Chapter 19

Integration of Liquid-Crystalline Elastomers
in MEMS/MOEMS

Antoni Sanchez-Ferrer, Niria Torras, and Jaume Esteve

19.1 Introduction

Liquid-Crystalline Elastomers (LCEs) are smart soft materials known since 1980s
(Finkelmann et al. 1981, 1984; Kundler and Finkelmann 1998), but they have only
recently entered to the actuator arena and Microsystems Technology. The main
reason for that difficulty is related to the chemistry and compatibility of such
materials with the commercial available technologies. Moreover, the huge impact
and efforts for the development of inorganic materials, i.e., electroactive ceramics
(EACs) and shape memory alloys (SMAs), have shadowed the huge potential of
LCEs. The main features of LCEs are the huge fully reversible actuation strain
values up to 300 %, the range of stress values covered ranging from 100 kPa to
100 MPa, the low density of such materials around 1-2 g-cm_3, and the actuation
speed from milliseconds to minutes, which are in contrast to the inorganic mate-
rials—EACs and SMAs—with very small actuation strains (up to 5 %), strong
actuation stress window (from 10 MPa to 1 GPa), high density (5-8 g~cm73 ), and
similar actuation speed values (Huber et al. 1997). These anisotropic slightly
crosslinked macromolecular compounds can incorporate different functionalities
for the response to external stimuli, such temperature (Wermter and Finkelmann
2001; Thomsen et al. 2001), light (Finkelmann et al. 2001a; Li et al. 2003), or
electric field (Lehmann et al. 1999; Kremer et al. 2000).
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Microsystems Technology is devoted to the production of new systems or
components by means of microengineering techniques—sensors, actuators, and
microstructured devices (Boussey 2003; Gad-el-Hak 2005)—which interact with
the environment. The main advantages of microsystems over macrosystems are
their reduced size and cost, as well as improved performance and versatility. Using
batch processes, Microsystems Technology allows for the mass production of
highly complex microstructures with feature sizes ranging from 1 pm to 100 pm
(Leondes 2006; Hsu 2008).

Thus, the integration of smart soft materials, i.e., LCEs into the well-known
silicon-based technology goes in the direction of a new generation of hybrid MEMS
and MOEMS devices which will exhibit enhanced or novel properties. Flexibility,
processability and tunability are properties which LCEs bring to these new hybrid
microdevices, but the main advantage of integrating LCEs is concerned to the use
of external stimuli avoiding the need for any electrical connection or external
controlling devices.

This Chapter aims to be an introduction to the use of LCEs in Microsystems
Technology and, specifically, to the integration of such smart soft materials into
MEMS/MOEMS. First, the preparation—polymerization and crosslinking—and
alignment of the macroscopic sample—mechanical, magnetic, electrical, surface
or viscosity alignment—, as well as the main characteristics of LCEs—actuation
modes and interaction of the environment—will be presented in the Sect. 19.1.
Finally, Sect. 19.2 will be devoted to the state of the art for the integration of LCEs
in Microsystems Technology in the fabrication of prototypes of MEMS/MOEMS.

19.2 LCE Materials

LCEs are the combination of mesogenic molecules and crosslinked linear polymer
chains (Davis 1993; Terentjev 1999; Warner and Terentjev 2007). Thus, for the
synthesis of such smart materials, a mesogen, a crosslinker and a polymer backbone
are needed as constituents for the final macromolecular composition (Finkelmann
et al. 1981; Kiipfer and Finkelmann 1991; de Jeu 2012). In the following, the
chemistry used for the obtaining of LCEs for the construction of MEMS and
MOEMS will be described. Moreover, an explanation for the techniques used in
the orientation of the mesogenic molecules and the alignment of the polymer
backbone will be presented. All LCE materials shown in this chapter, which were
integrated into devices, are nematic side-chain LCEs.

The main principle for LCEs relies in the reversible order-to-disorder transition
(de Gennes 1971). A common rubber material consists in a crosslinked polymer
melt: a viscous liquid which mobility is reduced and fluidity suppressed due to the
crosslinking of the polymer chains. When pulling a rubber band, entropy is
removed and the polymer chains align along the applied mechanical field direction.
After removal of this uniaxial deformation, the polymer network relaxes back to an
equivalent—not equal—original polymer conformation and regaining entropy.
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The relaxed disorder and the initial state before deformation is related to a random
polymer coil conformation which is isotropic in nature. As soon as polymer chains
start to be aligned, a global prolate conformation is achieved and the material
becomes anisotropic (Noirez et al. 1988; Hardouin et al. 1994).

The key question is how this anisotropic state can be fixed and reversibly
removed. The trick is the incorporation of mesogenic molecules—the so-called
liquid crystals (Lehmann 1908)—which like to orient in the direction of the director
in self-assembled clusters or domains. Due to the enthalpy brought by such mole-
cules, the LCE undergoes a liquid crystal (order; enthalpy > entropy) to liquid
(disorder; enthalpy < entropy) transition when the enthalpy factor is removed and
entropy controls the state (Fig. 19.1a). When attached to a polymer backbone, such
domains are formed but distributed randomly in all directions, as well as the
polymer backbones, are also randomly aligned. This material is a polydomain of
LCE, where clusters of well-ordered mesogens with stretched aligned polymer
chains are distributed in all possible directions (Fig. 19.1b). The difference respect
to the isotropic state is that mesogens are oriented and polymer chains adopt a
prolate conformation (Schétzle and Finkelmann 1987; Wang and Warner 1987).
Thus, all domains shrink in the direction of the corresponding domain local
director, but since all domains do the same the average change in the dimensions
is zero (Fig. 19.1b). A macroscopic change in dimensions can be only observed if a
single liquid-crystalline domain is obtained (Finkelmann et al. 1984; Kiipfer and
Finkelmann 1994; Brand and Finkelmann 1998). In order to keep all domains
oriented in the direction of one unique director, and external field should be applied
and the macromolecular conformation fixed. Such monodomain of LCE is achieved
by stretching of the polymer network or by orienting the mesogens if coupled to the
polymer backbone, and final crosslinking. If the enthalpy brought by the mesogens
is bigger than the entropy coming from the polymer network (liquid-crystalline
state), the material keeps oriented and the polymer chains aligned (Fig. 19.1b).
Thus, the isotropization of such liquid-crystalline domains removes the enthalpy
contribution and entropy dominates the scenario (liquid state), which allows the
polymer coil conformation to be reformed (Fig. 19.1a) with the corresponding
contraction of the LCE sample (Fig. 19.1b). Such order-to-disorder transition is
induced by means of an external field, e.g., temperature (Donnio et al. 2000; Krause
et al. 2007; Sanchez-Ferrer and Finkelmann 2009), light (Finkelmann et al. 2001a;
Hogan et al. 2002; Sanchez-Ferrer et al. 2011a) magnetic (Kaiser et al. 2009;
Winkler et al. 2010; Haberl et al. 2013) or electric fields (Chambers et al. 2006,
2009; Urayama et al. 2006).

19.2.1 LCE Components

As mentioned before, the mesogen is the component responsible for the alignment
of the polymer backbone if coupling between the mesogenic molecules and the
polymer backbone is present (Wang and Warner 1987). These mesogens consist in



556 A. Sanchez-Ferrer et al.

a b
AH < TAS AH>TAS AH>TAS AH < TAS
\o 7 Il
external ] ™y external
field : I stimulus
— A e
‘ l ( fm———
~ (%
NEMATIC ISOTROPIC NEMATIC NEMATIC ISOTROPIC
aligned random polydomain monodomain disorder
oriented disordered local order/global disorder aligned
prolate spherical

[

AN

PIIIT
AN

ALY

IR R

polysiloxane-based side-chain LCE poly(meth)acrylate-based side-chain LCE

Fig. 19.1 (a) Nematic-to-isotropic transition in end-on side-chain LCEs; the nematic state (left)
shows alignment of the polymer chains and the orientation of mesogens along the director, and due
to the coupling between mesogens and polymer backbone a prolate conformation appears at low
temperatures; the isotropic state (right) presents a random coil conformation of the polymer chains
and disorder of the mesogens which are related to the spherical conformation at high temperatures.
(b) Polydomain-to-monodomain transformation in LCEs; the nematic polydomain shows a ran-
dom distribution (global disorder) of nematic domains (local order); the nematic polydomain has
the oriented mesogens pointing in the direction of the director which is parallel to the external field
and well-aligned polymer chains; the actuation principle (change in dimensions) can only be
observed when the polydomain is disturbed by means of a external stimulus and reaches the
isotropic state. (¢) Chemical structure for both end-on polysiloxane-based and poly(meth)acrylate-
base side-chain LCE, where the polymer backbone (red), the spacer (blue), the rod-like core (grey)
and the crosslinker (black) are depicted

a two or more aromatic rod-like molecule (crystalline component) with at least one
reactive flexible aliphatic spacer (liquid component). Such molecules are directly
attached to the polymer backbone as side groups (side-chain LCEs) or forming part
of the polymer backbone (main-chain LCEs). The aromatic core allows for the self-
assembly of the mesogenic molecules, while the flexible spacer brings mobility and
affects the polymer backbone. The increasing number of aromatic rings increases



19 Integration of Liquid-Crystalline Elastomers in MEMS/MOEMS 557

the mesophase stability, and rises the isotropization temperature due to a better
interaction between the cores. The spacer should neither be too short—allowing
some freedom to the polymer backbone—nor too long—no coupling between the
mesogens and the polymer backbone (Wermter and Finkelmann 2001; Tajbakhsh
and Terentjev 2001). Usually, an odd number of atoms in the spacer (even number
of carbons) lead towards a polymer chain prolate conformation (Fig. 19.1a).
Finally, mesogens might show just orientational order (nematic phase) or also
positional order (smectic phase)—which is related to a more energetically rich
mesogen (Sanchez-Ferrer and Finkelmann 2009). A nematic mesogen has a
nematic-to-isotropic transition temperature 7,;, while a smectic mesogen has a
smectic-to-isotropic transition temperature T§;, even that other order-to-order tran-
sitions can be observed.

The polymer backbone can be a polymer melt (amorphous liquid polymer; low
glass transition temperature T), i.e., polysiloxanes, or a polymer glass (amorphous
glassy polymer; high glass transition temperature T), i.e., polyacrylates and
polymethacrylates. For the first ones, each hydrogenmethylsiloxane repeating unit
reacts with a vinyl double bond from the mesogen or crosslinker via hydrosilylation
reaction (Kiipfer and Finkelmann 1991, 1994). The resulting material is a low T,
mesogenic network or side-chain LCE (Fig. 19.1c). Polyacrylates and polymetha-
crylates liquid-crystalline networks (LCNs) are formed when the reactive mesogen
polymerizes via radical polymerization with a (photo)-initiator. The obtained
material is a high T, mesogenic network which strictly speaking is not an elastomer
at room temperature, but can be found as LCE in the literature and considered as
such at temperatures above the T,.

Finally, the crosslinker is the responsible to keep the polymer chains together
and, more important, to fix the alignment when a monodomain is obtained. This
molecule is a bifunctional—only for side-chain LCEs (Kiipfer and Finkelmann
1991, 1994)—or a multifunctional molecule—for both side-chain and main-chain
LCEs (Donnio et al. 2000; Sanchez-Ferrer and Finkelmann 2009). Crosslinkers can
be either flexible (isotropic) or rigid (liquid-crystalline), and reduce the mobility of
the polymer backbone, therefore increasing the materials’ T,. Moreover, it should
be mentioned that a flexible crosslinker acts as an impurity, destabilizes the nematic
phase, and reduces the T,;; a rigid crosslinker stabilizes the mesophase and raises
the T,;. Usually flexible crosslinkers are used for polysiloxane-based LCEs, and
rigid mesogenic crosslinkers are mainly used in polyacrylate and polymethacrylate-
based LCNs. Special attention should be given to photo-crosslinkers, which can be
used in both chemistries and are mainly flexible (Komp et al. 2005; Beyer et al.
2007; Sanchez-Ferrer et al. 2009). The amount of crosslinker will be a very
important factor for the mechanical properties and actuation behavior of the LCE
systems. Lightly crosslinked LCEs will show huge deformations but small
retractive forces; highly crosslinked LCEs show small changes in dimensions but
huge actuation forces. Thus, the right amount of crosslinker, as well as the
mesophase which determines the working range of temperatures (T,;—T,), is the
key point for the obtaining of tunable actuators and sensors.
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19.2.2 Mesogen Orientation and Polymer Alignment

Monodomains of LCEs based in polysiloxane polycondensation chemistry has been
obtained by two main processes. The first process is the so-called two-steps
crosslinking process (Brand and Finkelmann 1998), where in a first step mesogens
are attached to the polymer backbone and the polymer chains are partially
crosslinked. The obtained swollen network or isotropic gel is mechanically
deformed, i.e., uniaxially stretched (Kiipfer and Finkelmann 1994) or biaxially
compressed (Torras et al. 2013). The second step consists in the completion of
the crosslinking in order to fix the deformation while removing the solvent by
evaporation. The second process relates to the use of magnetic/electrostatic fields.
A liquid-crystalline polymer which contains a photo-crosslinker is synthesized.
This polymer is annealed right below the isotropization temperature and the
mesogens oriented under a magnetic field (Komp et al. 2005; Sanchez-Ferrer
et al. 2009). Due to the coupling between the mesogens and the polymer backbone,
the polymer chains’ alignment is achieved. Afterwards, the sample is crosslinked by
means of UV light. Samples of thickness ranging from hundreds to thousands of
microns can be produced by the two-steps crosslinking process, while samples of
tens of microns can be only produces by photo-crosslinking. Moreover, the first
processing allows for huge deformations/actuations—up to 70 %—because the
polymer chains are aligned by means of the mechanical deformation, and this
alignment orients the mesogens due to the coupling between the two components.
These materials can only be processed after the synthesis and integrated in a Top-
Down approach. The UV-crosslinking process relies on the orientation of the
mesogens which should stretch the polymer chains, but should overcome viscosity
and polymer conformational issues. Thus, small deformations/actuations—up to
20 Y%—can be achieved. This technique allows also for the integration into
devices before the final material is obtained in a Botfom-Up approach by the use
of photo-masks.

Monodomains of LCEs based in poly(meth)acrylate polyaddition chemistry can
be produced by a single process. Mesogen, crosslinker and (photo)-initiator are put
together (Thomsen et al. 2001; Haseloh and Zentel 2009; Ohm et al. 2009). The
mixture reacts forming the polymer backbone and the simultaneous statistical
crosslinking of the polymer chains as they grow. This process is done under
orientational techniques such surface effects or capillarity forces. Both techniques
allow for the orientation of the rod-like molecules, but the order can only be kept for
few microns gap/thickness, which is enough to see some bending/actuation in the
samples. Thus, due to the rigidity of the polymer backbone (high T,), the small
thickness of the obtained samples and the high working temperatures, applications
are reduced to very small devices. A good advantage is that the material can be
integrated in one single process following a Bottom-Up approach as used in display
technology applications. Hundreds microns thickness samples can be obtained by
using a nematic solvent and magnetic fields, where the solvent helps to reduce the
viscosity of the mixture, the clearing temperature during the network formation,



19 Integration of Liquid-Crystalline Elastomers in MEMS/MOEMS 559

and enhances the orientation of the mesogens (Urayama et al. 2007; Urayama
2010). Formally speaking, the material is a gel which can be deswollen and a
LCN can be obtained, but the material has to be integrated to the device afterwards
in a Top-Down approach.

19.2.3 Actuation Principles

As mentioned in the previous chapter, the nematic-to-isotropic transition has to take
place in order to induce disorder in the mesophase (between the mesogens), and the
corresponding misalignment of the polymer chains which adopt the entropically
favorable coil conformation (Fig. 19.1a). This isotropization process needs for a
trigger or external stimulus which brings energy to the system by rising the
temperature or by introducing impurities to the system. For the first case, heat or
heat-related stimuli are used; e.g., direct heat from the surroundings which is
transferred through the sample (Wermter and Finkelmann 2001), or due to Joule
effect when some electrical current is applied through a dissipative medium
(Chambers et al. 2009), or non-selective absorption of a photon in the visible or
infrared region which locally releases heat after the corresponding electron relaxes
in a non-radiative way (Ji et al. 2012; Haberl et al. 2014). For the second case, the
change in shape of a molecule which disturbs the liquid-crystalline phase is
required. Thus, the most common external stimulus used here is light which induces
the photo-isomerization of photo-active molecules (Sanchez-Ferrer 2011; Sanchez-
Ferrer and Finkelmann 2013). Such isomers obtained after irradiation shift the
isotropization temperature of the liquid-crystalline phase by changing the chemical
composition, but not raising the temperature. Moreover, the architecture of such
molecules can be modified in a way that they connect different polymer chains
which are forced to come together after irradiation. Of course, other stimuli can be
considered, but up to now only those described above have been implemented in
MEMS/MOEMS due to their easy applicability and affordability.

The sort of actuation which can be produced by nematic side-chain LCEs
strongly depends on the chemistry, as well as the orientation/alignment used for
the obtaining of monodomains. Thus, LCEs can easily produce contraction and/or
expansion no matter the thickness, dimensions or shapes of the actuator. These
prolate samples which are uniaxially stretched undergo contraction along the
direction of the deformation when disordered, while expand in the other two
directions perpendicular to the imposed deformation (Kiipfer and Finkelmann
1994). For those prolate samples biaxially stretched, expansion along the imposed
deformation occurs accompanied by a contraction in the other two perpendicular
directions (Torras et al. 2013). LCEs which are devoted for light-induced actua-
tion—photo-isomerization—, suffer of huge absorption of photons already in the
first microns. This problem related to the penetration depth of selective photons is
the main responsible for the natural bending of such LCEs. Nevertheless, a solution
is to use a huge amount of photons together with an optimal amount of photo-active
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molecules with high quantum yield and faster response. Then, the first layers will
absorb the selected photon becoming inactive upon reaching the photo-stationary
equilibrium—open window—, and allowing the photo-isomerization of the next
layers—close windows (Knezevi¢ and Warner 2013).

Nevertheless, in order to achieve a homogeneous contraction/expansion of the
LCEs, the applied external stimulus should be applied equally in all directions,
otherwise bending or more complicated modes will be observed. This issue can be
avoided by preparing very thin samples and by using local heat, i.e., absorption of
non-selective light by nanoparticles (Ji et al. 2012; Haberl et al. 2013), hyperther-
mia produced by alternating magnetic fields (Kaiser et al. 2009; Winkler et al.
2010), Joule effect by applying electrical current through in-sample conductors
(Chambers et al. 2009; Sanchez-Ferrer et al. 2009), or by means of huge electro-
static fields applied to a sandwiched thin film (Urayama et al. 2006, 2007).

When bending modes are required without any photo-active molecule present in
the LCE sample, the construction of a bilayer system is needed. Another material
with different thermal expansion/contraction coefficient or elastic modulus will be
attached to the LCE actuator. Thus, the surface of the bulk LCE directly attached to
the passive material will not actuate due to mechanical restrictions, while the rest of
the LCE material far from the interface will deform. Such deformation of LCE
actuator will happen showing a gradient from zero at the interface to the maximum
value in the surface far away from the other material. Actually, this actuation
principle is always occurring when a LCE object is chemically attached to solid-
like surface, e.g., silicon, metal oxide, glass.

Finally, other aspects to be considered are the actuation force and the time
response of LCE devices. While actuation forces are directly related to the
crosslinking density—highly crosslinked LCEs show huge actuation forces, and
low crosslinked LCEs have huge deformations—, the time response strongly
depends on the interaction between the external stimulus and the LCE material.
LCEs are polymer-like materials and the thermal conductivity is close to that of
insulators. Thus, to achieve homogeneous isotropization temperatures along the
sample cross section, the material needs minutes to reach the equilibrium temper-
ature. The use of light is directly connected to the nature of the photo-active
molecule incorporated into the network, and to the kinetics related to the photo-
isomerization process which at room temperature is in the range of minutes too. A
very good approach is the incorporation of heat-release systems which have
lowered the response time to values in the range of milliseconds, e.g., nanoparticles,
micro-heaters.

19.3 Integration of LCEs into Microsystems Technologies

In the field of engineering, silicon-based technologies are the most commonly used
for the fabrication of microsystems (Maluf and Williams 2003). These well-known
techniques are very robust and well-controlled, and allow a batch processing
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large-scale fabrication of devices combining a large number of varied physico-
chemical processes, e.g., deposition and growth of layers, etching techniques,
shaping and patterning of these deposited layers (Merlos et al. 1993; Judy 2001).
Furthermore, these processes enable the use of several types of materials ranging
from silicon and its derivatives to polymers, metals and oxides. In this manner, it is
possible to fabricate various types of devices like simple resistors, micro-heaters
and transistors for circuitry (Snyder et al. 2003), accelerometers for ITC technol-
ogies and automotive field (Plaza et al. 2002), radiation detectors (Lutz 1999),
bio-devices (Grayson et al. 2004) and solar cells for energy harvesting (Cook-
Chennault et al. 2008), among others.

Nowadays, new materials and techniques have been introduced to the standard
fabrication processes in microelectronics in order to obtain more complex systems
and hybrid devices with new and interesting properties (Yang and Wang 2004; Dai
et al. 2007; Liu 2007). Among conventional materials, polymers are the best
example. They are flexible, soft, inert, ease to be processed and cheap, and have a
large number of very interesting tunable properties which can be adapted to a
specific needs and situations. Soft lithography techniques (Lorenz et al. 1997; Xia
and Whitesides 1998), flexible substrates for printed electronics (Berggren et al.
2007), packaging of lab-on-a-chip devices and microfluidic systems (Dittrich and
Manz 2006; Haeberle and Zengerle 2007) are some examples of the growing use of
polymers in microsystems technology. However, the integration of polymers into
MEMS/MOEMS devices as active elements is still a challenge since most of the
silicon processing techniques require high working temperatures—hundreds of
degrees—, and the use of aggressive chemical agents such as potassium hydroxide
(KOH), tetramethylammonium hydroxide (TMAH) and hydrofluoric acid
(HF) which can damage polymeric materials.

As previously mentioned, it is well-known that nematic LCEs can cause mac-
roscopically stimuli-responsive shape changes during the nematic-to-isotropic
phase transition, resulting from the microscopic disorder and misalignment of
their components. Due to the reversibility of such nematic systems, when the
external stimulus is removed, LCEs can produce actuation.

Back in the 1970s, when P.G. de Gennes proposed for the first time the
possibility of using LCEs as artificial muscles (de Gennes 1971, 1975, 1993),
monodomains of LCE materials have been widely studied leading to a large number
of scientific publications and studies, and they have been proposed for the fabrica-
tion of active devices (de Gennes 1997; Woltman et al. 2007; Ohm et al. 2010) due
to the big change in shape and length when disorder is induced by and external
stimulus. However, LCE materials should be aligned (monodomain) and the
mesogens properly oriented in a defined direction. The orientation of mesogens
and alignment of the polymer backbones in LCEs before or after the final fixation of
the polymer chains in the macromolecule requires the use of external fields which
will simultaneously shape the material. This requisite strongly affects the use of the
LCEs as actuators, and limits the integration into MEMS/MOEMS devices for the
fabrication of real-world applications.
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In the following, we present examples from the literature in which LCE mate-
rials have been proposed as actuators and sensors. These examples have been
grouped in two different groups as function of the strategy followed for the
integration of the material into the system to give rise to the final device. That is
before or after the crosslinking process is finished.

In the first part, we will review the applications based on the integration of
oriented LCE films which has been previously synthesized—mesogens oriented
and polymer chains aligned and fixed by full crosslinking of the material. In the
second part, other types of actuators and sensors based on alternative procedures
will be presented where such choice allows for the in-situ orientation and alignment
prior total fixation of the LCE while integrating the material into the device at the
same time.

19.3.1 Integration of Ex Situ Fully-Crosslinked LCEs

The devices herein described are based on the integration of nematic films which
have been previously aligned and cured. Thus, the shape and dimensions, and the
corresponding change in those two parameters are limited to the degree of defor-
mation imposed to the film during the synthesis. Usually, LCE films are obtained by
1D alignment—stretching of the sample in one direction before the final
crosslinking—that produces a shortening in the direction of the deformation when
the liquid-crystalline order is removed.

The first four examples presented are based on silicone polymeric matrices with
T, below 0 °C, and T, ranging from 55 °C to 90 °C, which have been grouped in
two as function of their actuation mechanism. On the one hand, a microgripper and
a microvalve which actuation is controlled by direct heating (i.e., Joule effect), and
on the other hand, a heliotropic system and a tactile device both based on local
heating through light irradiation, thanks to the use of LCE nanocomposites. The last
three examples discussed are based on acrylate chemistry with higher T, (above
room temperature) and Ty; (up to 170 °C) than the silicone-based LCE samples. Due
to these high T, values only thin films can be considered which can produce
bending motion under illumination when doped with photoactive molecules or
stretching when raising temperature locally.

As previously reported in Sect. 19.2, there is a preferred way for the fabrication
of oriented films. The synthetic concept is essentially based on the partial
crosslinking of the material in order to form a weakly crosslinked film in which a
uniform uniaxial deformation of the sample is applied allowing the alignment of the
polymer chains along the direction of the imposed stretching. After a successful
deformation of the sample, the film is further crosslinked (curing process) in order
to fix the alignment and create fully functional monodomain. At this moment, the
LCE film is ready to be integrated on the device, so they can be carefully cut in a
desired shape and then fixed into the structure, ensuring a correct adhesion and
therefore a desired actuation.
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This concept was firstly reported by Briindel et al. (2004) who demonstrated for
the first time the possibility to integrate LCE materials into MEMS/MOEMS
systems, and the compatibility of such materials with some of the manufacturing
processing techniques in microelectronics. Following this principle, Sanchez-Ferrer
et al. (2009) introduced the first LCE-driven silicon microsystem: a microgripper
based on the thermal actuation of a monodomain LCE film, showing temperature-
controlled motions. Figure 19.2a shows a schematic representation of the device
with the main parts, as well as pictures of the final device and its actuation principle.
For the obtaining of the nematic polysiloxane-based LCE material, a side-chain
nematic liquid-crystalline polymer (LCP) containing photo-reactive moieties,
which allow the crosslinking of the polymer chains, was synthesized and oriented
using a magnetic field of 11 T or an electrostatic field of 300 kV -m ™. The photo-
crosslinking of the LCP chains using UV light resulted in a monodomain of LCE
sample of about 16 mm x 4 mm X 0.030 mm, with a T}; ranging from 59 °C to
67 °C as function of the photo-crosslinkable benzophenone units content (10 mol%
and 5 mol%, respectively). The microsystem was fabricated combining standard
photo-lithographic and etching processes, typical from batch MEMS/MOEMS
manufacturing and the elastomer was finally mounted onto the microgripper arms
and fixed using oxygen plasma to assure good adhesion between the two surfaces.
The design and the distance between both microgripper arms were fixed in agree-
ment with the LCE samples characteristics to ensure its correct operation for
reaching the maximum strain values. A controlled heating induced by the voltage
applied on the extremes of the gold wires wounded around the LCE film triggered
the LCE phase transition, leading to movement of the microgripper arms and
changing their positioning due to the mechanical stresses. Small changes in the
LCE film produced actuation stress of up to 60 kPa and deformation strain of up to
150 % when applying electric voltage values ranging between 1.5 V and 3.5 V,
which strongly vary the actuation times of the device from 1.6 min to 46.1 min, and
thus the hysteresis factor, which increases significantly while reducing the times of
actuation. Using this approach, it has been demonstrated that large and robust
contractions of LCE material can be integrated on a microsystem and used to
induce a mechanical response on it, envisioning the possibility for the use of this
actuation principle into other technological applications.

Later on, Sanchez-Ferrer et al. (2011b) reported another example when integrat-
ing a side-chain nematic polysiloxane-based monodomain of a LCE into MEMS/
MOEMS by developing a flow regulating microvalve for microfluidics. The actu-
ation principle was basically the same than the previous example, but advantage
was taken from the expansion of the material in the other two directions perpen-
dicular to the alignment and bending of the LCE in the direction of the liquid flow
which allowed the closing of the microvalve upon the nematic-to-isotropic phase
transitions of the material. Thus, opening and sealing of the microfluidic channel
was achieved when going back and forward from the isotropic to the nematic state.
A schematic view of the structure designed, as well as a sequence of images of the
microvalve performance and the corresponding actuation plots are depicted in
Fig. 19.2b. The volumetric flow of the medium is guided underneath the actuator
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Fig. 19.2 Integration of polysiloxane-based side-chain nematic LCE in Microsystems. (a) Prep-
aration of the silicon frame together with the copper electrical circuit and integration of the LCEs
with the gold heating wires and the silicone joints before removal of the silicon supporting
structures; two pictures showing the mechanical actuation of the LCE microgripper before and
after contraction of both LCE films when heating disorder is produced; contraction of the LCE
films as function of time at different voltage rates; and (b) integration of the LCE into the
microchamber before sealing and the obtaining of the microvalve; sequence of pictures showing
the positioning of the LCE film in (a) the nematic phase when the microvalve is fully open,
(b) when approaching the isotropic temperature and the microvalve starts closing, and (c) when
fully isotropic and the microvalve is closed (Note: the blue arrows show the liquid flow direction);
electrical power, temperature of the microchamber and differential pressure between the two
openings as function of time when closing the microvalve—the letters correspond to the pictures
described before

(Level 3). A small supporting structure on the chip, which is on the same level as the
bearing surfaces for the two ends of the actuator (Level 2) prevents buckling in the
normal direction. Thus, the deformation of the valve in the main direction cannot be
avoided and is compensated by an elevated channel ground (Level 1). Two identical
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micromachined chips were assembled together face to face to form the microfluidic
system including a 0.66 mm x 3.8 mm x 0.30 mm LCE actuator in between as a
moving valve. One part of the assembled chip contains a copper circuit on its back
side for heating, while the backside of the microchip has the electric contacts and a
thermoresistor to measure the temperature as function of the applied electric power.
For the fabrication of the microvalve, a nematic monodomain of a side-chain LCE
was synthesized following the two-step crosslinking process outlined by
Finkelmann et al. (2001b).

As shown in the sequence of images in Fig. 19.2b, the LCE microvalve sealed
the structure upon heating and filling the room in the directions perpendicular to the
director and to the liquid flow up to the wall. When the LCE film reached the wall
and tension grew, an abrupt buckling of the actuator occurred in the middle of the
LCE film closing the microchannel in the direction of the flow. This middle part of
the actuator moved to the microchamber blocking the fluid flow and creating an
extra pressure due to the self-clamping at the two ends. The shrinkage of the
actuator in the parallel direction to the director aided its movement in
the microchamber as a result from a reduction of the friction forces between the
actuator and the microstructure. In that case, the maximum heating power applied
was 11 W at a volumetric flow rate of 271 pL-s~' using water; values which can be
improved by reducing the heating power dissipation by changing the fluid type if
not swelling of the LCE material is present (bad solvent).

It has been demonstrated that LCE are robust materials which can be tuned to
adapt their responsiveness to certain external stimuli. Thus, by the incorporation of
nano-objects such as carbon nanotubes (CNTs), ferro/ferrimagnetic nanoparticles,
photo-sensitive particles or molecules, etc. within the polymeric matrix, it is
possible to create custom-made LCE nanocomposites with different functionalities
(Jietal. 2012). Among others, CNTs are of special interest due to their morphology
intrinsic characteristics and photon absorption (Saito et al. 1998; Tombler
et al. 2000). When embedded into a polymer matrix, CNTs act as local heaters,
as they efficiently absorb light photons along all the visible-infrared (Vis-IR)
spectrum converting electromagnetic energy into thermal energy (Ajayan et al.
2002; Cantournet et al. 2007). Thus, thermal energy can be directly and wireless
delivered all over the thickness of the LCE film resulting in a faster material
response compared to direct external heating. In addition, neither significant effect
on the LC order nor in the internal structure of the elastomer has been observed for
concentrations below 1 wt% (Marshall et al. 2012), resulting in no differences in the
mechanical response compared to the sample without CNTs. All of that leads to the
photo-thermomechanical actuation of LCE which is a more suitable mechanism for
many engineering applications, since faster actuation responses can be obtained
with remote control on the actuation, and the complexity of the setups can be
reduced. However, the use of this type of LCE nanocomposites involves a more
elaborated process for the preparation of the samples, which entails the addition of
other chemical compounds such as surfactants to avoid the formation of CNTs
aggregates, and to ensure a homogenous dispersion of the elements throughout the
whole sample (Ji et al. 2010, 2011).
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Pursuing this actuation mechanism, two different actuators have been reported,
both of them using LCE nanocomposites, which demonstrated the suitability of this
type of actuation. Li et al. (2012) reported a novel mechanism based on the direct
actuation of the nematic material by means of sunlight. In this way, the authors
were capable to emulate the heliotropism observed in nature. The material used for
this study consisted in LCE-CNT nanocomposite reinforced with a polyurethane
fiber-network in order to increase the mechanical stability of the system, but
causing a significant increase of the power requirements.

Torras et al. (2014a) proposed the first complete device based on photo-
mechanical actuation of an array of LCE-CNTs capable to emulate Braille charac-
ters. Thanks to the combination of nematic LCE-CNT films together with a well-
designed optical system, an array of hundred actuators with pushing forces was
obtained. The actuation time was lower than 10 s with forces up to 45 mN far
enough for lifting the pin when shining the material with a white light source.

Inspired in the heliotropism present in nature, Li et al. (2012) developed an
artificial system directly driven by the sunlight. The main driving force is the photo-
thermal actuation of a nematic LCE nanocomposite. The LCE-CNT actuator was
fabricated using a two-steps crosslinking process in which single-walled CNTs
(SWCNTs) were incorporated into a side-chain LCE matrix reinforced by a poly-
urethane continuous fiber-network in order to improve the mechanical performance
at rupture and oriented by means of uniaxial stretching (Li et al. 2011; Jiang et al.
2013). The resulting fiber-network/SWCNT/LCE material has a T,; around 68 °C.
A scheme of the device and the working principle of the heliotropic system are
shown in Fig. 19.3a, where the different components can be distinguished. Similar
to a stool, the device consists of a platform which contains a solar cell panel
supported by some actuators. Thanks to the special design the structure consists
of light concentrators, heat collectors and elastic supports. The pieces of actuator
facing the incoming sunlight receive enough electromagnetic energy which is
converted into local heat inducing disorder in the liquid-crystalline material.
Thus, this local disorder induces the macroscopic contraction of the material,
driving and tilting the platform towards the sunlight (Fig. 19.3a). On the other
hand, the other pieces of actuator not exposed to the sunlight remain in the relaxed
state. The mechanism was tested in both in-field via direct actuation by sunlight,
and in laboratory conditions using a white light source at 100 mW - cm ™2 of power
density. Both experiments showed an increase in the output photo-current of the
solar cells, and these results proved the use of this artificial heliotropic mechanism
for future energy harvesting applications.

Another interesting example where LCE nanocomposites were used was
presented by Torras et al. (2014a) for the development of a tactile device. Such
device consists on nematic LCE-CNT-based films integrated into an array of
10 x 10 photo-actuators able to represent Braille characters and simplified graph-
ical information. These films were individually assembled in U-shape-like config-
uration forming single Braille elements, and later integrated in the optical device
which consists in arrays of white LEDs with mirrors and lenses in order to focus all
photons on the surface of the LCE-CNT film under illumination. In this way, when
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Fig. 19.3 Hybrid systems based on the integration of LCE nanocomposites. (a) Orientation
principle (heliotropism) for the fiber-network/SWCNT/LCE device showing how the solar cell
panel on the top orients when sun illuminates the contracting strip facing the sunlight; two pictures
before and during illumination of the device where a small change in LCE-CNT actuators length
induces a tilt angle in the solar cell panel; Photo-current intensity increase as function of the
azimuthal angle at different altitude with respect to the equator showing a maximum intensity at
180° when a maximum of sunlight flux is achieved; and (b) schematic and actuation principle for
the MOMS tactile device based on an array of LCE-CNT actuators able to represent Braille
characters (scale bar =10 mm); Force as function of time for the tactile device showing its
reproducibility in several on/off cycles; picture of the tactile device with a pin lifted upon
illumination; force as function of the electrical intensity applied to different LEDs lifting the
corresponding pin
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shining on the LCE-CNT, light is absorbed by the CNT which raise the local
temperature and contract the U-shape part of the film. The light-induced stress
gradient generated by the nematic LCE-CNT upon illumination produces a vertical
displacement of corresponding movable pin, which transmits the tactile signal to
the user’s fingertip. A detailed scheme of an assembled actuator with all compo-
nents is depicted in Fig. 19.3b. For the fabrication of such one hundred pin device,
1.2 mm wide and 0.3-0.4 mm thickness side-chain LCE-CNT ribbons containing
0.1 wt% of multi-walled carbon nanotubes (MWCNTs) were synthesized and
mechanically stretched following the standard two-steps crosslinking process
(Kiipfer and Finkelmann 1991). The working temperature range for this composite
goes from of Ty~ 10-15 °C to T,,;~85-90 °C. The LCE-CNT ribbons were
assembled in a U-shaped configuration to warrant no-tactile signal when the light
source is switched off (rest position), and at the same time, a positive tactile signal
under illumination. T-shaped rounded pins of 0.8 mm in diameter were placed
inverted on top of the LCE-CNT ribbons to maximize the contact area and thus the
force transmission. Additional elements such as Fresnel micro-lenses together with
refractive supports were specially designed and incorporated into the device to
improve the optical path efficiency and to optimize the working parameters of the
device. Lower actuation times (between 3.5 s and 8 s as function of the light
intensity) and pins’ displacements of 0.8 mm =+ 0.2 mm were obtained with mea-
sured forces of up to 40 mN without material degradation; values which guarantee a
correct tactile perception and fit the Braille standards, proving not only the viability
of the device but also the potential applications of this type of actuator. Hardware
implementation and a communication software interface were also developed
adapting the standard Bluetooth and UBS protocols to provide end users with a
complete and portable solution.

The four examples described so far are based on polysiloxane matrices which
allow the possibility to obtain deformations of the whole sample (contraction and
expansion movements) and relatively high actuation forces. This chemistry has also
the advantage of having the nematic phase above the glassy state (I, <0 °C) and
below the isotropic state (Tp,; <90 °C), which lower the power requirements in
order to reach actuation. On the contrary, the following three examples to be
discussed are based on acrylate chemistry which presents higher glass transition
and clearing temperatures. This up-shifted temperature working window together
with an increased rigidity of the polymer backbones results in a drastically reduc-
tion on the mobility of such films. For this reason, the thickness of liquid-crystalline
polyacrylate-based films should be in the range of few microns in order to produce
any movement, i.e., bending, since the actuation mechanism mainly occurs on the
surface of the sample. The first example, outlined by Yamada et al. (2008), takes
advantage of the combination of both UV and visible light to induce the rotation of
a plastic motor consisting of a set of two pulleys and an azobenzene-containing
LCE film as a belt. Using a similar procedure, Chen et al. (2010) reported a light-
driven micropump based on the bending and unbending motion of a LC membrane
which produces pressure gradients, and thus the movement of the fluid. In the last
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example, Petsch et al. (2014) posed LC films with embedded deformable thermo-
resistors as a way to faster deliver heat along the sample.

As previously introduced, Yamada et al. (2008) presented the light-induced
rotation of a motor based on azobenzene-containing side-chain LCE films at
room temperature. The main actuation principle relies on the trans-to-cis
disorder-induced photo-isomerization upon UV-irradiation, and the order-induced
cis-to-trans photo-back-isomerization with visible light. By the simultaneous irra-
diation using both UV and visible light in opposite sides of a LCE ring, the
combination of intermittent contraction and expansion movements results in a
rolling motion of the film, which drives the two pulleys forming the motor. A
scheme showing the working principle of the device is depicted in Fig. 19.4a, where
the main elements forming the device can be identified. An example of the photo-
induced motion of the motor in a counterclockwise direction is depicted in the
sequence of images below. In order to reinforce the LCE film and thus improve its
mechanical properties, a 50 pm thick flexible polyethylene (PE) sheet was attached
on the photo-crosslinked azobenzene-containing LCE ribbon by thermal bonding
creating a 68 pm thick laminated film, which was used to form the motor belt by
connecting both ends. The belt was wrapped around the pulleys ensuring the
alignment direction of the azobenzene mesogens along the circular direction of
the ring to guarantee a homogeneous movement direction. Similar laminated films
were tested upon UV exposure at different intensities showing generation of
mechanical force by photo-irradiation.

Afterward, Chen et al. (2010) developed a light-driven micropump by incorpo-
rating photo-isomerizable azobenzene moieties into the polyacrylate-based side-
chain LC material. The reversible bending behavior of this material upon UV and
visible light exposure is the responsible for inducing the membrane’s movement
and to pump a fluid. The working principle of the micropump, as well as a picture of
the experimental prototype, is shown in Fig. 19.4c. Upon irradiation with UV light,
the contraction gradient through the thickness of the film induces a downward
bending which results in the reduction of the pump chamber volume, and the
corresponding generation of pressure. In this way, the fluid in the chamber is forced
to go to the pipe outlet. When the sample is exposed to visible light, a recovery of
the film flatness is achieved by the upward bending of the film, and reduces the
chamber’s pressure which stops the flow.

Similar to the previously described microgripper (Sanchez-Ferrer et al. 2009),
and following the actuation mechanism for the LCE-CNT composites
(Lietal.2012; Torras et al. 2014a), Petsch et al. (2014) introduced a novel approach
based on the integration of deformable wires inside an active LC film. Then, a direct
thermal actuation within the film is possible which results in a reduction of the
actuation times—contraction and relaxation times—compared to other prior
reported thermotropic polyacrylate-based side-chain LCE. Horseshoe platinum-
gold-platinum micro-heaters were fabricated using standard MEMS/MOEMS tech-
nology processing on top of a polyimide (PI) layer and later, covered by a second PI
layer to protect the conductive material and provide certain flexibility to the whole
structure. Afterwards, all layers were structured using the reactive ion etching (RIE)
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Fig. 19.4 Polyacrylate-based side-chain LCE actuators. (a) Alternated UV-visible photo-isomer-
ization at different points of the azobenzene-containing LCE actuator ring which creates a local
contraction and a local expansion of the belt and rotates the pulleys; (b) Micropump based on the
bending motion of a LCE film which contains azobenzene moieties which upon UV-irradiation
bends and with visible light relaxes back. (¢) Sequence of thermo-resistors actuation showing
changes in length and transparency of the LCE material upon heating and cooling under the
application of 320 mW of electrical power

technique in order to obtain the heaters with their corresponding contact pads. A
polyacrylate-based side-chain LC was synthesized following the process outlined
by Thomsen et al. (2001) where all reagents were poured into a mold with the
micro-heaters embedded by the reactive mixture. The material was aligned under a
magnetic field, and finally photo-crosslinked by means of UV light. The contraction
ratio of the actuator was measured as function of the electrical power applied. A
contraction of 1.15 mm, which corresponds to relative change in sample’s length of
1.28 was obtained at 320 mW, resulting in a 25.7 kPa of stress.

Basically, all actuation mechanisms described above are based on the conversion
of an electrical current or electromagnetic fields into direct (microgripper,
microvalve or embedded thermo-resistor actuator) or local heating (tactile device
and heliotropic solar cell) which raises the temperature until reaching the isotropic
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state. In principle, all mechanisms based on photo-isomerization of photoactive
molecules (rotating belt and micropump) rely on the low temperature induced
disorder when some molecules change their shape and acting as impurities. In
principle, the latest mechanism should be a more efficient and faster process, but
the process is slow at room temperature and depends on the irradiance, has some
partial loss of the absorbed energy by non-radiative internal conversion or even
emission, and the examples described here have a huge frictional factor and higher
rigidity of the polymer backbone. All these factors lead towards actuation times of
several minutes for the photoactive systems.

In this first section, various types of actuators has been described and their
actuation mechanisms analyzed, all of them based on the integration of nematic
side-chain LCE films which have been previously aligned and fully cross-linked.
The main advantage of these actuators lies in that non-complex procedures are
required for the integration. The nematic materials can be cut, fixed, or even glued,
on different surfaces to form the final actuator. However, the main limitations of
this type of actuators lie in their size, the shape and the type of orientation achieved
by the LCE films—factors that are strongly related to the final response of the
material, i.e., deformation and movement direction. Similar to the MEMS/MOEMS
fabrication processes, this free-standing oriented LCE films are perfect for the
fabrication of actuators as a Top-Down approach, due to the possibility to pattern
the oriented films in order to be adapted to the system for the manufacturing of
devices.

19.3.2 Integration of In Situ Fully-Crosslinked LCEs

In contrast with the previously described systems based on the use of already
aligned and fully crosslinked LCE films, in this section we analyze another concept
for the fabrication of hybrid actuators consisting in the integration of partially
crosslinked LCE films. Such films are then oriented and simultaneously cured
in-situ. In this manner, it is possible to obtain LCE actuators in more complex
shapes, far from the LCE films, with various types of alignment and not only limited
to 1D. Thus, different types of actuation/deformation can be obtained leading to the
fabrication of more elaborated actuators and devices.

This concept was firstly introduced by Buguin et al. (2006) which through
replica molding combined with photo-crosslinking, and the application of magnetic
fields, demonstrated the possibility to simultaneously shape, align and completely
cure LCE material to create an array of thermoresponsive LCE pillars with con-
tractions up to 40 %. Following this principle, different types of actuators have been
reported so far, all of them based on molding techniques. Herein, we will describe
all these actuators and the corresponding actuation principle analyzed. Similar to
the previous section, they have been grouped as function of the type of chemistry
used for their synthesis, as well as for their actuation mechanisms. The first three
examples consist of elastomeric matrices based on polysiloxane chemistry, which
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allows for lower range of actuation temperatures and relatively high deformations.
The first one out of the three examples consists in a micropillar array with pushing
properties based on direct heating. The other two examples, in both cases arrays of
dome-like shaped actuators, are stood on photo-thermal actuation of LCE-CNTs
nanocomposites. The last two actuators presented in this section consist in a
micropillar array and an electrothermally driven photonic crystal, both based on
photo actuation of polyacrylate-based LCE.

Torras et al. (2014b) followed the concept of replica molding outlined by of
Buguin et al. (2006) to obtain micropillars with pushing properties using a
polysiloxane matrix. In this manner, an array of nematic side-chain LCE actuators
with elastic properties and low transition temperature was obtained, which produces
direct actuation through heating, resulting in an expansion of the material. The
pushing properties were reached by a two-step crosslinking process resulting in an
array of micropushers. Such micropillars were oriented by uniaxial compression
(biaxial orientation) instead of the classical uniaxial stretching procedure before the
final curing. Thus, the micropillar array expands in the direction of the applied
deformation when the isotropic temperature is reached (7y,; =55 °C). This pushing
behavior of the micropillars is related to the changes from the two-dimensional
prolate polydomain conformation (nematic state) to the spherical conformation
(isotropic state) of the polymer backbone. Figure 19.5 shows a scheme of the
working principle of the proposed micropillars, as well as images of the fabrication
process, and the main actuation results obtained. The resulting LCE micropillars
with such novel orientation of the domains showed an expansion factor of £, =21 %
along the axial direction and a contraction factor of &, = 15 % in the radial direction
upon isotropization, with an averaged dimensions of 3.63 mm in height and
2.10 mm in diameter in the isotropic phase, which resulted in actuation forces of
about F =20 mN (5.6 kPa of equivalent stress). These good results together with
the possibility of obtaining different shapes on demand—besides the common LCE
strip—make LCE materials very suitable candidates in the development of complex
devices through their integration in Microsystems Technology and batch processes.

Camargo et al. (2011, 2012) demonstrated for the first time the possibility to
obtain an array of actuating monodomains within the same polydomain matrix.
Thanks to the use of an elaborated molding process similar to the punch and die
stamping technique, together with a two-steps crosslinking process, sufficiently
well-aligned LC units were created to produce localized actuation on a LCE-CNTs
nanocomposite film upon illumination. Figure 19.6a schematically shows the
stamping process and the working principle of the proposed actuators, where the
aligned and non-aligned regions can be distinguished. A picture of the molding
system and the actuators obtained, as well as a graph with the main actuation
results, are also depicted. The fabrication process starts with a weakly-crosslinked
film containing 0.1 wt% of MWCNTs which was placed in between two mold
pieces, one containing pillars and the other one holes, and mechanically stretched to
locally align the LC mesogens. Then, all the system was heated to thermally
crosslink the film while keeping the mechanical load, resulting in an array of
semi-spherical actuators of both 1.0 mm and 1.5 mm in diameter, with an alignment
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Fig. 19.5 (a) Scheme of the working principle of the proposed micropillars system resulting in
pushing actuators under the application of thermal gradients. (b) Main steps for the micropillar
fabrication where the molds, the orientation process through uniaxial compression, as well as
an example of the actuators obtained previous the final crosslinking step can be observed
(scale bars =10 mm). (¢) Mechanical response of a single LCE micropillar along an entire
heating-cooling cycle showing the pushing force as function of actuation temperature and time.
20 mN of force was obtained showing repeatability in response and no material degradation

normal to the direction of the film. For that reason, the dome-like shaped
monodomain regions contract upon irradiation (T,,; = 85 °C) causing a decrease in
their height, which reversibly return to their initial position when no light stimulus
is applied. The response of the different actuators was analyzed using a red laser
diode of 658 nm of wavelength as a light source at an incident optical power ranging
from 8.6 mW to 51.5 mW, resulting up to 40 pm (10 %) of vertical displacement
(contraction of € =6.46 %) in case of 1.5 mm of diameter actuators - deformation
which is mainly limited by the dimensions of the punch mold. Moreover, on-off
actuation cycles of the proposed actuators were performed to check the feasibility
and repeatability in response, resulting in a low dispersion in contraction (less than
2.5 % of the mean value) without material degradation, leading to the use of this
methodology for new applications in haptic devices.

Recently, Torras et al. (2014b) presented another interesting example using
LCE-CNT nanocomposites. Inspired on the previous described method (Camargo
et al. 2011, 2012), an alternative approach for the fabrication of arrays of semi-
spherical actuators based on gas-pressure molding was proposed. It was demon-
strated the possibility to shape and align LCE-CNT films by the application of a
well-controlled nitrogen pressure. In this manner, a significant improvement on the
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Fig. 19.6 Actuators arrays based on nematic LCE-CNT nanocomposites. Fabrication process and
working principle of semi-spherical actuators array obtained by stamping molding (i.e., mechan-
ical pressure) (a) and by the application of constant nitrogen flow (b). By using both approaches,
aligned and non-aligned regions can be simultaneously produced, resulting in arrays of actuating
features within a same LCE-CNT nanocomposite film. Under illumination, a reduction in height
up to 40 pm and 120 pm were obtained respectively, as function of the optical power applied. Scale
bars of pictures in the insets were 1 mm and 4 mm, respectively

deformation achieved by the actuators was obtained with respect to the reported by
Camargo et al. (2011, 2012). The resulting height variation was up to 120 pm under
illumination which mean contractions of e = 13 % in the direction of the alignment
under the application of 40 mbar of constant nitrogen pressure. A scheme showing
the concept and the actuation principle of these actuators is presented in Fig. 19.6b,
where also a graph with the main actuation results as function of the optical power
applied are shown. Similar to the other system, this approach lies in the use of a
two-steps crosslinking process which enables a correct shaping of the partially
cross-linked material through molding process, and guarantees the application of
the corresponding stress gradient to produce the desired deformation and alignment
using nitrogen flow. Thus, arrays of identical dome-like shaped monodomain
actuators can be obtained within the same polydomain LCE-CNT film with a
perpendicular alignment, leading to local and reversible actuation. In this case,



19 Integration of Liquid-Crystalline Elastomers in MEMS/MOEMS 575

a b
0. UV LAMP a H
ZPPERLOCK BAG.._ L ___mouLd —-— Troom
T b
SAMPLE—_ | | _~PERMANENT | =
5 MAGNET '
GLASS SLIDE =" il __-HEATING STAGE -

a

-

(=]
’ T, (170°C)

e
a n o o

Intensity (a.u)

0.4
400 450 500 550 600 650 700

Wavelength (am)

Fig. 19.7 Polyacrylate-based actuators in an array. (a) Schematic representation of the fabrication
process of an array of thermoresponsive micropillars on a substrate by replica molding. Once the
LCE pillars were completely cured they can be separated from the substrate and individually
actuated by means of thermal gradients, resulting in high contraction movements ranging from
30 % to 40 %, as function of the acrylate matrix used (scale bar =100 pm). (b) LCE Photonic
crystal obtained by regular patterning of a LCE matrix through the embedding of a close-packed
monodispersed silica particles’ arrangement (scale bars =1 pm)

LCE-CNT nanocomposites containing 0.3 wt% of MWCNTs were used, with
transition temperatures of Ty~ 10-15 °C and T,; =90 °C.

As previously mentioned at the beginning of this section, Buguin et al. (2006)
introduced an innovative procedure for the fabrication of micron-sized thermore-
sponsive LCE actuators on a substrate by replica molding. In this manner, an array
of nematic pillars of about 20 pm in diameter and 100 pm in height could be
obtained in one single step. Firstly synthesized using side-on polyacrylate-based
chemistry (Buguin et al. 2006) and then improved by using thiol-ene nematic main-
chain LCE (Yang et al. 2009). The reported actuators show fully reversible con-
traction with values up to 30—40 % in the case of side-on LCE when heated from the
nematic to the isotropic phases (T,,; = 170 °C). A scheme of the experimental setup
for the fabrication of the micropillars together with a scanning electron microscopy
(SEM) micrograph of the final structures and an actuation sequence are shown in
Fig. 19.7a. A PDMS mold containing the patterns of the pillars which was prepared
by replica molding was pressed down on the melted components of the nematic
material forcing them to fill the inner structure of the mold, while a constant
magnetic field of about 1 T was applied to ensure alignment of the nematic director
parallel to the long axis of the pillars. Finally, the whole system was irradiated using
a UV lamp to promote the LCE photo-polymerization. Each pillar can be removed
from the array and used as a small actuator. However, such LCE materials are
restricted to certain applications due to the elevated actuation temperatures (up to
170 °C), and thus they can neither be used in Biology for tissue engineering nor for
cell culture studies.

Later on, Jiang et al. (2012) presented an innovative electrothermally driven
photonic crystal based on the combination of nematic materials able to shift the
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Bragg-diffraction peak under actuation, resulting on a structural change in color.
Unlike the previous examples where a replica molding was used for the fabrication
of non-continuous matrices of individual actuators (Torras et al. 2013; Buguin et al.
2006; Yang et al. 2009), Jiang et al. proposed an original method to pattern LCE
matrices inspired by colloidal lithography processes in nanofabrication (Yang et al.
2006). They propose the use of a non-continuous 3D array of elements, in this case
silica nanospheres (i.e., an opaline photonic crystal), to create a continuous LCE
films containing the inverse opaline structure, which acts as single photonic crys-
tals. Figure 19.7b shows two SEM pictures of both types of structures, as well as a
graph reflecting the photonic band-gap (PBG) shifts inducing structural color
changes at 15 V of applied voltage and its corresponding normalized reflection
spectra. For the preparation of the LCE photonic crystals, various layers of close-
packed monodispersed nanosilica spheres were first prepared following the Stober
method (Stober et al. 1968) and sandwiched between two glass plates, which were
later immersed in the molten LCE solution to allow the mixture to completely fill
the voids by capillary forces. Finally, the LC moieties were aligned and polymer-
ized using UV-irradiation and the silica template etched by 1 wt% HF solution,
resulting in the LCE-based inverse opaline structure. Spin-coated on a glass-
substrate, graphite nanoparticles act as electrothermal conversion layer, delivering
heat to the LCE structure and thus, forcing reversible changes on the optical
response of the films, e.g., displacement of the PBG and changes on the structural
color of the films, as function of the electric voltage applied. Depending on the
material composition, these inverse opaline structures show transition temperatures
ranging from 20 °C to 32 °C and from 64 °C to 101 °C for the T, and Ty;,
respectively, as function of the crosslinking density.

In this second section various types of actuators have also been described and
their actuation mechanisms analyzed, all of them based on the integration of
nematic materials before the crosslinking process, allowing its in-situ alignment
and curing in one single step. The main difficulties around these techniques lie in
the various procedures involving the LCE material preparation, which require a
very precise control of the whole device. Thus, the system should be conceived and
fabricated taking into account the changes in dimensions and shape exhibited on the
material during its alignment and crosslinking processes, which will strongly define
the final type and degree of deformation achieved.

Unlike the methods described in the previous section, the main advantage of
these techniques is that there is neither limitation in shape and size of the actuators
obtained nor with the types of orientation defined. Thus, with an accurate design
and the appropriate knowledge of the material, it is possible to fabricate a custom-
made elaboration process to reach the desired response.

Seeking parallelism to conventional MEMS/MOEMS fabrication methods, one
might consider this methodology to fabricate actuators such as Bottom-up approach,
where the starting material at the molecular level is transformed and patterned at the
same time for the obtaining of the macromolecular actuator already adapted to the
system to form the device.
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19.4 Conclusions and Outlook

LCEs are advanced, complex, and elaborated soft smart materials which require of
expertise in Organic Synthesis, Macromolecular Chemistry and Physics, and Supra-
molecular Chemistry, as well as knowledge about Materials Science. The combi-
nation of the liquid state of order—from the liquid-crystalline molecules
(mesogens)—and the rubber elasticity—from the polymer network (crosslinked
polymer chains)—results on a material with unique mechanical and optical prop-
erties. The beauty of such materials stays in the control over the three components
which allows for the obtaining of materials on demand. Thus, the precise selection
of the mesogen nature leads towards different mesophases (e.g., nematic, smectic,
columnar, chiral, lyotropic phases), shifting of the isotropization temperature and
the corresponding service temperature, and kind of coupling to the polymer back-
bone. While the choice on the polymer backbone brings flexibility (amorphous) or
rigidity (glassy), variations in the crosslinking density contribute to the hardness
(duromer) or softness (elastomer) of the final LCE material.

The main principle is the obtaining of monodomains of LCEs, where the
mesogens are oriented and polymer chains aligned. Such anisotropic materials
can undergo a spontaneous and reversible deformation accompanied by a retractive
force when an external stimulus is applied and the liquid-crystalline order in the
material is erased. The functionalization of such LCEs enables the material to
interact with the environment. Thus, the incorporation of other molecules or
functionalities increases the options for the use of other external stimuli besides
temperature gradients, e.g., light, magnetic or electric fields, electrical current, pH,
ionic strength, solvent vapor. In this way, LCEs can convert any kind of energy into
mechanical energy or vice versa.

The actuation principle for such LCEs markedly depends on the synthetic
approach and the orientation/alignment technique used for the preparation of
monodomains, as well as the external stimulus to be used. In principle,
polycondensation-based LCEs (polysiloxane polymer backbone) are more suitable
for contraction/expansion purposes, while polyaddition-based LCEs (poly(meth)
acrylate polymer backbone) has mainly been used for bending modes. Neverthe-
less, both kinds of polymer backbones can develop any imaginable actuation
movement, if a little bit of imagination and inventiveness is worked up.

When control over the actuation strain and stress, as well on the time response is
accomplished, the next step is the integration of such LCEs into MEMS/MOEMS
for the production of microdevices. Several examples have been described where
the two possible approaches have been presented: the ex situ and in situ preparation
of monodomains of LCEs. For the earlier, a Top-Down approach is followed for the
integration of the material to the final device, while for the later a Bottom-Up
approach is considered. The election for one or the other will be decided by the size,
dimensions, shape and alignment of the LCE actuator together with the external
stimulus to be used.
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Due to the good integration of LCEs in Microsystems Technology, the applica-
tions offered by these hybrid MEMS/MOEMS range from the production of sensors
to actuators for microrobotics, microopotics and microfluidics. We are sure that in
the near future new progresses in this area of miniaturization at the micro and nano
scale will be seen when a better control on the mechanical and optical properties.
For this purpose, and because of LCEs are the perfect material for such synergies,
chemist, physicist and engineers should work together for the development of new
devices. Still many open questions remain like the use of polydomains of LCEs, the
energy efficiency improvement of such devices, the use of other mesophases,
polymer architectures, functionalities and external stimuli.
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