpendicular (R⊥) to the director.

Depending on the geometrical relation between the director and the long axis of

the polymer coil, we distinguish a prolate (parallel, R|| > R⊥)) and an oblate

(perpendicular, R|| < R⊥)) conformation (see Fig. 4) [10, 48–50].

At the phase transition to the isotropic state, the polymer chain changes into

a spherical conformation, which leads to a reversible shape change. The strength of

this effect depends directly on the magnitude of chain anisotropy in the LC phase

and is therefore a function of the coupling between polymer chains and mesogens.

The architecture of the LC polymer (main-chain, side-on, end-on) has a strong

impact on this coupling behavior.

Two ways of coupling are possible, namely “through bond” due to the chemical

linkage between mesogens and polymer chain, and “through space” [10, 28, 48, 49]

R

R

R >RR <R

R

R

a b

Fig. 4 (a) Oblate chain conformation: the long axis of the polymer chain is perpendicular to the

director. (b) Prolate chain conformation: the long axis of the polymer chain is parallel to the

director [5]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

56 C. Ohm et al.



caused by the anisotropic environment created by the alignment of the mesogens.

For LC polymer architectures in which the long axes of the mesogens are parallel to

the polymer backbone (main-chain, side-on), both effects act in the same direction

and cause a strong elongation of the chains parallel to the director (prolate confor-

mation). Comparing the two systems, we find that main-chain polymers show

stronger chain anisotropy than side-on systems. The reason is that the “through

bond” coupling in the main-chain architecture is stronger, because the mesogens are

directly incorporated into the polymer backbone. Decreasing the spacer length of

a side-on system (giving it more main-chain character) increases the coupling

betweenmesogen and backbone and thereby increases the chain anisotropy [28, 51].

In the case of end-on systems, the “through bond” coupling induces an elonga-

tion of the polymer chains perpendicular to the director, while the “through space”

coupling prefers a parallel extension of the chains. This conflict concerning orien-

tation leads to weaker chain anisotropy in end-on systems than in the two other

architectures. The direction in which the backbone elongates depends on many

factors, like the nature of the LC phase (nematic or smectic), the spacer length, and

the chemical structure of the backbone polymer [28]. Concluding, we expect the

strongest backbone anisotropy for main-chain polymers, followed by side-on and

then end-on systems. Using D-NMR and small-angle neutron scattering (SANS)

[50–58], it was indeed shown that the degree of backbone anisotropy decreases for

the three architectures in the order main-chain > side-on > end-on.

Because the shape-changing effect has its origin in the deformed polymer chain

conformation, we expect the strongest shape change in main-chain systems, and the

weakest one in end-on systems. This prediction has been confirmed by comparing

the shape-changing capabilities of three prominent LCE systems with different

architectures (see Fig. 5). The main-chain elastomer by Ahir et al. [47] changes its

end on

side on

mainchain

Fig. 5 Comparison of the contraction in the direction of the director for different polymer

architectures. Data were taken from [18, 47, 59]
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length by roughly 400% during the shape transition. The sample with a side-on

architecture by Keller and coworkers deforms by 70% [59], and the end-on system

by Wermter and Finkelmann shows an actuation of 40% [59]. Other samples

investigated follow this trend. Additionally, the groups of both Finkelmann and

Terentjev showed that the shape-change effect can be drastically increased by

adding main-chain polymers to side-chain elastomers [60, 61].

Apart from the coupling between backbone and mesogens, the nature of the LC

phase also has impact on the shape-changing properties. The examples presented so

far were nematic LCEs. The situation in smectic LCEs is much more complex and

a clear picture has not yet emerged. In fact, both poorly actuating and strongly

actuating systems have been found, depending on the chemical nature of the

system. This could be related to the fact that there is little information on the

“quality” of the smectic layering. In addition, smectic order might be reduced by

the crosslinking reaction [186]. As a first guess, highly ordered (low-temperature)

smectic phases should induce a large anisotropy of the chain conformation. How-

ever, far too little SANS data exist to verify this assumption. For smectic LCEs, the

deformation at the transition to the isotropic phase would be expected to be larger

than for nematic ones. However, in most cases smectic LCEs posses weaker

actuating properties than their nematic counterparts. Smectic-A main-chain

elastomers prepared by Beyer et al. deformed by only 40% [62]. Smectic-A side-

on samples by Komp and Finkelmann showed shape changes of 14% [63], and

smectic-A end-on elastomers by Nishikawa and Finkelmann deformed by only

12% [64]. On the other hand, Sanchez-Ferrer and Finkelmann recently reported an

example that contradicts this general trend [65]. Using two different mesogens,

one of them with bulky side groups that destabilize the smectic phase, and the two-

step crosslinking process, smectic and nematic main-chain polymers were

prepared with nearly identical structures. In this case, the smectics showed a

stronger shape variation (210%) than the nematics (80%), which was explained

by the higher order parameter of the smectic phase. Finally, some smectic LCEs

prepared from “diluted polysiloxanes” [36–38, 66] show no shape change at all at

the phase transition to the isotropic phase [67]. The situation is complicated by the

fact that in smectic LCEs the relaxation times are often rather large and in some

cases the shape-changing effect was irreversible if no retracting force was applied

[68].

A third parameter that impacts on the strength of the shape-changing effect is the

crosslink concentration of the elastomeric network [184]. An increase in the

crosslink density of nematic side-on elastomers decreases their actuation properties

[69]. This is mainly due to a stiffening of the elastomeric network, thus making

larger forces necessary to deform the sample. Additionally, crosslinking moieties

usually produce defects in the LC phase, thereby reducing its order parameter

and chain anisotropy [70, 186]. This constraint is especially important in networks

from LC-polysiloxanes prepared according to the route shown in Fig. 3a. LC-

polysiloxanes are usually prepared from commercially available prepolymers,

which have only a modest degree of polymerization (around or below 100). This

makes the use of larger amounts of crosslinking agents necessary to obtain properly

crosslinked elastomers with low sol content.
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2.1.2 Triggering the Actuation

All actuators discussed in this section depend on a transition to the isotropic phase

to trigger a deformation. This results from the interest in large deformations, which

require a considerable change of the order parameter (exemptions are bending

deformations, described in Sect. 2.1.3). The phase transition to the isotropic

phase always occurs at a specific temperature that needs to be controlled in order

to produce applicable actuating devices. In most cases, a low transition temperature

is desired, slightly above ambient conditions, as this is energy efficient and

facilitates the construction of devices.

Phase transition temperatures can be influenced by several parameters. The main

impact is exerted by the chemical structure of the mesogenic molecules. Stiff and

highly symmetric mesogens have high transition temperatures [27, 71] and need to

be avoided. For example, Beyer et al. introduced a bulky, lateral bromide group to

a main-chain mesogen to suppress crystallization and to reduce the NI phase

transition temperature [62]. Also, the flexibility of the polymer backbone has an

influence. Highly flexible polymers like polysiloxanes yield LCEs with low glass

and phase transitions, which is one reason for their popularity. Another possible

way to reduce the transition temperature is by mixing two or more mesogenic

molecules within the LCE, yielding a statistic copolymer [59].

Heating the whole device in order to induce actuation is impractical or even

impossible for most applications. Accordingly, there is a demand for methods that

produce heat directly inside the LCE without affecting its surroundings. Most

straightforwardly this can be achieved by integrating a resistive wire into the

sample and applying an electric current [72]. The resulting heat leads to a NI

phase transition inside the material, triggering a deformation. Evidently this is not

a method of choice. A more sophisticated principle was applied by Chambers et al.

[73], who incorporated carbon black into the LCE sample, making it conductive by

itself. Applying an electric current through the sample creates a temperature

increase that initiates a shape change. It is, however, the weak point of these

approaches that they require a composite material made from a “shape-changing”

compound (LCE) and a “not-shape-changing” compound (the conducting material).

Deformations (shape changes) create stress and lead, after repeated actuation, to

delamination and a loss of the percolation of the conducting particles.

Alternatively, single-walled carbon nanotubes have been mixed into the LCEs

[74]. They were, however, not used for conduction, but because they possess a

strong absorption for infrared radiation and the visible spectrum. Thus, irradiating

the sample with infrared light can create enough heat to induce the transition to the

isotropic phase. Since this process does not require percolation of the carbon

nanotubes it is much less sensitive to shape variations.

Magnetic fields have also been used to heat the actuating material directly. For

this, Kaiser et al. introduced magnetic iron oxide nanoparticles into an LCE sample

[75]. In a quickly changing magnetic field (300 kHz) the continuous reorientation of

the magnetization produces heat, which induces a shape change.
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For some applications, the production of local heat might be undesirable.

In these cases, an isothermal NI phase transition induced by UV irradiation might

be a suitable choice. The cis–trans isomerization of mesogens containing a photo-

isomerizable group (mainly azobenzene Ph–N¼N–Ph) changes their shape from

rod-like to kink-like. This leads to a destabilization of the LC phase [19, 62, 76],

reducing the transition temperature to the isotropic phase and thus causing isotro-

pization at a constant temperature [20]. The concept can be transferred to LCEs

in two ways. Either an LCE network is swollen with the azo compound [77], or

azo-containing mesogens are covalently attached to the polymer backbone [19, 62,

78–80]. Figure 6 shows the actuation properties of an LCE film with covalently

incorporated azo-mesogens in different concentrations in dependence of tempera-

ture and UV-irradiation state [80]. Both increasing the temperature and irradiating

the sample produces a contraction of roughly 20%. After the shape change,

irradiating the sample with visible light accelerates the re-isomerization of the

azo groups, thus making the actuation reversible. The wavelength under which

the isomerization occurs can be influenced by substitution of the azobenzene with

functional groups that increase the length of the conjugated p-system. Examples are

amino-nitro azobenzene and azotolane, which have absorption maxima close to the

wavelength of visible light [81]. For further discussion on this topic see [187].

2.1.3 Modes of Actuation: Contraction, Expansion, and Bending

In Sect. 2.1.1 we pointed out that the direction of actuation relative to the director

depends on the architecture of the LC material. Systems with a prolate chain

conformation (main-chain and side-on) show a contraction parallel to the director,

whereas LCEs with oblate backbones (many end-on systems) expand in this direc-

tion. Due to the necessity to retain a constant volume, the LCE sample compensates

this deformation by expanding or contracting in the direction perpendicular to

the director.

The situation becomes more complex in samples that are not aligned in

a classical monodomain (in which the director is uniform over the full sample

volume), but in a defective structure. An example is provided by films constrained

by two different alignment layers at each side: one that facilitates a planar orien-

tation and one that produces homeotropic alignment. In such films the director

is aligned in a splay-defect structure. During the NI phase transition a bending

deformation occurs [82]. A similar effect takes place in thick UV-responsive

samples if the dye concentration is high enough. Due to the strong absorption, the

UV light does not penetrate through the whole film thickness. As a result, the shape

change is concentrated at the incident surface. This leads to a bending of the whole

film [40, 83].

Complex director field alignment also occurs in very small or strongly curved

samples. Nanometer-sized colloids from LC polymers and elastomers prepared by

emulsion polymerization can show a bipolar, concentric, axial, or radial director

field configuration, depending on their preparation method [84, 85]. During the NI
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phase transition, such samples show different types of deformation [86, 87].

The orientation pattern can be controlled by experimental parameters in larger

particles prepared by polymerization in a microfluidic system. Using different

amounts of shear during polymerization, Ohm et al. succeeded in preparing two

types of particle samples with a concentric and a bipolar orientation, respectively

[87]. Upon heating through the NI phase transition, the concentric alignment

produces an expansion perpendicular to the symmetry axis while the bipolar

samples contract.

2.2 Introduction of Actuator Systems

We will discuss several strategies to tether the properties of LCE actuators to

certain specifications, and then present examples of actuator systems of different

shapes and different domain sizes. We shall differentiate between macroscopic and

microscopic LCE actuators. Films (Sect. 2.2.1) and fibers (Sect. 2.2.2) typically

have at least one macroscopic dimension. Microscopic actuation systems from

LCEs have received much interest lately and have recently been the subject of

a specialized review [88]. In Sect. 2.2.3, we will discuss micrometer-sized actuators

that are fixed on a solid substrate to yield stimuli-responsive surfaces. In Sect. 2.2.4,

we will review several methods for preparation of colloid-like actuators that are

freely suspended in air or in a surrounding liquid.

2.2.1 Film Samples from LC Elastomers

The concept of actuation in aligned LCEs was first demonstrated in film samples.

Uniform orientation was achieved by mechanical stretching [89] of pre-crosslinked

films and subsequent full crosslinking under a load [18, 90, 91]. The shape change

of such a film is displayed in Fig. 7a. Subsequently, techniques using magnetic

fields [33] and uniform substrate layers [40, 59, 80, 92, 93] were utilized to achieve

alignment without the need for the two-step crosslinking procedure. In these cases,

the films were usually prepared on solid substrates and released after polymeriza-

tion by a sacrificial layer. An example of that kind of specimen is given in Fig. 7b.

Due to the flat geometry, films allow a defect-free director pattern leading to an LC

monodomain with a high value of the order parameter. This results in strong

deformations during the NI phase transition.

LCE films typically have lateral dimensions of several centimeters and a thick-

ness of hundreds of micrometers. This large size makes the samples ideally suited

for mechanical testing as well as for X-ray investigations. Accordingly, most

fundamental studies have been carried out on such films. One disadvantage of

film samples is the large amount of LC material often needed. This has been

overcome by a technique introduced by Ikeda and coworkers [94]. By laminating

a thin layer of aligned LCE material onto a nonresponsive plastic film, a composite
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sample is obtained. At the NI phase transition induced by UV irradiation, a bending

deformation occurs due to a shape change in the LCE layer only (compare with

a bimetal film with different expansion coefficients). Additionally, the composite

sample has superior mechanical stability compared to pure LCE films. (Fig. 8).

2.2.2 Fiber Samples from LC Elastomers

Due to their shape, fibers from LCEs closely resemble “artificial muscles”. They are

typically made by extrusion of a reactive LC pre-polymer, either from solution or

from the melt, followed by crosslinking. During extrusion, strong shear forces act

on the polymer chains and most polymers show alignment under these conditions

[96]. For LC polymers the effect is even stronger, resulting in a high degree of

Fig. 8 (a) Fibers from a LC elastomer prepared by electrospinning and cast on a substrate [95] .

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. (b) LCE fibers

with different diameters prepared by a wetspinning process [68]. Reproduced by permission of the

Royal Society of Chemistry

Fig. 7 (a) LCE film sample oriented by mechanical stretching with a small weight attached.

Increasing the temperature results in a contraction of the film, lifting the weight [60]. (b) Film

sample orientated by a magnetic field. During the contraction the film shows a deformation [33].

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission
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orientational order within the fibers. Usually, the polymer chains are elongated in

the direction of the fiber axis. Consequently, the director is aligned parallel to the

fiber axis for prolate LCE systems and orthogonal for oblate systems.

The most common way to make fibers is by drawing them manually with

tweezers from a polymer melt [41, 97]. The technique is very easy to perform

and requires only small amounts of material. Disadvantages are the limited length

of the fibers and the poor amount of control over their diameter. Even so, it has

developed into a standard method for preparation of samples for X-ray diffraction

and thermomechanical experiments. A more sophisticated method is electro-

spinning [47, 95], whereby a polymer solution is drawn continuously from a thin

nozzle by an electric field and is crosslinked at the same time. This results in very

thin and highly oriented fibers with diameters of 0.1–5 mm that can be cast onto

a substrate. Because of their high tensile strength, there is some similarity between

these fibers and natural spider silk. During the NI phase transition the fibers show

a contraction. Possible fields of application are microactuation and textiles. A third

synthetic technique is wet-spinning in a microfluidic setup, which yields fibers with

diameters of 20–50 mm [68]. In this case, the polymer solution is injected into the

flow of a second fluid, which mixes with the solvent of the polymer, leading to

precipitation. The resulting fiber can be crosslinked continuously by UV light and

rolled up. This yields infinitely long oriented fibers with a diameter controlled by

the flow rates of the two phases. In a demonstration experiment, a small weight was

attached to such a fiber, which was subsequently heated above the NI transition

temperature. Across the phase transition a reversible rising of the weight was

observed. Hence, the authors concluded that this technique is suitable for preparing

specimen for mechanical testing.

2.2.3 Stimuli-Responsive Surfaces

Patterning surfaces with micrometer-sized objects from aligned LCEs is an inter-

esting objective because such stimuli-responsive surfaces allow manipulation of

properties like wetting behavior or adhesion on demand. Secondly, creating

micrometer-sized structures from LCEs directly on a solid substrate allows their

incorporation into micro-electromechanical systems (MEMS) or microfluidic lab-

on-chip systems where they can serve as valves, switches, or mixing devices. Due

to its simplicity, LCE-based actuation offers strong advantages over conventional

motors, if small devices are required.

Keller and coworkers used soft-molding to produce micrometer-sized cylinders

attached to a solid substrate [16]. To achieve this, a polydimethylsiloxane (PDMS)

mold with a negative of the desired pattern was pressed onto a thin film of a molten,

nematic side-on monomer on a solid substrate. After aligning the mesogens in a

magnetic field, polymerization and crosslinking were initiated by UV irradiation

through the PDMS mold. When the mold was peeled off, a surface consisting of

regular cylinders from aligned LCEs was obtained. During the NI phase transition,

the cylinders showed a reduction in length. The same procedure has been performed
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with another monomer system that yielded main-chain LCEs upon polymerization

[16]. Compared to the first example, this drastically increased the strength of the

pillar’s response at the phase transition up to an impressive value of 400%.

Accordingly, smart materials have been obtained that allow manipulation of their

surface roughness by an external stimulus. Possible applications of such single

pillars are valves and micropumps in microfluidic systems.

Ellias et al. used an approach based on photolithography to produce similar

stimuli-responsive surfaces [93]. A layer of a photopolymerizable nematic material

was spin-coated on a plasma-treated glass substrate and irradiated through

a photomask. After dissolving the unexposed areas, the glass slide was covered

with a regular pattern of LCE material. Due to the plasma treatment, the mesogens

align homeotropically on the strongly hydrophilic substrate, yielding a director

orientation perpendicular to the surface. During the NI phase transition, a reversible

contraction of the micrometer-sized features was observed (Fig. 9). Van Oosten

et al. applied an ink-jet printing approach to prepare micrometer-sized objects from

aligned LCEs on a solid substrate [82]. A polyvinylalcohol (PVA) sacrificial layer

was spin-coated on a substrate, followed by an alignment layer from polyimide.

Two different LC monomers were ink-jetted on top of this assembly and

were polymerized and crosslinked by UV irradiation. Dissolving the PVA yields

freestanding cantilevers that are attached to the substrate by only their end. UV

irradiation of different wavelengths initiates a reversible bending of these structures

in different directions. Mimicking natural celiae, the movement of the cantilevers

could be used as a propulsion system for microdevices in a fluid environment. Also,

microfluidic devices seem possible in which the bending motion of the cantilevers

is utilized to generate a turbulent mixing flow.

2.2.4 Freely Suspended Micro- and Nanometer Particles from LC

Elastomers

A different aspect of micro-actuators is their synthesis as freely suspended objects

in a fluid environment. The advantage of this concept is that it allows simultaneous

application of many actuators with identical size and shape. If the micro-objects are

aligned via self-assembly, their sheer number can create strong deformation forces.

Fig. 9 Micrometer-sized patterns from aligned LCEs on a subsrate: (a) cylinders [16], (b) cubes

[16], (c) lines [93]. (a, b) Reprinted with permission; copyright (2009) American Chemical

Society. (c) Reproduced by permission of the Royal Society of Chemistry
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Ohm et al. used microfluidic techniques to prepare micrometer-sized particles

with different shapes from LCEs (Fig. 10) [98]. A molten nematic monomer is

injected through a thin needle into a flowing stream of an immiscible carrier fluid.

This results in the continuous formation of equally sized monomer droplets. These

droplets are flown through thin tubes giving them the shape of spheres, disks, or

rods and inducing an ordered director field [87]. By irradiating the droplets with UV

light, polymerization and crosslinking is initiated, thus permanently fixing their

shape and the internal orientation. When heated, the resulting particles show

a reversible deformation. Control could be achieved over different parameters of

the micro-actuators, like size, strength of the shape variation, and the direction of

actuation (both expansion and contraction). The high level of control over the

particle’s physical properties allows production of actuators for specialized appli-

cations. Possible fields of interest are microlenses, valves on microfluidic chips

and displacement devices [69].

Actuators of an even smaller size scale have been prepared by two groups using

anodized aluminum oxide (Alox) as a template [99, 100]. In both cases, the regular,

cylindrical cavities formed during the anodic oxidation of aluminum were filled

with an LC monomer that was subsequently polymerized and crosslinked by UV

irradiation. Afterwards, the template was dissolved by wet chemistry and regularly

shaped LCE rods with a diameter of hundreds of nanometers and a length of several

micrometers were obtained. Due to surface effects within the Alox template, the

director was aligned parallel to the long axis of these nanorods. This orientation was

Fig. 10 Thermoactuation of LCE microparticles prepared in a microfluidic setup. Top: fiber that
shortens during actuation [87]. Bottom: spheres that become rods [98]. (a) Reprinted with

permission; copyright (2011) American Chemical Society. (b) Copyright Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission
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exploited by Cairns et al. to rotate these objects in electric and magnetic fields [99].

Possible applications are rheological fluids. Ohm et al. performed thermome-

chanical experiments whereby the rods showed reversible actuation on a size

scale between the micro- and nanometer region [100].

The smallest defined structures from LCEs have been prepared by miniemulsion

polymerization [86]. A main-chain polymer was emulsified by ultrasonication in an

immiscible fluid and photocrosslinked in the LC state. The resulting particles were

spherical with diameters of 50–300 nm. Upon heating inside an electron micro-

scope the spheres transformed into rods and platelets, thus demonstrating the

concept of actuation on a nanometer scale. An interesting question is whether the

stimulus-triggered shape change of such suspended colloids also has an impact on

the properties of the surrounding medium. If this is the case, fluids with a switchable

viscosity might be accessible.

Yang et al. used the same method to prepare particles from noncrosslinked LC

polymers [101]. The shape of the obtained nanoparticles was found to deviate from

spherical. Such shape-anisotropic colloids are usually very difficult to produce by

miniemulsion techniques.

2.3 LC Elastomer Devices

We will now discuss devices based on phase transitions within LCEs. This section

will not only deal with weakly crosslinked elastomers, but also with liquid crystal-

line thermosets. Whereas LCEs are used for linear actuation, more densely cross-

linked materials find application in devices that are operated in a bending mode.

Due to their higher mechanical stability, the number of examples for materials that

show flexure is much larger. Their mechanical properties can be enhanced by

coating the LC material on a flexible substrate [94]. The preparation of such devices

is easy, as standard procedures for thin film preparation or ink jetting can be used.

Another advantage of thin films is the contact-free addressing by light [102].

This is not possible in thicker films, in which an intensity gradient throughout the

sample inhibits a uniform deformation.

Light-induced flexing can be used to move objects on surfaces. Finkelmann

et al. prepared dye-doped LCE stripes that bend upon irradiation due to a director

dislocation [77]. In the dark, the sample relaxes quickly to a flat state. If such

LCE rafts float on a water surface, the deformation moves them away from the

illuminating beam [77]. Off-center irradiation results in a skew deformation of the

LCE allowing directional control of the movement. Directed movement on solid

surfaces is also possible in the case of an asymmetric design of the actuator (Fig. 11)

[103]. For an LCE covered stripe a change of flexure can be induced. Different

edges allow changing the stationary point and enable an inchworm-like movement

in one direction. Switching the dye in the sample from the trans to the cis state
and back controls the curvature of the stripes. This shape change is achieved by

alternating irradiation with UV and visible light.
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Using an LCE-coated ribbon, the group of Ikeda has been able to construct a

light-driven motor [94]. The belt is put around two pulleys with different diameters.

Upon irradiation on one side with UV light and the other side with visible light, the

pulleys is made to rotate due to the consecutive contraction and extension on the

two sides. (Fig. 12)

The aforementioned examples of bending devices work digitally with two

different states. For other applications it might be necessary to have various

different bending angles. Such a variable bending can be achieved by a gradual

distortion of the director in the LCE with the help of shape-changing molecules

[104]. Consecutive trans–cis–trans isomerization of azo compounds induced by

polarized light leads to a rotation of the dye out of the polarization direction [105,

106]. In this way, a change of the polarization direction leads to a gradual change of

the LCE’s order and thus the flexure [104].

Cilia are hair-like objects that work as actuators by flexing. Because of their

small size they are used in arrays. They can be prepared easily by inkjet printing

[82], which offers the possibility to combine polymers with different absorption

wavelengths in one device. If one segment is switched by visible light and the other

by UV light, different shapes can be achieved. These fibers have been attached to a

surface in order to move objects (Fig. 13). Cilia could also be attached to devices

that are propelled autonomically.

Recently, a miniaturized gripper that is propelled by an LCE film has been

introduced [107]. Using lithographic methods, an LCE film and the silicon pincers
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are integrated into a micromechanical device. A gold wire is wound around the

LCE, thus allowing heating of the material with an electric current. If the NI

transition temperature is reached, the device can grab an object.

Mechanical deformations can also be used to obtain switchable optical elements.

In the first step, lines are written into an oriented polymerizable low-molecular-mass

LC by two-photon lithography. After stabilization of the support by polymerization

with weak UV light, an optical grating is obtained [108]. If the grating vector is

parallel to the nematic director, the distance between the lines shrinks upon heating

from the nematic to the isotropic phase. This modifies the step size of the grating

and a change of the diffraction pattern is observed. Hence, in this way a tunable

grating is generated [109].

Solvent-dependent (chemical) applications of the LCE shape change have also

been reported. They are based on a combination of (1) the well-known isotropic

swelling of elastomers with (2) a strong anisotropic deformation, when the swollen

network becomes isotropic. An LCE containing hydrophilic carboxylate groups

changes its shape with water uptake and thus can be used as an indicator of moisture

[93, 110]. Starting with an LCE with different director orientations on each side of

the sample, the LCE not only increases its volume during water uptake, but also

bends strongly because of the anisotropic swelling [69].

3 LCEs in Electric Fields

Reorientation of the LC director in electric fields is the basis of liquid crystal

displays (LCDs). Hence, it is straightforward to think of initiation of actuation in

an LC elastomer by application of an external electric field that causes reorientation

of the LC director inside the elastomer. This should lead to a reorientation of the

anisotropic polymer chain (see Fig. 4) which, in turn, induces a shape variation.

However, all experiments performed so far demonstrate that it is not possible to

transfer enough energy for a shape variation on the nematic director. Because the

network topology stabilizes the sample shape and chain anisotropy present during

crosslinking [4], the director of nematic LCEs cannot be switched in electric fields

if the shape of the elastomer is kept fixed. By contrast, for freely suspended and

highly swollen pieces of nematic LCEs, shape variations in electric fields have been

observed as a response to the reorientation of the director [14, 15, 185]. However,

the interaction with an electric field is much stronger for ferroelectric (chiral

smectic) liquid crystals. It is possible to prepare ferroelectric LCEs in which a

full switching of the director by external electric fields occurs while, at the same

time, the director orientation present during crosslinking is stabilized by the net-

work [23, 36–38].

A second possibility exists for inducing a shape variation in ferroelectric LCEs.

It results from the phase transition between a smectic phase with an orientation of

the director along the layer normal (sA) and a smectic phase with tilted mesogens

70 C. Ohm et al.



(sC*). This transition can be induced by an electric field (electroclinic effect) and

leads to a decrease in the thickness of the smectic layers, resulting in a shape

variation.

3.1 Ferroelectric Liquid Crystals and Their Networks

We will first describe LC phases with ferroelectric properties and subsequently

outline the general properties of the ferroelectric LCEs (FLCEs). The most

intensely studied phase is the chiral smectic-C* phase (sC*) (see Fig. 14). It is the

chiral modification of the smectic-C phase, a tilted smectic phase formed from

chiral (pure enantiomers) rod-like mesogens. Chirality is essential because it

eliminates the mirror plane present in the classical smectic-C phase. This reduces

the symmetry of the phase and allows a macroscopic polarization perpendicular to

the plane of the layer normal and the director, which now follows the average tilt

direction of the mesogens (for an overview see [113–119]). This macroscopic

dipole moment (spontaneous polarization) is a consequence of the reduced symme-

try and the fact that the lateral dipole moments of individual mesogens no longer

cancel each other due to a slightly biased rotation around their long axis. This

symmetry argument applies to all tilted smectic phases formed by chiral rod-like

mesogens. However, for higher-ordered smectic phases than sC*, ferroelectric

switching (see Fig. 14a), which is the final proof of ferroelectricity, is difficult to

perform due to the high viscosity. This problem is even more severe for FLCEs,

in which the switching times can be very long [37, 38].

In summary, chiral smectic-C* phases lack a center of symmetry. Hence they can

be used as materials for second-order nonlinear optics [120–124], and possess piezo-

electric and pyroelectric properties. Pyroelectric measurements have been performed

on LC polymers [125] as well as on LCEs [126–128]. Irradiation of an FLCE sample

with light usually leads to a temperature increase resulting in a pyroelectric signal

[129]. More interesting are systems in which dye molecules like azobenzenes lead

to a shift of the phase transition temperature upon isomerization [19].

Furthermore, in FLCEs the macroscopic electric dipole moment provides

a handle to apply a strong torque onto the director (see Fig. 14a). The resulting

switching occurs on the cone of the so-called c-director, the projection of the

director on the smectic layer plane (see Fig. 14a). Soon after the discovery of the

potential of chiral smectic-C* phases, the search for LC polymers with these phases

started [130–132]. However, as ferroelectric switching is the final proof for the

assignment of the phase, the more closely studied ferroelectric LC polymers were

limited to several LC polysiloxanes, which have a low Tg and a relatively high

switching speed [25, 66, 133–136] (see Scheme 1). These polymers form the basis

for most of the FLCEs discussed here.

Closely related to the chiral smectic-C* phase is the so-called chiral smectic-A*

phase (sA*, see Fig. 14b) (for an overview see [24, 25, 119, 142, 143]). Without the

presence of external electric fields, the sA* phase is identical to the smectic-A (sA)
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phase known from achiral mesogens: the director is oriented parallel to the layer

normal, perpendicular to the layer plane. However, if an electric field is applied

perpendicular to the layer normal of the sA* phase, themesogens tilt perpendicular to

the field (see Fig. 14b). Hence the field induces a transition from an orthogonal

smectic phase (sA) to a tilted smectic phase (sC*). This occurs because the tilting

reduces the symmetry and induces a macroscopic polarization, which can interact

with the external field. This effect is strongest at the (second-order) phase transition

temperature (Curie temperature) between the sA* and the sC* phase. In combination

with chiral smectic elastomers, this behavior is very effective at inducing shape

variation because the sample shrinks parallel to the smectic layer normal (each layer

gets thinner by tilting, see Fig. 14b) while it expands in the perpendicular direction.

In addition to chiral rod-like smectics, ferroelectricity has also been observed in

LC phases from bent-core mesogens. In the case of these banana-shaped molecules,

the core shape, together with their dense packing, biases the rotation around the

long molecular axis [144, 145]. This leads to a summation of the molecular dipoles

in the direction of the kink [146–148] (see Fig. 14c). Because of their molecular

shape, not only smectic phases but also biaxial nematic phases show ferroelectricity

[149, 150]. In this context, one has to bear in mind that alignment of the mesogens

is essential to obtain devices. Smectic materials with a low viscosity and a low

phase transition temperature (like the sC* phase discussed above) usually meet

these prerequisites better than the highly viscous polar phases of banana-shaped

mesogens that normally exist at temperatures above 100�C. A recent example of

a bent-core elastomer will be discussed at the end of this section.

We will concentrate here on systems in which the LC director is coupled to the

network without losing its softness. This means that a rotation of the polar axis is

still possible (see Fig. 14a) and real FLCEs can be prepared [23, 36–38]. Densely

crosslinked systems that possess a polar axis, but cannot be switched [151–153],

will be excluded. Although FLCEs can be switched, the state prior to crosslinking is

stored. This is manifested in the optical hysteresis curve (see Fig. 15). The center of

the curve is shifted from zero voltage in the direction opposite to that of the polarity

of the field applied during crosslinking. This behavior can be explained by an

additional internal mechanical field [23] that exhibits a minimum at the switching

state in which the sample exists during crosslinking. This asymmetric switching is

also observed in the smectic-A* phase. However, in that case the hysteresis is gone.

The mesogens do not rotate between two ferroelectric states, but change their

induced tilt angle due to the electroclinic effect (see Fig. 14b). Here again, the

mechanical field shifts the switching curves to one side [23].

The FLCEs prepared in this way can be used either as sensor components,

transforming a mechanical deformation into an electric signal, or as actuators that

change their shape on application of an electric field. From the chemical point of

view, they can be made by covalently linking the mesogenic groups to form

a slightly crosslinked rubbery polymer network structure [3, 5, 8, 10, 154–156] or

by dispersing a low-molar-mass liquid crystal in a phase-separated network

structure [7, 40, 157–162]. These two systems possess very different structures

locally. Macroscopically, however, they show very similar properties.
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3.2 Preparation of FLCEs

The outstanding property of FLCEs being their macroscopic dipole, the preparation

must assure uniform alignment of the mesogens. The most direct approach to

achieve this goal is application of an electric field during the crosslinking process

[36]. Because the material has to be aligned prior to crosslinking at elevated

temperatures, thermal reactions are inapplicable and photoinitiation becomes the

method of choice. However, some photinitiators can give ionic impurities if

irradiated in the presence of an electric field. Such a side reaction renders the

sample unsuitable for experiments with electric fields.

Depending on the method of preparation, different orientations of the polar axis

can be realized. If the samples are aligned between indium tin oxide (ITO)- and

polyimide-coated glass slides, the mesogens align parallel to the surface and the

smectic layers are oriented perpendicular to the glass slides [111]. Application of an

electric field leads to a polar monodomain by alignment of the director. The polar

axis is perpendicular to the film, in the direction of the electrodes (Fig. 16).

In spin-coated or free-standing films, the smectic layers are aligned parallel to

the surface [163, 164]. In such a homeotropic arrangement the tilt direction is not

defined and the polar axis of different domains is randomly distributed over the

film. If the substrate is water-soluble, it can be dissolved and freely suspended films

can be obtained [165].

Alternatively, a “two-stage” mechanical orientation can be applied to obtain

polar FLCEs (see Fig. 17 and [184]). A first stretching aligns the director. However,

Fig. 15 Electrooptical hysteresis of a ferroelectric elastomer crosslinked in the sC* phase [23]
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two orientations of the polar axis are still possible due to different tilt directions of

the smectic layers: the sample maintains macroscopically an apolar structure. A

second shear deformation applied parallel to the smectic layer planes (see Fig. 17)

finally leads to a polar sample [166, 167]. The influence of the second shear process

on the polarity of the sample can be determined from the evolution of the piezo-

electric constant d33 perpendicular to the tilt direction. Initially, areas with opposite
polarity exist and the film does not show any signal, but if the mesogens become

reoriented by the shear, a signal will be measured [168].

Starting materials for the preparation of FLCEs are depicted in Scheme 1.

They include ferroelectric LC polymers with polymerizable groups (FLCE 1.1

and FLCE 2.2), which can be crosslinked as depicted in Fig. 3c; reactive ferroelec-

tric monomer mixtures (FLCE 3.3, see Fig. 3d); and mesogens with vinyl groups

that react with silanes to form either side-chain (FLCE 3.1 and BCFLCE) or main-

chain polymers (FLCE 1.2) according to Fig. 3a. Although the first three examples

(FLCE 1.1, FLCE 2.2, and FLCE 3.3) allow photocrosslinking in the neat sC*

phase, FLCE 3.1 and BCFLCE require crosslinking in solution and thus a two-stage

deformation process.

photo-initiator, h

PS

a

b
d

Fig. 16 (a) Crosslinking of an FLC polymer in the polar state. (b) FLCE in bookshelf configura-

tion. The polar axis is perpendicular to the film. Dd indicates the direction of the thickness change
induced by a mechanical field [36]
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3.3 Electromechanical Properties of FLCEs

In this section we discuss the properties of FLCEs that are important for appli-

cations. Two options are possible: either a mechanical deformation generates

a change of size or orientation of the polarization of the FLCE (an electric signal),

or an applied electric field generates a deformation. In the case that an electric

signal is detected, the piezoelectric constant is obtained. If the sample is deformed,

the generated strain is of interest. Some characteristic values are collected in

Table 1.

The first effect, piezoelectricity, is in principle well known for many types

of polar materials [119]. The asymmetry of the switching observed for photo-

crosslinked elastomers (see Fig. 15) indicates stabilization of one particular

switched state. This means that the sample must have a permanent dipole. If the

sample is deformed, the director, and thereby the direction of the polar axis,

changes. This effect is detected as an electric signal. Indeed a piezoelectric signal

can be measured if the sample is deformed in the direction of the polar axis. As

a consequence of the stabilization of the polar state, the sample shows a piezo-

electric effect not only in the smectic-C* phase, but also in the smectic-A*

phase [36]. The signal vanishes when the sample becomes isotropic (see Fig. 18).

For the measurements presented in Fig. 18, the smectic-C* material FLCE1.1

(see Table 1), was crosslinked inside a commercial EHC glass cell with an electrode

gap of 10 mm. Deformation of the cell with a force of 1 N induces a charge of

6 pC/cm2 [36]. The magnitude of this value should be compared to the macroscopic

spontaneous polarization Ps (macroscopic dipole moment) of the FLC under inves-

tigation. For the uncrosslinked FLC, Ps values of 40–60 nC/cm2 have been

observed [36]. Thus, if a full reversal of the orientation of Ps could be induced by

P

Fig. 17 Mechanical orientation of an FLCE by two stretching steps yields a polar monodomain

[166, 167]. Depending on the procedure, the samples have a different thicknesses and director

configurations
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a mechanical deformation (elastic modulus of about 1 MPa [28–31, 173]), a piezo-

response of similar magnitude would be expected. The observed value of a few pC/

cm2 is about a factor 10,000 smaller. The EHC cell is glued on the sides and some

stress is taken up by the deformation of the cell alone. Thus, the resulting piezo-

electric coefficient should be somewhat larger if the glass plates are not connected

with each other. This has been seen for free-standing films of FLCE1.2 that show

a value of 17.5 pC/N [168]. This value is, however, still much smaller than the

spontaneous polarization. Obviously, a reorientation of the polar axis could not be

achieved, because a mechanical deformation parallel to the polar axis is not very

effective at rotating Ps. Shear deformations might be more useful.

To optimize the piezoelectric response, some studies on the structure–property

relations are adequate. One would like to work with FLCEs with a strong coupling

between the polar axis and the network. Thus ferroelectric main-chain polymers

might be attractive (see Fig. 2). However, up to now, there have been only

a few reports about ferroelectric switching in main-chain polymers [174–176] and

none about switching the corresponding elastomers. Concerning LC side-chain

polymers, the position of the netpoints is essential for determining the coupling

between the polar axis (and thus the director) and the polymer network. In the

experiments described above, the crosslinkable group was attached to the end of the

mesogen. This means that the netpoints link the polymer chains via the mesogenic

groups [36]. As the mesogens have to move during switching, this is a serious

obstacle and long switching times of 1 s are measured at fields up to 500 V. This can

be circumvented if the polymer chains are directly attached to each other without

including mesogenic units. This leads to much faster switchable ferroelectric

polymer networks [37, 177]. In that case, the coupling between polar axis and

polymer network is rather weak and the piezoelectric effect should be low.

On an absolute scale, a comparison of FLCEs with crystalline (or semicrystal-

line) materials like polyvinylidenfluoride (PVDF) and ceramic materials like lead

zirconium titanate (PZT) is necessary. These have much larger polarizations (see

Table 1). However, their elasticmodulus is alsomuch higher (in the gigapascal range).
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phase. The stabilization of

the polar order leads to

a smectic-A* phase that

is also polar [36]
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Accordingly, the piezoelectric coefficients measured for FLCEs and for other

ferroelectric materials have a similar magnitude because for similar forces the

elastomers are deformed more strongly.

Concerning the shape variations resulting from the application of an external

electric field, the consequences of an induced ferroelectric switching will be

discussed at first. As evident from Fig. 14a, both polar states are very similar and

the deformation resulting from the rotation of the director on the cone can be

considered to be rather small. In fact some “vibrations” have been observed during

rapid switching of low-molar-mass ferroelectrics; thus the shape variations must be

rather small [178, 179]. The electroclinic effect, on the other hand, promises much

larger deformations (see Fig. 14b) and most experiments have focused in this

direction. In free-standing films, the smectic layers are parallel to the film surface

and the polar axis lies in the plane of the film. This arrangement is ideal for

observation of the electroclinic effect around the smectic-A* to chiral smectic-C*

phase transition (see Fig. 19a). If an electric field is applied parallel to the smectic

layers, the chiral mesogens will tilt such that the induced polarity is opposite to the

electric field. The tilt of the molecules is accompanied by a decrease in the smectic

layer thickness. Due to the stacking of the smectic layers in the film, the thickness

variation of the various layers is expected to add up and a reasonable change of the

film thickness should be observed.

These considerations have led to several attempts to measure the thickness

change of films in dependence on an applied electric field. In a first experiment,

a Michelson interferometer was used for the determination of the thickness change

in a 75-nm thick free-standing smectic film of FLCE2.1 (Scheme 1). With this

method, a strain of 4% at a field of 1.5 V/mm was measured [170], which would

correspond to a ¼ 55 � 10�15 m2/V2. In a second experiment (with the similar

material FLCE2.2) reflection microscopy was used. This allowed simultaneous

measurement of the decrease in film thickness and the associated increase in

width of the sample (Fig. 20). In this experiment, a strain of only 1% was detected

at a field of 3 V/mm [171], corresponding to a ¼ 1 � 10�15 m2/V2. Most probably

the smaller value is correct [171], because its magnitude is consistent with tilt angle

susceptibilities of similar materials [23, 25], for which induced tilt angles of the

Fig. 19 (a) FLCE film crosslinked in the smectic-C* phase. (b) FLCE film crosslinked in the

smectic-A* phase
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order of 5� are found for comparable electric fields. This explanation is also

supported by the findings of other groups (see Table 1) that also give values in

the range of a ¼ 1 � 10�15 m2/V2. Independent of the exact magnitude of the

shape variation accessible with free-standing films, these results belong to the

highest values ever reported for piezoelectric materials. Possibly, the shape varia-

tion can be increased further using LCEs from main-chain polymers [174], but so

far no such measurements have been reported.

Elastomer films oriented by the two-stage stretching process have been used for

similar experiments. If the electroclinic effect is measured in such films, it should

be realized that the smectic layers are now perpendicular to the film surface. Thus

tilting of the mesogens, either by a phase transition or by an electric field, will be

seen primarily by a change in the length of the film while the thickness will vary

only slightly to conserve the volume. The two-step stretching gives a rhomboedric

sample with ferroelectric monodomains (see Fig. 19) if the sample is crosslinked in

the sC* phase. If such a sample is heated from the smectic-C* to the smectic-A*

phase, the tilt angle approaches 0�. As a consequence of the crosslinking, a freely
movable sample shows a macroscopic shear deformation during which it becomes

rectangular and the length increases [138]. In this case, the macroscopic shape

reflects the molecular arrangement: the mesogens change their orientation from

tilted to perpendicular. With electrodes mounted to the film surface, the electro-

clinic effect can be observed in the smectic-C* and the smectic-A* phase. In the

case of an elastomer crosslinked in the smectic-C* phase (FLCE3.1, see Fig. 19)

[180], the mesogens are tilted toward the layer normal. Upon application of an

alternating current field the sample extends or shrinks depending on the polarity of

the applied field. In one case, the electroclinic effect adds an additional tilt to the

existing tilt and the sample shrinks. In the other situation, the electroclinic effect

counteracts the tilt of the sC* phase and the sample becomes more elongated. If

the elastomer sample is, however, crosslinked in the smectic-A* phase (FLCE3.2)

[140], the mesogens are oriented perpendicular to the smectic layers. After the

application of an electric field, a tilt is induced and the film shrinks perpendicular to

Fig. 20 Change of sample

width and thickness,

respectively, during

electroclinic switching of

a free- standing FLCE film

[171]
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the layers. This effect is independent of the polarity (tilting to the left or the right).

The shrinking rate perpendicular to the smectic layers is comparable to the shrink-

ing of the homeotropic film mentioned before. As described for the thermal transi-

tion, the thickness change that is caused by the electroclinic switching is always

accompanied by shear parallel to the smectic layers.

So far we have discussed networks containing calamitic rod-like mesogens. Due

to their kinked shape, bent-core LCs (BCLCs) also have ferroelectric properties.

Though they have been known for about 15 years, because of their high phase

transition temperatures it is hard to obtain oriented samples. As a consequence, low-

molar-mass BCLC systems have mainly been investigated so far. In a first experi-

ment, direct measurement of the flexoelectric effect was performed [112]. The

mechanical deformation resulted in induced currents of up to 8 nA (at 5 Hz

and a 4.8 cm2 electrode area). This corresponds to a bend flexoelectric coefficient

|e3| of 60 nC/m. In nonaligned samples, smaller values are observed that increase

upon mechanical treatment. This is attributed to improvement of the degree of

orientational order. In the case of smectic BCLCs, the behavior is even more

complicated. These phases are primarily composed of alternating layers that pre-

vent a macroscopic polar orientation. Such samples have to be poled to align the

polar axis and to obtain a piezoelectric signal. After poling, a piezoelectric current

of up to 20 nA (2 cm2 sample area) has been measured [181]. This corresponds to

a piezoelectric constant of 100 pC/N, a value comparable to PVDF and ceramic

materials. However, due to a thermal back-relaxation to the macroscopically apolar

state, this value cannot be maintained. At 60�C the half-life time of the measured

current is only 50 s.

Crosslinking can be used to overcome the aforementioned obstacles, as in

the case of the calamitic networks in which the orientation and polarity are

preserved. First experiments were performed by swelling a calamitic LCE with a

low-molar-mass BCLC [182, 183]. Up to 35 mol% of this material could be

incorporated into the network. The resulting gel had a flexoelectric constant |e3|
of 20 nC/m. This is one-third of the value of the low-molar-mass BCLC, which

corresponds to the volume fraction of the BCLC. Only recently has a pure bent-core

elastomer (BCFLCE) been made [139, 169]. Following the synthetic route of

Finkelmann, an oriented, transparent nematic elastomer sample could be obtained.

As a polysiloxane backbone was used, the Tg was close to room temperature. The

flexoelectric constant of 40 nC/m is somewhat smaller than for the pure bend-core

monomer, but larger than the value obtained for the swollen elastomer.

4 Conclusions and Outlook

LCEs have been under investigation for several years. These systems are unique

because of the combination of order and softness. During recent years, several

developments have evolved that bring them closer to application. One important

achievement is the introduction of various stimuli like electric current and
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irradiation with light that can, in addition to heat, trigger the NI phase transition and

thereby the actuation process. In addition, FLCEs have been made that can produce

a movement in an electric field without any phase transition. These new stimuli

allow direct addressing of the actuator without the need to heat the whole device.

As far as synthesis is concerned, photochemistry has become the method of

choice for crosslinking reactions. In this way, polymerization and crosslinking of

monomeric liquid crystals can be initiated, as well as crosslinking of functional pre-

polymers on demand. This allows the utilization on LCEs of several orientation

techniques known from low-molar-mass liquid crystals, like electric fields and

surface forces. Macroscopic machines have been constructed that use either the

bending motion or the lateral deformation of an LCE actuator. Among them are

locomotion devices that work both on land and in water, grippers, and devices that

transform light into rotational energy.

The most important development in LCE research is miniaturization. Novel

preparation techniques like lithography, inkjet printing, microfluidics, and electro-

spinning allow fabrication of aligned LCE samples on micrometer and even

nanometer scales.

These advances are the most promising for use in real-world applications,

because actuation on these scales is difficult to achieve with traditional methods.

Potential applications are stimuli-responsive surfaces, microlenses, propulsion

systems for microrobots, and lab-on-a-chip systems. In our opinion, future research

in the field of LCEs will focus on these small scales.
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