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ABSTRACT 

 
 
 Supervising Professor:  Taylor H. Ware 
 
 
 
 
Liquid crystal elastomers (LCEs) are well-recognized for programmable, large strain, and 

reversible shape changes in response to external stimuli. However, so far, there are several issues 

preventing the use of this class of materials in practical engineering applications such as 

actuators and electronics. The first part of the dissertation focuses on synthesis and processing 

strategies to expand capabilities of LCEs for actuator applications. Engineering application of 

LCEs are often limited by poor static and dynamic mechanical properties, e.g., modulus (~10 

MPa), toughness (~10 MPa), blocking stress (~500 kPa), and work capacity (~300 kJ/m3). Also, 

these materials require high temperatures (typically above 100 °C) to undergo shape change. 

This work enables significant improvement in mechanical properties of LCEs by combining 

liquid crystallinity and semi-crystallinity. By developing novel synthesis and processing 

methods, crystallized LCEs are capable of not only enhanced static mechanical properties, 

including modulus (~350 MPa) and toughness (~40 MPa) but also improved dynamic 

mechanical properties, including blocking stress (~1.3 MPa) work capacity (~730 kJ/m3). This 

work also describes two routes to create multi-responsive LCE actuators that overcome the need 

to externally heat the material to high temperatures. We show high speed (~380 rpm) torsional 
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actuation in response to chemical stimuli. Moreover, we provide a facile way to create 

programmed LCEs and carbon nanotubes (CNTs) composites. The LCE/CNT composites utilize 

visible light or electricity to trigger high-speed bending (~1 s) or uniaxial actuation (work 

capacity ~100 kJ/m3, 2.5 times higher than mammalian muscles). The second part of the 

dissertation discusses electronic applications of LCEs. As current micro-electronic fabrication 

requires 2D flat substrates for photolithography processing, resulting devices are limited in 2D 

geometry which has minimal strain tolerance. Also, polymer-based biomedical electronics, e.g., 

neural interfaces, have significant issue to achieve long-term reliable encapsulation in the 

physiological condition. This work enables to process electronics on programmed 2D LCE 

substrates, then morph to desired 3D structures. The 3D electronics on LCE substrates provide 

strain tolerance up to 100% of deformation. We further show various examples of 3D electronics 

including strain tolerant capacitors and temperature sensing antenna enabled by LCE substrates. 

In the end, we briefly discuss current and on-going research to utilize LCEs for reliable 

packaging for advanced biomedical devices, e.g., deployable neural probes. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

Smart materials, referred to as stimuli-responsive or intelligent materials, are of particular 

interest as their shapes, structures, or functions can be dynamically changed in response to 

environmental cues.1,2 Shape changing polymers, a subclass of smart materials, are a particularly 

promising-class of smart materials; these materials can be designed to respond to a wide variety 

of conditions by designing synthesis and processing strategies. As natural systems utilize tailored 

molecular- and micro-scale interfaces to communicate with their environment,3,4 molecularly-

designed synthetic polymers enable similar attributes that are capable of autonomous 

morphological and functional transition in response to external stimuli such as temperature, light, 

magnetic field, pH, electricity, and chemical or biomolecules.5–9 Based on a broad range of 

synthesis and processing routes, versatility in smart polymers realizes multidisciplinary 

applications including sensors,10 actuators,11 soft robotics,12,13 smart coatings,14,15 and biomedical 

devices.16–19 Driving forces of the shape changes or functional transitions in artificial synthetic 

polymers are often dictated from molecular-scale such as polymer chain conformations and 

functional groups.  

An emerging area of stimuli-responsive polymer is spatially controlled programming of 

molecular configurations to induce localized functions or properties. To enable this molecular-

level programming, approaches can be classified into top-down and bottom-up methodologies. 

For example, in top-down approaches, crosslinking density in hydrogels can be patterned by 

photolithography that yields temperature responsive complex deformations.20 In another 



 

2 

example, shape memory alloy (SMA) sheets assembled with elastomeric joints and electrical 

circuits enable origami-inspired sequential folding in response to electrical joule heating.21 By 

comparison, bottom-up strategies are based on molecular self-assembly. For instance, polymer 

vesicles consisting of a spherical core and bilayer shell structure can be constructed by self-

assembly of amphiphilic block copolymers. These stimuli-responsive polymer capsules have 

been widely used for on-demand drug delivery carriers.22,23 Another promising class of 

molecular self-assembly can be driven by liquid crystalline orientation.24–26 In particular, 

integration of programmed liquid crystal orientation in crosslinked polymer networks provides 

more compelling opportunities for dynamic functional materials.27 In this study, we will describe 

synthesis and processing strategies of liquid crystal elastomers (LCEs) towards engineering 

applications in actuators and electronics.  

 

1.2. Liquid Crystal Elastomers 

Soft materials that can perform mechanical work in response to external stimuli, such as 

light or electrical current, are of particular interest in the field of smart devices and systems.6,7,28–

30 Liquid crystal elastomers (LCEs) are lightly-crosslinked polymers that combine liquid 

crystalline order and rubber elasticity. A salient feature of these materials is that the order-

disorder transition  induces large-strain, reversible shape changes.31–33 Thus, LCEs have attracted 

attention for use in the field of soft robotics and artificial muscles.34 To enable the use of these 

materials as actuators, the  molecular orientation needs to be aligned on a macroscopic scale and 

a stimulus that induces the nematic to isotropic transition must be efficiently coupled to the 

material The first method used to process LCEs with macroscopic orientation utilized  strain-
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induced director reorientation and subsequent crosslinking, in what is referred to as the 

Finkelmann method.35,36 By this mechanical alignment process, resulting LCEs can be used to 

create uniaxial actuators. In these systems, strategies to control the anisotropy or magnitude of 

stimulus-response within a monolithic material enable actuators that undergo complex shape 

change in response to uniform stimulus. 

Several processing strategies have been demonstrated for spatially-controlled molecular 

orientation by employing a patterned magnetic field37,38 or patterned surfaces39,40. Particularly, 

surface-driven directed self-assembly has proven to be a powerful method to create LCEs with 

complex director profiles. To program the surfaces that command liquid crystal orientation, the 

described approaches can be broadly categorized into two major types; 1) using chemical 

anisotropy driven by photoresponsive materials and 2) using micro- and nano-scale surface 

topography. In the first approach, molecular level chemical anisotropy is generally induced by 

linearly polarized light to trigger alignment within a polymer or dye.41,42 This photoalignment 

technique has been advanced to yield a voxel-by-voxel resolution molecular programming in 

LCEs.39 In the second approach, engineered micro- or nano-patterned surfaces using an atomic 

force microscopy (AFM) stylus43,44, lithography45, or diamond particle scratching46 have been 

demonstrated to control liquid crystal orientation.   

 Even with a lot of successful progress in these materials in the last few decades, LCEs are 

currently facing more challenges for practical actuator applications. Figure 1.1 shows both of the 

advantages and disadvantages of the LCEs. Mechanically aligned, large strain, uniaxial actuation 

capability is shown in Figure 1.1 (a)32. Surface-commanded complex actuation and 3D printed 

programmed actuation are shown in Figure 1.1 (b)39 and (c)47, respectively. These examples 
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represent salient features of LCE actuators that utilize programmable molecular orientation-

driven anisotropic shape changes. However, these actuators require harsh temperature above 100 

°C to trigger shape changes in that practical and biomedical applications of LCEs are 

significantly restricted. 

 

 
Figure 1.1. (a) LCE film oriented by mechanical stretching with attached weight. The actuator 
shows uniaxial work by increasing temperature. Reprinted from 32, with permission from 
Springer, Berlin, Heidelberg. (b) Nine +1 topological defects were patterned in azimuthal 
orientation in LCE film by photoaligned surfaces. The film underwent complex deformation 
upon heating. Reprinted from 39, with permission from American Association for the 
Advancement of Science. (c) 3D printed structure comprised of positive and negative Gaussian 
curvatures printed in azimuthal path. Reprinted from 47, with permission from American 
Chemical Society. 
 

Also, LCEs are often limited by poor mechanical properties (strength, modulus, 

toughness) as compared to engineering polymers. In engineering applications, actuating 

materials must both bear loads and change shape. A current limitation of synthetic shape 

changing materials is that the magnitude of shape change is often negatively correlated to 
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specific work capacity and toughness48. Liquid crystal polymers and elastomers embody this 

paradigm; for example, non-responsive Vectra, a crystallized liquid crystalline thermoplastic, is 

used as a high-performance engineering polymer49, while highly responsive liquid crystal 

elastomers exhibit low toughness. Furthermore, the response of these elastomers is limited by 

low blocking stresses, typically below 500 kPa50. This limitation is represented by the Ashby plot 

in Figure 1.2.  

 

 
Figure 1.2. Ashby plot of polymeric actuators. Previously unachievable property space could be 
enabled by enhanced LCEs. (Modified from 51) 
 

Thus, overcoming these two significant limitations of LCEs, 1) harsh actuation triggers, 

and 2) weak mechanical properties, is an ongoing challenge that must be addressed to expand 

practical applications of LCEs.  
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1.3. LCE-Based Composites* 

* Reprinted from; Ruvini S. Kularatne, Hyun Kim, Jennifer M. Boothby, Taylor H. Ware, 

“Liquid Crystal Elastomer Actuators: Synthesis, Alignment, and Applications”, Journal of 

Polymer Science, Part B: Polymer Physics, 55 (5), 395-411, 2017, Copyright (2017) with 

permission from Wiley Periodicals, Inc. 

 

Author Contributions 

Ruvini S. Kulartne, Hyun Kim (myself), and Jennifer M. Boothby and have prepared 

manuscript for the original published review paper.52 Ruvini S. Kulartne has prepared LCE 

synthesis section. Hyun Kim has prepared LCE composites section (described in this Chapter 

1.3). Jennifer M. Boothby has prepared LCE applications section. This work was supervised by 

Dr. Taylor H. Ware. All authors reviewed the manuscript. 

 

A variety of strategies have been derived to extend the salient properties of LCEs by 

integrating nanomaterials into the LCE matrix. Many of these composites have been designed to 

enable actuation in response to stimuli beyond ambient heating. Depending on the embedded 

nanomaterials, the LCE matrix can be tailored for photo-mechanical, electro-mechanical, 

thermo-mechanical, and multi-stimulus actuators.53 Here we review several kinds of LCE-based 

composites, focusing on the preparation methods and the observed stimulus response. 
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1.3.1. Carbon Nanomaterial Based LCE Composites 

Carbon nanotubes (CNTs) are recognized as one of the most promising filling materials 

due to their nano-scale one-dimensional structure, excellent electrical and thermal conductivities, 

strong mechanical properties, and large surface areas.54,50 CNTs are also efficient optical 

absorbers capable of converting light energy into heat, and hence they have the capability of 

triggering the thermal actuation of LCEs.55,56 Many of the fabrication strategies of CNTs/LCE 

composites are based on the two-stage crosslinking method, initially described by Finkelmann 

and co-workers.57  

Jiang and co-workers reported an artificial heliotropic device for solar energy harvesting 

based on fiber-network/single walled carbon nanotubes (SWCNTs)/LCE composite fabricated by 

the two-stage crosslinking method coupled with a mechanical drawing process Figure 1.3 (a). In 

the first stage, the polyurethane fiber-network/SWCNT/LCE reaction mixture was partially 

crosslinked (SWCNT content in LCE was 0.45 wt%). Then, the partially crosslinked mixture 

was uniaxially stretched and crosslinked to obtain a monodomain composite. In this composite, 

SWCNTs act as a nanoscale heat source using direct sunlight to heat the LCE matrix above TNI, 

leading to a reversible contraction. Furthermore, adding SWCNTs also lowers the TNI of the 

matrix, decreasing the photo-thermomechanical actuation threshold.58 Esteve and co-workers 

reported optical microactuators formed from CNT/LCE composites.59 To create these 

micoactuators, a weakly crosslinked CNT/LCE gel was stretched using punch and die devices. 

This setup was kept under a constant pressure and heated to 100 °C for several days for the 

completion of the crosslinking. The resulting CNT/LCE composite film contains blister-shaped 

mono-domain regions, which can reversibly change their shape by light irradiation. Upon 
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irradiation of light by a laser diode with optical power up to 60 mW, these blisters mechanically 

contracted and were able to reversibly recover the original shape within 6 seconds. The 

magnitude of their contraction was above 10% of their height in the rest state.59 Such actuators 

might be useful in creating haptic or Braille displays. The performance of these photothermal 

actuators is strongly dependent on the dispersion of CNTs within the polymer matrix. For 

example, Chen and co-workers used a conjugated macromolecule, poly(p-phenyleneethynylene) 

(PPE), to functionalize the SWCNTs, enabling improved dispersion of SWCNTs in the LCE 

matrix.60 The excellent dispersion of PPE-SWCNT in the LCE matrix provided a 30% reversible 

IR-induced strain with only 0.1-0.2 wt% SWCNT loading levels.60 CNTs can be used not only to 

increase absorption, but to also enable electrical response. Terentjev and co-workers reported an 

electromechanical actuator consisting of CNT/LCE composites by the two-step crosslinking with 

an intermediate stretching to induce CNT alignment with the nematic director of the LCE 

matrix.61 By loading the LCE with 0.01% CNT, the dielectric anisotropy of the composite was 

increased. In response to a ~1 MV/m of DC electric field, a field-induced dielectric torque is 

generated on individual CNTs and is transmitted to the whole polymer network structure 

resulting in an uniaxial mechanical stress of ~1 kPa.61 

 Another fabrication strategy, devised by Finkelmann and co-workers for synthesizing 

carbon  nanoparticle/LCE53,62–64 composites, exploits swelling behavior of LCE matrix in 

solutions containing dispersed carbon nanomaterials.53,62–64 Unlike in the previous method, here 

the carbon nanoparticles form a surface coating and are not incorporated into the LCE matrix.65 

The prepared LCE matrix was dipped into a suitable solvent containing dispersed carbon 

nanoparticles and was allowed to reach swelling equilibrium. Subsequently, the LCE networks 
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were returned to their original volume by drying. As a result, a thick carbon nanoparticle layer 

(2-3 µm) was integrated on the LCE surface which can provide effective electrical conductivity 

without restricting mechanical elasticity (Figure 1.3 (c), (d)).53,62 

 Other carbon nanomaterials such as graphene have also been incorporated into the 

LCEs.66,67 Graphene sheets tend to disperse in a random manner and self-aggregate in a 

polymeric matrix.68 Lin and co-workers reported the first aligned graphene/LCE composite for 

tunable photomechanical actuation by NIR irradiation.68 In these composites, graphene sheets act 

as nano-scale photoactive components and were homogeneously dispersed through π-π stacking 

of LC aromatic mesogenic rings. (Figure 1.4 (a), (b)) Subsequent external heating and 

mechanical drawing of the mixtures under in-situ UV photopolymerization promoted alignment 

of both the LC matrix and graphene. With 0.2% concentration of graphene oxide in the 

composites, a maximum 35.7% of photomechanical contraction was observed.68 LCE composites 

are not, however, limited to carbon materials. 

 

1.3.2. Metal Nanomaterial Based LCE Composites 

 Metallic nanomaterials exhibit a wide range of tunable stimuli-responsive behaviors and 

have been incorporated into a number of polymer matrices, including LCEs.65 Gold nanoparticle 

(AuNP) based LCE composites exhibit enhanced photothermal effects due to localized surface 

plasmon resonance of the particle.69 Keller and co-workers developed a fabrication method to 

incorporate gold nanospheres (AuNS) and gold nanorods (AuNR) into polyacrylate-based LCEs 

for a highly controllable microactuator that can be activated without an ambient temperature 

change.69  
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Figure 1.3. Examples of CNT/LCE composites and fabrication methods. (1) Schematic 
illustration for an example of two-stage crosslinking method with mechanical loading. Reprinted 
from 58, with permission from John Wiley and Sons. (2) (a) SEM image for microstructures of a 
0.1 wt % SWNT–LCE nanocomposite film subjected to 200% hot-drawing. (b) IR-actuation 
frames of a 0.2 wt % SWNT–LCE nanocomposite film subjected to 16 min of curing and 160% 
hot-drawing. The SWNT–LCE nanocomposite film before the IR beam was turned on, after the 
IR beam was turned on for 4 s, for 10 s, and after it had returned to its original length with the IR 
beam turned off, respectively. Reprinted from 60, with permission from John Wiley and Sons. (3) 
Particle fraction vs. concentration and graphical representation of swollen LCE in carbon 
nanoparticle dispersed solvent is shown in inset by LCE swelling and deswelling method. (4) 
SEM images of the (a) cross section and (b) surface, and graphical illustration of the carbon 
nanoparticle/LCE composites by LCE swelling and deswelling method. Reprinted from 53, with 
permission from Royal Society of Chemistry.  
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In this study, incorporation of less than 1 wt.% of AuNR into LCE micropillar actuators can lead 

to a maximum 30% actuation strain on irradiation with a 635 nm laser. To fabricate these 

actuators, AuNSs and AuNRs were dispersed in the LCE monomer, photoinitiator, and 

crosslinker mixture. This mixture was melted and filled into a mold in the isotropic state. 

Subsequent cooling of the sample to 55 °C under a permanent magnet allowed the sample 

mixture to align, at which time the sample was polymerized under UV-light to obtain the LCE 

composite.69 Smalyukh and co-workers demonstrated that gold nanocrystals in LCE 

microparticles could be fabricated using a soft lithographic molding technique.70 In these 

composites, gold nanospheres enable spatially localized heat transfer from the laser beam into 

the microparticles. To fabricate these microparticle actuators, gold nanocrystals were aligned and 

polymerized with LCE matrix under a strong magnetic field of 1 T. The 1064 nm laser source 

was selected since this wavelength was two times larger than the peak absorption wavelength of 

gold nanoparticles, rendering the composites active via a two-photon absorption process. The 

resulting LCE microparticle actuators can be spatially translated, aligned, and rotated by 

polarized-light optical tweezers.70 Ratna and co-workers reported thermomechanical actuation 

enhancement strategies by embedding a low concentration (> 0.1 mol %) of gold nanoparticles.71 

To fabricate these composites, a mechanically rubbed polyvinyl alcohol (PVA) layer in a glass 

cell was used to align AuNP incorporated the LCE matrix.71 Incorporating AuNPs resulted in a 

reduction of actuation strain in the LCE. In terms of the actuation speed, AuNP-doped LCE 

actuators exhibit increased strain rate by 100 % in response to an external heat. 

 Beyond AuNPs, various kinds of magnetic nanomaterials have been used to provide 

enhanced actuation properties. Schmidt and co-workers incorporated iron oxide nanoparticles in 



 

12 

LCE composites to locally dissipate heat in response to alternating magnetic fields. In order to 

fabricate monodomain composites, two-stage crosslinking procedure was used with small 

mechanical loading during the final crosslinking step.72,73 The thermomechanical and magneto-

mechanical actuation was investigated as a function of Fe3O4 concentration (0.19 ~ 1.64 vol. %). 

Incorporation of nanoscopic magneto-heating sources leads up to 30% shape change and 60 kPa 

of mechanical load with short response times in response to external field.72,73 Hur and co-

workers developed transparent magnetic iron oxide nanoparticles/LCE composites.74 To 

fabricate these magnetic composites, the critical step is the covalent attachment of organic LC 

molecules to oxide surfaces. They used a three-step synthetic procedure: 1) ferrite nanoparticles 

(NP) with a 6 nm diameter are functionalized with dopamine molecules; 2) the dopamine-

anchored NPs and nematic LC mesogens are bonded to the siloxane backbones; 3) the siloxane 

backbones are crosslinked. As a result, the composite films exhibit both transparency and 

magnetic properties. The surface morphology of the resulting composite can be tuned by an 

external magnetic field (Figure 1.4 (c)).74 Mazzenga and co-workers. reported iron oxide-based 

magnetic nanoparticles/LCE composites which include ellipsoidal core-shell magnetic particles 

with a 7:3 ratio of maghemite:hematite in the core and an amine-functionalized silica shell.75 The 

resulting composites have magnetic shape memory properties which can be reversibly stored by 

mechanical deformation and erased by heating to moderate temperatures (Figure 1.4 (d)).75 Table 

1.1 summarizes the versatility in materials properties that can be achieved through the synthesis 

of LCE composites. 
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Figure 1.4. Examples of graphene/LCE composites (a), (b) and metal based nanomaterials/LCE 
composites (c), (d). (a) (i) Chemical structures of monomers, cross-linkers, and photoinitiator. 
SEM images of cross-sectional view of graphene/LCE composites: (ii) without and (iv) with hot-
drawing process. (iii) Scanning electron micrograph (SEM) images of surface view of 
graphene/LCE composites. (b) Schematic illustration of reversible photo-mechanical actuation in 
graphene/LCE composites. Reprinted from 68, with permission from John Wiley & Sons. (c) 
Schematic illustration for chemical structure of an example of Fe3O4 nanoparticles/LCE 
composites. Reprinted from 74, with permission from John Wiley & Sons. (d) Photograph (d-a) 
and TEM micrograph (d-b) of maghemite:hematite coated with silica shell nanoparticles/LCE 
composites. (d-c) Transmission electron micrograph (TEM) of core-shell ellipsoidal 
maghemite:hematite coated with silica shell nanoparticles. (d-d) Schematic illustration for (d-d-i) 
calamitic repeating unit in the smectic layering of LCE, (d-d-ii) layer structure with crosslinker 
(green), and (d-d-iii) the magnetic nanoparticles. Reprinted from 75, with permission from John 
Wiley & Sons. Copyright 2007 John Wiley & Sons.  
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Table 1.1. Different types, materials, structures, and processing methods used to generate LCE 

based composites 

Type Materials 
Nanomaterial 
Incorporation 

Processing methods 

Carbon 
nanomaterials 
-based  
LCE 
composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo-thermo-mechanical 
actuation58 

 

Polyurethane fiber- 
network/CNT/LCE 
 

Completely 
incorporated 
 

Two-stage crosslinking with 
 mechanical loading 
 

Electro-mechanical 
actuation61 

CNT/LCE Completely 
incorporated 

Two-stage crosslinking with 
 mechanical loading 

Photo-mechanical 
actuation59 

CNT/LCE 
 

Completely 
incorporated 

Two-stage crosslinking with  
molding technique 

Photo-mechanical 
actuation60 

PPE-CNT/LCE Completely 
incorporated 

Two-stage crosslinking with 
 mechanical loading 

Electro-thermo-mechanical 
actuation53,62 

Carbon 
nanoparticle/LCE 

Separated 
 

LCE swelling in solvent and 
deswelling during drying 

Electro-thermo-mechanical 
actuation64 

Carbon 
nanoparticle/LCE & 
Carbon 
nanohorn/LCE 

Separated LCE swelling in solvent and 
deswelling during drying 

Photo-mechanical 
actuation68 

Graphene/LCE 
 

Completely 
incorporated  

In-situ one-stage crosslinking with 
heat and mechanical loading 

Metal 
nanomaterials 
-based  
LCE 
composites 

Photo-thermo-mechanical 
actuation69 

Au nanorod/LCE 
& Au nanosphere 
/LCE 

Completely 
incorporated 

Magnetic alignment and one-stage 
crosslinking with mold 

Photo-thermo-mechanical 
actuation70 

Au nanocrystals/LCE 
 

Completely 
incorporated 

Magnetic alignment and one-stage 
crosslinking with mold 

Thermo-mechanical 
actuation71 

Au 
nanoparticles/LCE 

Completely 
incorporated 

Alignment in rubbed glass cell and 
one-stage crosslinking 

Thermo-mechanical 
actuation & Magneto- 
mechanical actuation72,73 

Iron oxide (Fe3O4) 
nanoparticles/LCE 
 

Completely 
incorporated 
 

Two-stage crosslinking with 
mechanical loading 
 

Transparent and flexible 
 magnetic composites  
(Magneto-mechanical 
actuation)74 

Iron oxide (Fe3O4) 
nanoparticles/LCE 

Completely 
incorporated by 
covalent 
bonding 

Three step chemical synthesis 

Reversibly magnetic shape 
memory composites 
(Magneto-mechanical 
actuation & Thermo- 
mechanical actuation)75 

maghemite:hematite  
coated with silica 
shell 
nanoparticles/LCE 
 

Completely 
incorporated by 
covalent 
bonding 
 

Chemical synthesis 
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1.4. LCEs as Substrates for Electronics 

Shape is a critical property of microelectronic devices that are designed to function in 

diverse applications such as sensors,76,77 actuators,78,79 human-machine interfaces,80,81 soft 

robots,82,83 and antennas.84,85 In these devices, 3D structure imparts functionality beyond what is 

achievable with 2D structures.86 For example, brittle materials fabricated into 2D structures, as is 

typically the case for microelectronics, may be flexible, but these devices are not stretchable. 3D 

architecture can impart extrinsic stretchability on devices that would be damaged by large 

deformations. In nature, for example, the ulnar nerve in humans and the ventral groove blubber 

nerve in whales are able to withstand large mechanical deformation without injury due to an 

intrinsic 3D architecture as shown in Figure 1.5.87 Furthermore, if 3D shape can be reconfigured 

during use, then the properties of the electronic device can be actively controlled.88 For example, 

the radiation properties of antennas are directly tied to the shape of the conductor. Therefore, if 

the shape of an antenna can be controlled, the performance of wireless communication devices 

can be designed to be dynamic.  

 

 
Figure 1.5. Nature use wavy geometry to provide strain relief, thereby protecting neural elements 
from deformation-induced damage. (a) Concept of strain tolerance in animal nervous system. (b) 
Human elbow flexion (ulnar nerve) are shown in red. Reprinted from 87, with permission from 
Elsevier. 
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Traditional processing methods of thin film electronics, photolithography, require 2D 

substrates, and also require the use of heat, light, and solvents. As such, integration of electronic 

components into 3D, shape-changing structures is challenging.89–91 Materials strategies are 

needed to create electronic devices that are compatible with thin-film processing methods and 

result in electronic devices where 3D shape can be dynamically and precisely controlled. Thus, 

to enable electronics in 3D structures, a variety of techniques have been described to morph 2D 

electronic structures into 3D including using residual stress-induced bucking or wrinkling92–94 

and patterning of rigid metal components into wavy or fractal patterns.95 While many of these 

efforts have focused on controlling the 3D architecture of the rigid electronic components, 

reconfigurable substrates that morph from flat (during processing) to 3D (after processing) have 

also been designed. The advantage of this substrate reconfiguration approach is that the widely-

used processing techniques for thin-film materials (e.g., lithography) can be used. This shape 

transformation can be accomplished with shape memory polymers,96,97 stress-engineered 

substrates,89 origami and kirigami techniques,98,99 hydrogels,100 and buckling from elastic 

recovery.101,102 

 Direct photolithography fabrication on programmed LCE substrates has not been studied 

so far. Molecularly designed LCE substrates may expand versatility in polymer-based electronics 

by enabling programmed geometry and stimuli responsiveness in resulting devices.  

 

 

 

 



 

17 

1.5. LCEs for Bioelectronics 

Recently, polymer-based biomedical devices have been of intense interest to replace 

traditional ceramic-based devices. These polymer-based hybrid devices consist of a metallic 

electrode array and a polymeric package. This package provides important advantages including 

mechanical flexibility and compatibility with tissue.103 While many polymer-based biomedical 

implants have been created, i.e., neural interfaces, a significant issue has emerged with respect to 

achieving reliable connection, cabling, and encapsulation. Specifically, these polymers must be 

compatible with lithography and provide sufficient barrier performances to maintain device 

functionalities under harsh moisture and ionic environment in body. To fabricate high channel 

count neural interfaces on polymer substrates, the planar photolithography approach has evolved 

to pattern electrical interconnects on various types of polymers such as polyimide,104 parylene,105 

shape memory polymers,106 or liquid crystal polymer (LCP).103 Particularly, LCPs have gained 

significant attention as a promising substrate material for long-term implantable neural interfaces 

due to its low moisture absorption, which is equivalent to that of glass (<0.04%).107 That is 

significantly lower than those of other polymers such as polyimide (~2.8%), Parylene-C 

(0.06~0.6%) and silicone elastomers (~1%).108 Thus, LCP substrates exhibit the lowest 

transmission of water and, as such, have been identified as a promising material to serve as a 

reliable dielectric in the persistent and aggressive physiological environment as shown in Figure 

1.6.103 However, these high-performance LCPs are unresponsive after fabrication. As a result, 

the design of 3D or reconfigurable electronics is not enabled by these materials. Current 

technologies in bioelectronic devices are based on physical geometry invariance to maintain 

stable performances. In a different approach, LCE-based reconfigurable bioelectronic systems 
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can provide a new direction for future biomedical devices by changing its geometry and physical 

properties to dynamically adapt to physiological environments.88  

 

 
Figure 1.6. (a) LCP substrate showing a ring-shaped interdigitated electrode (IDE). (b) Leakage 
current measured between the IDEs with LCP packaging under 5 V DC bias and accelerated 
aging condition. Reprinted from 103, with permission from IOP Publishing. 
 

1.6. Overview and Objectives 

 The objective of this study is to synthesize, process, characterize, and fabricate LCEs that 

can be used for practical actuator and electronic applications. As discussed in previous sections, 

LCEs provide unique features including being capable of molecular-scale programming for 

macroscopic, large stroke, and complex shape changes. Thus, LCEs are of particular interest in 

actuators. However, there are some issues in LCEs for practical actuator applications; 1) 

limitation in mechanical properties, 2) high temperature requirements (> 100 °C) for actuation.  

On the other hand, in electronic and bioelectronic fields, current micro-scale devices 

(e.g., capacitors, neural interfaces) are limited to 2D planar geometry as a result of lithography-

based processing requirements. The resulting 2D devices are only 1) minimally strain tolerant. 

Moreover, significant issues have emerged with achieving 2) reliable long-term electronic 

interconnection in the physiological environment. This is caused by barrier property limitation in 

polymer-based biomedical devices. To overcome these mechanical and chemical limitations in 
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bioelectronics, we propose designing mechanically tough, stretchable, and shape morphing LCE 

substrates that also provide an enhanced barrier to aqueous environments as compared to 

amorphous polymers.  

A series of specific objectives are summarized below. Objective (1) and (2) are based on 

the issues in current LCE actuators. Objective (3) and (4) are based on the issues in current 

polymer-based electronics and biomedical devices.  

(1) Synthesize and characterize mechanically enhanced LCEs 

(2) Synthesize and characterize multi-responsive LCEs 

(3) Develop responsive, 3D electronics by LCE substrates 

(4) Develop bioelectronics by LCE substrates and encapsulations 

Each chapter represents significant progress towards LCEs’ practical applications in 

actuators and electronics. For objective (1); Chapter 3 describes a synthesis and processing 

approach to overcome current poor mechanical properties of LCEs. By designing polymer 

chemistry, an unprecedented integration of semi-crystallinity and liquid crystallinity has been 

achieved. Resulting crystallized LCEs provide significantly improved toughness, stiffness, and 

specific work capacity. For objective (2); In Chapter 4, I will discuss an example of chemical 

solvent responsive LCE actuators. By improvement of chemical vapor diffusivity and combining 

with mechanical instability, we observed high-twist torsional actuation. Chapter 5 covers a broad 

range of designing strategies to expand the range of stimuli that can be used to trigger shape 

change in LCEs. I provide a strategy of programmable and multi-responsive LCE/CNT 

composites that can change shape and work in response to visible light or electrical stimuli. 
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For objective (3); In Chapter 6, we will describe a method to utilize programmed LCEs 

for responsive and 3D structured electronics. LCE substrates enable to process in 2D 

photolithography, then morph its shape to programmed 3D structures. This programmed shape 

transition enable not only strain tolerant in thin film electronics but also dynamic sensing in 

antenna applications. For objective (4); In Chapter 7, as a future direction, we will discuss 

potentials of LCEs for biomedical electronic applications. LCEs may offer additional 

functionality beyond the current static devices by serving a robust barrier and enabling 

deployable neural interfaces. 

 

1.7. References 

(1)  Sun, L.; Huang, W. M.; Ding, Z.; Zhao, Y.; Wang, C. C.; Purnawali, H.; Tang, C. 
Stimulus-Responsive Shape Memory Materials: A Review. Mater. Des. 2012, 33 (1), 
577–640. 

(2)  Theato, P.; Sumerlin, B. S.; O’Reilly, R. K.; Epps, III, T. H. Stimuli Responsive 
Materials. Chem. Soc. Rev. 2013, 42 (17), 7055. 

(3)  Forterre, Y.; Skotheim, J. M.; Dumals, J.; Mahadevan, L. How the Venus Flytrap Snaps. 
Nature 2005, 433 (7024), 421–425 

(4)  Read, D. J.; Symbiosis, M.; Diego, S.; Rosendahl, L.; Rice, C. W.; Rillig, M. C.; Springer, 
A.; Hartnett, D. C.; Smith, S. E.; Rengasamy, P.; Heijden, M. G. A. Van Der; Boller, T.; 
Wiemken, A.; Allen, M. F.; Kuyper, T. W.; Gorissen, A.; Wright, S. F.; Allen, M. F.; 
Field, C. B.; Firestone, M. K.; Field, C. B.; Chiariello, N. R.; Kirschbaum, M. U. F.; John, 
M. G. S.; Dickie, I. A.; Fitter, A. H.; Campbell, C. D.; Fitter, A. H. How the Cucumber 
Tendril Coils. Science. 2012, 337, 1087–1092. 

(5)  Lendlein, A.; Shastri, V. P. Stimuli-Sensitive Polymers. Adv. Mater. 2010, 22 (31), 3344–
3347. 

(6)  Wei, M.; Gao, Y.; Li, X.; Serpe, M. J. Stimuli-Responsive Polymers and Their 
Applications. Polym. Chem. 2017, 8 (1), 127–143. 

 



 

21 

(7)  Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; 
Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V; Urban, M.; Winnik, F.; Zauscher, S.; 
Luzinov, I.; Minko, S. Emerging Applications of Stimuli-Responsive Polymer Materials. 
Nat. Mater. 2010, 9 (2), 101–113. 

(8)  Behl, M.; Lendlein, A. Actively Moving Polymers. Soft Matter 2007, 3, 58. 

(9)  Lu, Y.; Aimetti, A. A.; Langer, R.; Gu, Z. Bioresponsive Materials. Nat. Rev. Mater. 
2016, 2 (1). 

(10)  Hu, J.; Liu, S. Responsive Polymers for Detection and Sensing Applications: Current 
Status and Future Developments. Macromolecules 2010, 43 (20), 8315–8330. 

(11)  Mirfakhrai, T.; Madden, J. D. W.; Baughman, R. H. Polymer Artificial Muscles. Mater. 
Today 2007, 10 (4), 30–38. 

(12)  Ilievski, F.; Mazzeo, A. D.; Shepherd, R. F.; Chen, X.; Whitesides, G. M. Soft Robotics 
for Chemists. Angew. Chemie - Int. Ed. 2011, 50 (8), 1890–1895. 

(13)  Ghosh, A.; Yoon, C.; Ongaro, F.; Scheggi, S.; Selaru, F. M.; Misra, S.; Gracias, D. H. 
Stimuli-Responsive Soft Untethered Grippers for Drug Delivery and Robotic Surgery. 
Front. Mech. Eng. 2017, 3, 1–9. 

(14)  Guo, F.; Guo, Z. Inspired Smart Materials with External Stimuli Responsive Wettability: 
A Review. RSC Adv. 2016, 6 (43), 36623–36641. 

(15)  Pasparakis, G.; Vamvakaki, M. Multiresponsive Polymers: Nano-Sized Assemblies, 
Stimuli-Sensitive Gels and Smart Surfaces. Polym. Chem. 2011, 2 (6), 1234–1248. 

(16)  Mano, J. F. Stimuli-Responsive Polymeric Systems for Biomedical Applications. Adv. 
Eng. Mater. 2008, 10 (6), 515–527. 

(17)  Hoffman, A. S. Stimuli-Responsive Polymers: Biomedical Applications and Challenges 
for Clinical Translation. Adv. Drug Deliv. Rev. 2013, 65 (1), 10–16 

(18)  Randall, C. L.; Gultepe, E.; Gracias, D. H. Self-Folding Devices and Materials for 
Biomedical Applications. Trends Biotechnol. 2012, 30 (3), 138–146. 

(19)  Lendlein, A.; Langer, R. Biodegradable , Elastic Shape-Memory Polymers for Potential 
Biomedical Applications. Science 2002, 296, 1673–1677. 

(20)  Kim, J.; Hanna, J. A.; Byun, M.; Santangelo, C. D.; Hayward, R. C. Designing 
Responsive Buckled Surfaces by Halftone Gel Lithography. Science 2012, 335, 1201–
1205. 

 



 

22 

(21)  Hawkes, E.; An, B.; Benbernou, N. M.; Tanaka, H.; Kim, S.; Demaine, E. D.; Rus, D.; 
Wood, R. J. Programmable Matter by Folding. Proc. Natl. Acad. Sci. 2010, 107 (28), 
12441–12445. 

(22)  Bellomo, E. G.; Wyrsta, M. D.; Pakstis, L.; Pochan, D. J.; Deming, T. J. Stimuli-
Responsive Polypeptide Vesicles by Conformation-Specific Assembly. Nat. Mater. 2004, 
3 (4), 244–248. 

(23)  Li, M. H.; Keller, P. Stimuli-Responsive Polymer Vesicles. Soft Matter 2009, 5 (5), 927–
937. 

(24)  Bisoyi, H. K.; Kumar, S. Liquid-Crystal Nanoscience: An Emerging Avenue of Soft Self-
Assembly. Chem. Soc. Rev. 2011, 40 (1), 306–319. 

(25)  Kato, T. Self-Assembly of Phase-Segregated Liquid Crystal Structures. Science 2002, 295 
(5564), 2414–2418. 

(26)  Tschierske, C. Development of Structural Complexity by Liquid-Crystal Self-Assembly. 
Angew. Chemie - Int. Ed. 2013, 52 (34), 8828–8878. 

(27)  Kato, T.; Mizoshita, N.; Kishimoto, K. Functional Liquid-Crystalline Assemblies: Self-
Organized Soft Materials. Angew. Chemie - Int. Ed. 2005, 45 (1), 38–68. 

(28)  Schattling, P.; Jochum, F. D.; Theato, P. Multi-Stimuli Responsive Polymers-the All-in-
One Talents. Polym. Chem. 2014, 5 (1), 25–36. 

(29)  Meng, H.; Li, G. A Review of Stimuli-Responsive Shape Memory Polymer Composites. 
Polymer (Guildf). 2013, 54 (9), 2199–2221. 

(30)  Liu, F.; Urban, M. W. Recent Advances and Challenges in Designing Stimuli-Responsive 
Polymers. Prog. Polym. Sci. 2010, 35 (1–2), 3–23. 

(31)  White, T. J.; Broer, D. J. Programmable and Adaptive Mechanics with Liquid Crystal 
Polymer Networks and Elastomers. Nat. Mater. 2015, 14 (11), 1087–1098. 

(32)  Ohm, C.; Brehmer, M.; Zentel, R. Applications of Liquid Crystalline Elastomers. Liquid 
Crystal Elastomers: Materials and Applications 2012, Springer, Berlin, Heidelberg, pp 
49–93. 

(33)  Ohm, C.; Brehmer, M.; Zentel, R. Liquid Crystalline Elastomers as Actuators and 
Sensors. Adv. Mater. 2010, 22 (31), 3366–3387. 

(34)  Bellingham, J.; Dario, P.; Christensen, H.; Yang, G.-Z.; Choset, H.; Fischer, P.; 
Jacobstein, N.; Full, R. J.; Nelson, B. J.; Taylor, R. Ten Robotics Technologies of the 
Year. Sci. Robot. 2019, 4 (26), eaaw1826. 



 

23 

(35)  Küpfer, J.; Finkelmann, H. Nematic Liquid Single Crystal Elastomers. Die Makromol. 
Chemie, Rapid Commun. 1991, 12 (12), 717–726. 

(36)  Kundler, I.; Finkelmann, H. Strain‐induced Director Reorientation in Nematic Liquid 
Single Crystal Elastomers. Macromol. Rapid Commun. 1995, 16 (9), 679–686. 

(37)  Yang, H.; Buguin, A.; Taulemesse, J.-M.; Kaneko, K.; Méry, S.; Bergeret, A.; Keller, P. 
Micron-Sized Main-Chain Liquid Crystalline Elastomer Actuators with Ultralarge 
Amplitude Contractions. J. Am. Chem. Soc. 2009, 131 (41), 15000–15004. 

(38)  Buguin, A.; Li, M. H.; Silberzan, P.; Ladoux, B.; Keller, P. Micro-Actuators: When 
Artificial Muscles Made of Nematic Liquid Crystal Elastomers Meet Soft Lithography. J. 
Am. Chem. Soc. 2006, 128 (4), 1088–1089. 

(39)  Ware, T. H.; McConney, M. E.; Wie, J. J.; Tondiglia, V. P.; White, T. J. Voxelated Liquid 
Crystal Elastomers. Science. 2015, 347 (6225), 982–984. 

(40)  Kowalski, B. A.; Guin, T. C.; Auguste, A. D.; Godman, N. P.; White, T. J. Pixelated 
Polymers: Directed Self Assembly of Liquid Crystalline Polymer Networks. ACS Macro 
Lett. 2017, 6 (4), 436–441. 

(41)  Seki, T.; Nagano, S.; Hara, M. Versatility of Photoalignment Techniques: From Nematics 
to a Wide Range of Functional Materials. Polymer (Guildf). 2013, 54 (22), 6053–6072. 

(42)  Yaroshchuk, O.; Reznikov, Y. Photoalignment of Liquid Crystals: Basics and Current 
Trends. J. Mater. Chem. 2012, 22 (2), 286–300. 

(43)  Pidduck, A. J.; Haslam, S. D.; Bryan-Brown, G. P.; Bannister, R.; Kitely, I. D. Control of 
Liquid Crystal Alignment by Polyimide Surface Modification Using Atomic Force 
Microscopy. Appl. Phys. Lett. 1997, 71 (20), 2907–2909. 

(44)  Kim, J. H.; Yoneya, M.; Yokoyama, H. Tri-Stable Nematic Liquid-Crystal Device Using 
AFM-Fabricated Micro-Patterned Surface Alignment. Nature 2002, 420, 159. 

(45)  Takahashi, H.; Sakamoto, T.; Okada, H. Liquid Crystal Device with 50 Nm Nanogroove 
Structure Fabricated by Nanoimprint Lithography. J. Appl. Phys. 2010, 108 (11). 

(46)  Suh, A.; Yoon, D. K. Nanoscratching Technique for Highly Oriented Liquid Crystal 
Materials. Sci. Rep. 2018, 8 (1), 1–8. 

(47)  Ambulo, C. P.; Burroughs, J. J.; Boothby, J. M.; Kim, H.; Shankar, M. R.; Ware, T. H. 
Four-Dimensional Printing of Liquid Crystal Elastomers. ACS Appl. Mater. Interfaces 
2017, 9 (42), 37332–37339. 

(48)  Huber, J. E.; Fleck, N. A.; Ashby, M. F. The Selection of Mechanical Actuators Based on 
Performance Indices. Proc. R. Soc. A Math. Phys. Eng. Sci. 1997, 2185–2205. 



 

24 

(49)  Beers, D. E.; Ramirez, J. E. Vectran High-Performance Fibre. J. Text. Inst. 1990, 81 (4), 
561–574. 

(50)  Jiang, H.; Li, C.; Huang, X. Actuators Based on Liquid Crystalline Elastomer Materials. 
Nanoscale 2013, 5, 5225–5240. 

(51)  Ramanujan, R. V. Work Loop and Ashby Charts of Active Materials. Def. Tech. 
Intormation Cent. Doc. 2013. 

(52)  Kularatne, R. S.; Kim, H.; Boothby, J. M.; Ware, T. H. Liquid Crystal Elastomer 
Actuators: Synthesis, Alignment, and Applications. J. Polym. Sci. Part B Polym. Phys. 
2017, 55 (5), 395–411. 

(53)  Chambers, M.; Finkelmann, H.; Remškar, M.; Sánchez-Ferrer, A.; Zalar, B.; Žumer, S. 
Liquid Crystal Elastomer–Nanoparticle Systems for Actuation. J. Mater. Chem. 2009, 19 
(11), 1524–1531. 

(54)  Ajayan, P. M.; Tour, J. M. Nanotube Composites. Nature 2007, 447, 1066–1068. 

(55)  Torras, N.; Zinoviev, K. E.; Marshall, J. E.; Terentjev, E. M.; Esteve, J. Bending Kinetics 
of a Photo-Actuating Nematic Elastomer Cantilever. Appl. Phys. Lett. 2011, 99 (25), 108–
111. 

(56)  Ji, Y.; Huang, Y. Y.; Rungsawang, R.; Terentjev, E. M. Dispersion and Alignment of 
Carbon Nanotubes in Liquid Crystalline Polymers and Elastomers. Adv. Mater. 2010, 22 
(31), 3436–3440. 

(57)  Jürgen Küpfer; Finkelmann, H. Nematic Liquid Single Crystal Elastomers. Die Makromol. 
Chemie, Rapid Commun. 1991, 12 (12), 717–726. 

(58)  Li, C.; Liu, Y.; Huang, X.; Jiang, H. Direct Sun-Driven Artificial Heliotropism for Solar 
Energy Harvesting Based on a Photo-Thermomechanical Liquid-Crystal Elastomer 
Nanocomposite. Adv. Funct. Mater. 2012, 22 (24), 5166–5174. 

(59)  Camargo, C. J.; Campanella, H.; Marshall, J. E.; Torras, N.; Zinoviev, K.; Terentjev, E. 
M.; Esteve, J. Batch Fabrication of Optical Actuators Using Nanotube–Elastomer 
Composites towards Refreshable Braille Displays. J. Micromechanics Microengineering 
2012, 22, 075009. 

(60)  Yang, L.; Setyowati, K.; Li, A.; Gong, S.; Chen, J. Reversible Infrared Actuation of 
Carbon Nanotube-Liquid Crystalline Elastomer Nanocomposites. Adv. Mater. 2008, 20 
(12), 2271–2275. 

 

 



 

25 

(61)  Courty, S.; Mine, J.; Tajbakhsh, A. R.; Terentjev, E. M. Nematic Elastomers with Aligned 
Carbon Nanotubes: New Electromechanical Actuators. Europhys. Lett. 2003, 64 (5), 654–
660. 

(62)  Chambers, M.; Zalar, B.; Remškar, M.; Žumer, S.; Finkelmann, H. Actuation of Liquid 
Crystal Elastomers Reprocessed with Carbon Nanoparticles. Appl. Phys. Lett. 2006, 89 
(24), 1–4. 

(63)  Chambers, M.; Zalar, B.; Remškar, M.; Kovač, J.; Finkelmann, H.; Žumer, S. 
Investigations on an Integrated Conducting Nanoparticle–Liquid Crystal Elastomer Layer. 
Nanotechnology 2007, 18 (41), 415706. 

(64)  Chambers, M.; Zalar, B.; Remskar, M.; Finkelmann, H.; Zumer, S. Piezoresistivity and 
Electro-Thermomechanical Degradation of a Conducting Layer of Nanoparticles 
Integrated at the Liquid Crystal Elastomer Surface. Nanotechnology 2008, 19 (15), 
155501. 

(65)  Ji, Y.; Marshall, J. E.; Terentjev, E. M. Nanoparticle-Liquid Crystalline Elastomer 
Composites. Polymers (Basel). 2012, 4 (1), 316–340. 

(66)  Lee, S. K.; Kim, H.; Shim, B. S. Graphene: An Emerging Material for Biological Tissue 
Engineering. Carbon Lett. 2013, 14 (2), 63–75. 

(67)  Li, C.; Liu, Y.; Huang, X.; Li, C.; Jiang, H. Light Actuation of Graphene-Oxide 
Incorporated Liquid Crystalline Elastomer Nanocomposites. Mol. Cryst. Liq. Cryst. 2015, 
616 (1), 83–92. 

(68)  Yang, Y.; Zhan, W.; Peng, R.; He, C.; Pang, X.; Shi, D.; Jiang, T.; Lin, Z. Graphene-
Enabled Superior and Tunable Photomechanical Actuation in Liquid Crystalline 
Elastomer Nanocomposites. Adv. Mater. 2015, 27 (41), 6376–6381. 

(69)  Liu, X.; Wei, R.; Hoang, P. T.; Wang, X.; Liu, T.; Keller, P. Reversible and Rapid Laser 
Actuation of Liquid Crystalline Elastomer Micropillars with Inclusion of Gold 
Nanoparticles. Adv. Funct. Mater. 2015, 25 (20), 3022–3032. 

(70)  Sun, Y.; Evans, J. S.; Lee, T.; Senyuk, B.; Keller, P.; He, S.; Smalyukh, I. I. Optical 
Manipulation of Shape-Morphing Elastomeric Liquid Crystal Microparticles Doped with 
Gold Nanocrystals. Appl. Phys. Lett. 2012, 100 (24). 

(71)  Montazami, R.; Spillmann, C. M.; Naciri, J.; Ratna, B. R. Enhanced Thermomechanical 
Properties of a Nematic Liquid Crystal Elastomer Doped with Gold Nanoparticles. 
Sensors Actuators, A Phys. 2012, 178, 175–178. 

(72)  Kaiser, A.; Winkler, M.; Krause, S.; Finkelmann, H.; Schmidt, A. M. Magnetoactive 
Liquid Crystal Elastomer Nanocomposites. J. Mater. Chem. 2009, 19 (4), 538. 



 

26 

(73)  Winkler, M.; Kaiser, A.; Krause, S.; Finkelmann, H.; Schmidt, A. M. Liquid Crystal 
Elastomers with Magnetic Actuation. Macromol. Symp. 2010, 291–292 (1), 186–192. 

(74)  Song, H. M.; Kim, J. C.; Hong, J. H.; Lee, Y. B.; Choi, J.; Lee, J. I.; Kim, W. S.; Kim, J.-
H.; Hur, N. H. Magnetic and Transparent Composites by Linking Liquid Crystals to 
Ferrite Nanoparticles through Covalent Networks. Adv. Funct. Mater. 2007, 17 (13), 
2070–2076. 

(75)  Haberl, J. M.; Sánchez-Ferrer, A.; Mihut, A. M.; Dietsch, H.; Hirt, A. M.; Mezzenga, R. 
Liquid-Crystalline Elastomer-Nanoparticle Hybrids with Reversible Switch of Magnetic 
Memory. Adv. Mater. 2013, 25 (12), 1787–1791. 

(76)  Gerratt, A. P.; Michaud, H. O.; Lacour, S. P. Elastomeric Electronic Skin for Prosthetic 
Tactile Sensation. Adv. Funct. Mater. 2015, 25 (15), 2287–2295. 

(77)  Mishra, S.; Norton, J. J. S.; Lee, Y.; Lee, D. S.; Agee, N.; Chen, Y.; Chun, Y.; Yeo, W. H. 
Soft, Conformal Bioelectronics for a Wireless Human-Wheelchair Interface. Biosens. 
Bioelectron. 2017, 91, 796–803. 

(78)  Schaffner, M.; Faber, J. A.; Pianegonda, L.; Rühs, P. A.; Coulter, F.; Studart, A. R. 3D 
Printing of Robotic Soft Actuators with Programmable Bioinspired Architectures. Nat. 
Commun. 2018, 9 (1), 878. 

(79)  Haan, L. T. De; Gimenez-pinto, V.; Konya, A.; Nguyen, T.; Verjans, J. M. N.; Sánchez-
somolinos, C.; Selinger, J. V; Selinger, R. L. B.; Broer, D. J.; Schenning, A. P. H. J. 
Accordion-like Actuators of Multiple 3D Patterned Liquid Crystal Polymer Films. Adv. 
Funct. Mater. 2014, 24, 1251–1258. 

(80)  Herbert, R.; Kim, J. H.; Kim, Y. S.; Lee, H. M.; Yeo, W. H. Soft Material-Enabled, 
Flexible Hybrid Electronics for Medicine, Healthcare, and Human-Machine Interfaces. 
Materials (Basel). 2018, 11 (2). 

(81)  Jeong, J. W.; Yeo, W. H.; Akhtar, A.; Norton, J. J. S.; Kwack, Y. J.; Li, S.; Jung, S. Y.; 
Su, Y.; Lee, W.; Xia, J.; Cheng, H.; Huang, Y.; Choi, W. S.; Bretl, T.; Rogers, J. A. 
Materials and Optimized Designs for Human-Machine Interfaces via Epidermal 
Electronics. Adv. Mater. 2013, 25 (47), 6839–6846. 

(82)  Kim, S.; Laschi, C.; Trimmer, B. Soft Robotics: A Bioinspired Evolution in Robotics. 
Trends Biotechnol. 2013, 31 (5), 287–294. 

(83)  Wang, C.; Sim, K.; Chen, J.; Kim, H.; Rao, Z.; Li, Y.; Chen, W.; Song, J.; Verduzco, R.; 
Yu, C. Soft Ultrathin Electronics Innervated Adaptive Fully Soft Robots. Adv. Mater. 
2018, 30, 1706695. 

 



 

27 

(84)  Costantine, J.; Tawk, Y.; Barbin, S. E.; Christodoulou, C. G. Reconfigurable Antennas: 
Design and Applications. Proc. IEEE 2015, 103 (3), 424–437. 

(85)  Hayes, G. J.; Liu, Y.; Genzer, J.; Lazzi, G.; Dickey, M. D. Self-Folding Origami 
Microstrip Antennas. IEEE Trans. Antennas Propag. 2014, 62 (10), 5416–5419. 

(86)  Rogers, J. A.; Someya, T.; Huang, Y. Materials and Mechanics for Stretchable 
Electronics. Science. 2010, 327 (5973), 1603–1607. 

(87)  Shah, S. B. Tissue Biomechanics : Whales Have Some Nerve. Curr. Biol. 2017, 27 (5), 
R177–R179. 

(88)  Zhu, J.; Dexheimer, M.; Cheng, H. Reconfigurable Systems for Multifunctional 
Electronics. npj Flex. Electron. 2017, 1. 

(89)  Sundaram, S.; Kim, D. S.; Baldo, M. A.; Hayward, R. C.; Matusik, W. 3D-Printed Self-
Folding Electronics. ACS Appl. Mater. Interfaces 2017, 9 (37), 32290–32298. 

(90)  Wang, H.; Wang, Y.; Tee, B. C. K.; Kim, K.; Lopez, J.; Cai, W.; Bao, Z. Shape-
Controlled, Self-Wrapped Carbon Nanotube 3D Electronics. Adv. Sci. 2015, 2 (9), 1–8. 

(91)  Frick, C. P.; Merkel, D. R.; Laursen, C. M.; Brinckmann, S. A.; Yakacki, C. M. Copper-
Coated Liquid-Crystalline Elastomer via Bioinspired Polydopamine Adhesion and 
Electroless Deposition. Macromol. Rapid Commun. 2016, 37 (23), 1912–1917. 

(92)  De Haan, L. T.; Leclère, P.; Damman, P.; Schenning, A. P. H. J.; Debije, M. G. On-
Demand Wrinkling Patterns in Thin Metal Films Generated from Self-Assembling Liquid 
Crystals. Adv. Funct. Mater. 2015, 25 (9), 1360–1365. 

(93)  Lee, D. W.; Lee, J. H.; Jin, J. H. Innovative Evolution of Buckling Structures for Flexible 
Electronics. Compos. Struct. 2018, 204, 487–499. 

(94)  Lacour, S. P.; Wagner, S.; Huang, Z.; Suo, Z. Stretchable Gold Conductors on Elastomeric 
Substrates. Appl. Phys. Lett. 2003, 82 (15), 2404–2406. 

(95)  Fan, J. A.; Yeo, W.; Su, Y.; Hattori, Y.; Lee, W.; Jung, S.; Zhang, Y.; Liu, Z.; Cheng, H.; 
Falgout, L.; Bajema, M.; Coleman, T.; Gregoire, D.; Larsen, R. J.; Huang, Y.; Rogers, J. 
A. Fractal Design Concepts for Stretchable Electronics. Nat. Commun. 2014, 5, 1–8. 

(96)  Liu, C.; Qin, H.; Mather, P. T. Review of Progress in Shape-Memory Polymers. J. Mater. 
Chem. 2007, 17 (16), 1543–1558. 

(97)  Reeder, J. T.; Kang, T.; Rains, S.; Voit, W. 3D, Reconfigurable, Multimodal Electronic 
Whiskers via Directed Air Assembly. Adv. Mater. 2018, 30 (11), 1–8. 

 



 

28 

(98)  Shyu, T. C.; Damasceno, P. F.; Dodd, P. M.; Lamoureux, A.; Xu, L.; Shlian, M.; Shtein, 
M.; Glotzer, S. C.; Kotov, N. A. A Kirigami Approach to Engineering Elasticity in 
Nanocomposites through Patterned Defects. Nat. Mater. 2015, 14 (8), 785–789. 

(99)  Xu, L.; Shyu, T. C.; Kotov, N. A. Origami and Kirigami Nanocomposites. ACS Nano 
2017, 11 (8), 7587–7599. 

(100)  Yu, C.; Duan, Z.; Yuan, P.; Li, Y.; Su, Y.; Zhang, X.; Pan, Y.; Dai, L. L.; Nuzzo, R. G.; 
Huang, Y.; Jiang, H.; Rogers, J. A. Electronically Programmable, Reversible Shape 
Change in Two- and Three-Dimensional Hydrogel Structures. Adv. Mater. 2013, 25 (11), 
1541–1546. 

(101)  Xu, F.; Lu, W.; Zhu, Y. Controlled 3D Buckling of Silicon Nanowires for Stretchable 
Electronics. ACS Nano 2010, 5 (1), 672–678. 

(102)  Sun, Y.; Choi, W. M.; Jiang, H.; Huang, Y. Y.; Rogers, J. A. Controlled Buckling of 
Semiconductor Nanoribbons for Stretchable Electronics. Nat. Nanotechnol. 2006, 1 (3), 
201–207. 

(103)  Jeong, J.; Bae, S. H.; Seo, J.; Chung, H.; Kim, S. J. Long-Term Evaluation of a Liquid 
Crystal Polymer (LCP)-Based Retinal Prosthesis. J. Neural Eng. 2016, 13. 

(104)  Kisban, S.; Herwik, S.; Seidl, K.; Rubehn, B.; Jezzini, A.; Umiltà, M. A.; Fogassi, L.; 
Stieglitz, T.; Paul, O.; Ruther, P. Microprobe Array with Low Impedance Electrodes and 
Highly Flexible Polyimide Cables for Acute Neural Recording. IEEE Eng. Med. Biol. Soc. 
2007, 3, 175–178. 

(105)  Pang, C.; Cham, J. G.; Nenadic, Z.; Musallam, S.; Tai, Y.; Burdick, J. W.; Andersen, R. 
A. A New Multi-Site Probe Array with Monolithically Integrated Parylene Flexible Cable 
for Neural Prostheses. IEEE Eng. Med. Biol. Soc. 2005, 7114–7117. 

(106)  Ware, T.; Simon, D.; Arreaga-salas, D. E.; Reeder, J.; Rennaker, R.; Keefer, E. W.; Voit, 
W. Fabrication of Responsive , Softening Neural Interfaces. Adv. Funct. Mater. 2012, 22, 
3470–3479. 

(107)  Chen, M. J.; Pham, A. H.; Member, S.; Evers, N. A.; Kapusta, C.; Iannotti, J.; Kornrumpf, 
W.; Maciel, J. J.; Karabudak, N. Design and Development of a Package Using LCP for 
RF/Microwave MEMS Switches. IEEE Trans. Microw. Theory Tech. 2006, 54 (11), 
4009–4015. 

(108)  Jeong, J.; Lee, S. W.; Min, K. S.; Shin, S.; Jun, S. B.; Kim, S. J. Liquid Crystal Polymer 
(LCP), an Attractive Substrate for Retinal Implant. Sens. Mater. 2012, 24 (4), 189–203. 



 
 
 

29 

CHAPTER 2 

MATERIALS AND METHODS 

Detailed materials and methods are described in each chapter. This chapter provides general 

synthesis, process, characterization, and fabrication methods used in this study. 

2.1. aza-Michael Addition Reaction 

The Michael addition, a subclass of conjugate addition, is a versatile methodology 

strategy in polymer synthesis. It is a reaction between nucleophiles (Michael donor) and 

activated electrophilic olefins (Michael accepter).1 LCEs described in Chapters 4, 5, 6, and 7, 

were synthesized by aza-Michael addition2 which is nitrogen-donor version of Michael addition. 

This one-pot, two-step reaction is amenable to enable liquid crystalline orientation by 

programmed surfaces. In the first step, the diacrylates in liquid crystal monomer (RM 82) and 

primary amine (nBA) undergo slow step-growth oligomerization for overnight in 65 °C. Then, as 

the second step, resulting diacrylate end-capped oligomers are crosslinked by 

photopolymerization. The reaction mechanisms of Michael addition and aza-Michael addition 

are described in Figure 2.1.2 

 
Figure 2.1. (a) Mechanism of Michael addition. Reprinted from 1, with permission from Elsevier. 
(b) Mechanism of aza-Michael reaction between primary amine (Michael donor) and acrylic 
Michael acceptor as function of molar ratio, r. Reprinted from 2, with permission from Elsevier. 
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2.2. Thiol-Michael Addition Reaction  

 Thiol-Michael addition is a type of Michael addition “click” reaction between a thiol and 

an alkene. In general, thiol-Michael addition is initiated by a wide range of catalysts such as 

bases and nucleophiles.3–5 In Chapter 3, LCEs were synthesized by base-catalyzed thiol-acrylate 

Michael addition in one-pot, two-step reaction. In the first step, primary amine (nBA) initiates 

activation of carbon double bond in diacrylate group in liquid crystal monomer (RM 82) then 

undergo thiol-Michael addition for oligomerization. In the second step, resulting oligomers are 

crosslinked by photopolymerization. An example reaction mechanism of thiol-Michael addition 

is described in Figure 2.2.3 

 

 

Figure 2.2. Mechanism of nucleophile (XR3)-catalyzed Thiol-Michael addition. Reprinted from 
3, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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2.3. Optical Properties 

Polarized optical microscopy (POM) is a powerful technique that utilizes linearly 

polarized light to study sub-micron scale molecular order.6 Planar or twisted nematic molecular 

orientation in LCEs exhibit birefringence. Programmed molecular order in LCEs can be 

confirmed by polarized light transmission changes under POM. Crossed or parallel polarizers 

were used to determine planar or twisted nematic alignment, respectively. Figure 2.3 shows an 

example of characteristic birefringence in photopolymerized surface aligned liquid crystal film.7  

 

 

Figure 2.3. POM of liquid crystal polymer film between parallel (a) and crossed (b) polarizers. 
Background has planar nematic orientation and the bars have twisted nematic alignment. 
Reprinted from 7, with permission from Nature. 
 

2.4. Mechanical Properties 

 Quasi-static and dynamic mechanical properties were measured by a dynamic mechanical 

analyzer (DMA). DMA is a powerful tool to study viscoelastic behavior of polymers. In Chapter 

3 and Chapter 5, quasi-static mechanical properties were investigated by tensile testing of the 

materials as shown in Figure 2.4. Young’s modulus (E), stiffness, was determined by the ratio of 

stress to strain in the linear elastic regime of the stress-strain curve. Toughness, absorbed energy 
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before failure, was given by the area under a stress-strain curve. Failure stress and strain were 

obtained by the values when materials break.8  

 

 
Figure 2.4. (a) Schematic description to determine these quasi-static mechanical properties by an 
example stress-strain curve. (b) Exemplary stress-strain curves for different types of polymers. 
Modified from 8, with permission from John Wiley & Sons, Inc. 
 

In Chapter 3 and Chapter 4, measured dynamic mechanical properties are based on a 

sinusoidal applied force and the resulting strain response of the materials.9 Viscoelastic nature of 

polymers results in phase lag during the test as shown in Figure 2.5.10 The applied dynamic stress 

(σ) and strain (ɛ) can be described as following equations (1) and (2). 

      (1) 

      (2) 

In this study, reported storage modulus (E’) represents the elastic response of the 

material. The storage modulus can be determined by following equation (3).  

       (3) 

 In the equations, ω is angular frequency (rad/s), t is time (s), and δ is phase angle (rad).  
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Figure 2.5. Example dynamic mechanical property in viscoelastic polymers that represented by 
sinusoidally applied stress and resulting strain response. Reprinted from 10, with permission from 
Elsevier. 
 

2.5. Thermal Properties 

 Differential scanning calorimetry (DSC) is a thermal analysis tool for materials by 

detecting thermal transitions. DSC measures the difference in the amount of required heat flow 

of a sample and reference during heating or cooling cycles as shown in Figure 2.6.11 In Chapter 

3, thermal properties of LCEs were analyzed by DSC.  

 

 
Figure 2.6. Interpretation of DSC thermogram that shows (A) glass transition, Tg, (B) 
crystallization, Tc,  (C) crystalline melting, Tm, (D) crosslinking, and (E) vaporization. Reprinted 
from 11, with permission from Springer-Verlag Berlin Heidelberg. 
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2.6. Device Fabrication 

 LCE-based electronic devices were fabricated by standard photolithography procedure as 

shown in Figure 2.7.12 In Chapter 6 and Chapter 7, metal deposited substrates were coated with a 

positive photoresist, then exposed to UV light through a photomask. Upon photoresist 

development process, the exposed area can be removed for the positive photoresist. Then, thin-

film electronics can be patterned by subsequent metal etching process.   

 

 
Figure 2.7. Schematic illustration of general photolithography procedure. Modified from 12, with 
permission from Springer-Verlag Berlin Heidelberg. 
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Abstract 

Approaches for the synthesis and processing of responsive materials that combine robust 

mechanical properties and the ability to undergo shape change in response to a stimulus are of 

intense interest. Here, we report an approach to integrate these properties by synthesizing liquid 

crystal elastomers (LCEs) that can be aligned and subsequently crystallized. We polymerize 

LCEs in the isotropic and nematic states and characterize the resulting actuation and mechanical 

properties. After polymerization, each of these materials can be reversibly crystallized. By 

crystallizing LCEs, we demonstrate stiffer and tougher shape changing materials. Notably, 

crystallized samples exhibit moduli two orders of magnitude higher and toughness five times 

higher than nematic elastomers. Heating melts the crystallinity and then induces shape change 

via melting of the liquid crystalline phase. These LCEs are capable of high load bearing during 

actuation, up to 1.3 MPa, and high work capacity, up to 730 kJ/m3. These aligned and 

crystallized LCEs offer promising benefits as dynamic smart materials with robust mechanical 

properties. 
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3.1. Introduction 

Stimuli-responsive, shape-morphing materials are a class of smart materials that hold 

promise for creating simple mechanical elements that could be used in applications including 

biomedical devices, soft robotics, and active structures1–5. Shape-morphing materials are 

frequently subdivided into two classes; those that exhibit irreversible shape change and those that 

exhibit reversible shape change6. Various classes of materials have been reported to exhibit 

reversible mechanical deformations such as hydrogels7,8, dielectric elastomers9, electroactive 

polymer nanocomposites10, conducting polymers11, semi-crystalline polymers1,12,13, and liquid 

crystal elastomers (LCEs)14,15. Polymers with molecular order, such as semi-crystalline polymers 

and LCEs, are promising for many applications requiring smart polymers that exhibit reversible 

shape change in response to changes in environmental conditions.  

Reversible actuation in semi-crystalline polymers consists of melting-induced contraction 

and crystallization-induced elongation. This effect was first observed in the crystallization of 

polymer networks under an applied stress6,16,17. This stress provides a bias in the material which 

induces crystallization along the loading axis. In recent years, several strategies have been 

reported to achieve reversible shape changes without applying any stress in networks that contain 

chemically heterogeneous semi-crystalline structures18 or broad melting transitions13,19. These 

stress-free, reversible actuation mechanisms are based on partial melting of semi-crystalline 

networks during heating and recrystallization dictated by remaining semi-crystalline scaffold 

upon cooling20. These materials combine the robust mechanical properties of semi-crystalline 

polymers with shape change. Reversible shape change is also observed in LCEs arising from the 

integration of liquid crystalline molecular order in a lightly cross-linked polymer network21. On 
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heating, transition from the nematic liquid crystalline phase to the isotropic state in loosely 

crosslinked networks of LCEs can induce up to 400% strain22, where contraction is observed 

parallel to the director (or direction of molecular orientation)14. This order to disorder transition 

can be induced in response to multiple sources of external stimuli such as heat23–25, light26,27, 

electricity28,29, and chemicals30. Based on these advantages, various applications have been 

reported such as artificial muscles31,32, micro-actuators33, sensors34,35, and tissue scaffolds36–38. 

However, LCEs typically are often limited by low modulus, low fracture toughness, and low 

strength both at room temperature and at elevated temperatures.  

One strategy to increase the elastic modulus of polymeric actuators is to increase 

crosslinking density, as seen in glassy liquid crystal polymers. These materials exhibit elastic 

moduli near 1 GPa, but this approach also reduces the magnitude of the stimulus response14. As a 

possible approach to solve this problem, here we describe synthetic and processing methods for 

shape-changing LCEs with enhanced mechanical properties by integrating advantages of semi-

crystallinity and liquid crystallinity in one material. Specifically, we design main-chain LCEs 

capable of exerting high blocking stress and use crystallization to improve the mechanical 

properties of these materials. In aligned and crystallized LCEs, we observe not only improved 

mechanical properties in the semi-crystalline state but also demonstrate that these LCEs exhibit a 

marked increase in specific work capacity as compared to previously described LCEs. 

 

3.2. Experimental Section 

Materials: The liquid crystal monomer, 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-

methylbenzene (RM82), was purchased from Wilshire Technologies, Inc. The chain extender, 



 

40 

1,6-hexanedithiol, and catalyst, n-butyl amine (nBA), were purchased from Sigma Aldrich. The 

photoinitiator Irgacure® I-369 was donated by BASF Corporation. All reagents were used as 

received.  

Synthesize and preparation: An equimolar amount of RM82 and 1,6-hexanedithiol were mixed 

with 2 wt% of n-butylamine and 1 wt% of photoinitiator, I-369, by heating and repeated 

vortexing of the mixture. Microscope glass slides (75 mm x 25 mm) were cleaned and coated 

with Rain-X® Glass Water Repellent. The mixture was then transferred to a prepared glass slide. 

Cells were then constructed by placing a second glass slide on top of the first with 100 µm 

spacers to set cell gap thickness. Prepared cells were strored for 30 minutes at 65 °C in an oven 

to enable oligomerization by the thiol-Michael addition. Oligomerized samples were then 

crosslinked by irradiating with 365 nm UV light with an intensity of 250 mW/cm2 (Lumen 

Dynamics, OmniCure® LX400+) for 10 min, flipping the sample once. Samples were 

polymerized at two different temperatures for two different network genesis conditions; 150 °C 

for isotropic genesis LCEs (I-LCEs) and 100 °C for nematic genesis LCEs (N-LCEs). After 

polymerization, all samples were post-cured at 100 °C under vacuum for 12 h. For as-prepared I-

LCEs and N-LCEs samples, samples were used within 30 minutes after post curing. For 

crystallized I-LCEs and N-LCEs, samples were stored at room temperature for at least 12 h 

before further testing. Gel fraction of crystallized LCE films were measured. Crosslinked LCE 

films (mass ~ 15 mg) were immersed in tetrahydrofuran (THF) for 24 h, then dried in the 60 °C 

vacuum oven for 24 h. Mass was measured with a Sartorius Quintix 125D-1S balance before 

immersion in THF and after drying under vacuum. To measure the molecular weight of the 

oligomers, gel permeation chromatography (GPC) was performed using a Viscotek VE 3580 
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refractive index (RI) detector, ViscoGEL columns (GMHHR-M), and high-pressure liquid 

chromatography (HPLC) grade THF as the eluent and the mobile phase, at a flow rate of 1 

mL/min. Molecular weights were determined from a calibration with polystyrene standards. 

Thermal characterization: Differential scanning calorimetry (DSC) (Mettler Toledo) was used 

to measure transition temperatures. Samples of at least 1 mg were loaded into aluminum pans 

and heated from room temperature to 150 °C, cooled to -50 °C, then heated to 150 °C with ramps 

of ±10 °C/min. As-prepared samples were measured within 30 minutes after post-curing. To 

measure crystallized samples, films were pre-heated to 150 °C, then stored within the DSC pan 

at room temperature for 12 h, and then measured.  

X-ray Diffraction: X-ray diffractometer (XRD) (Rigaku, SmartLab) was performed with Cu-Kα 

radiation source (wavelength 1.54 Å) operating at 44 kV and 44 mA. Diffraction patterns were 

obtained over a 2θ range of 5 ~ 90° with 0.01° resolution at a scan rate of 9 °/min. 

Mechanical characterization: Mechanical properties were measured using a dynamic 

mechanical analyzer (DMA) (TA Instruments, RSA-G2) capable of both quasi-static and 

dynamic analysis. All tests were run in triplicate. Test specimens were prepared with dimensions 

of approximately ~ 5.5 mm × 1.2 mm × 0.1 mm. To monitor in-situ crystallization of LCEs, 

storage modulus (E’) was measured for 12 h at room temperature with a deformation frequency 

of 1 Hz and 0.1 % dynamic strain. For quasi-static stress-strain tests, samples were stretched with 

constant linear rate of 0.1 mm/sec. For temperature sweep tests, storage modulus was measured 

with 0.001 N of constant axial force, 1.0 Hz frequency, and 0.5 % dynamic strain from -25 °C to 

150 °C with a 5.0 °C/min ramp rate. To measure the stress generated by LCEs on actuation, 

strain was fixed at 0.1 % and temperature ramped from 25 °C to 150 °C with 5.0 °C/min ramp 
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rate. To measure actuation strain under an applied load, constant stress (246 kPa, 486 kPa, 676 

kPa, 840 kPa) was applied to an LCE film and temperature swept from 25 °C to 150 °C with a 

5.0 °C/min ramp rate.  

Optical properties and shape change: Optical properties and shape change in the absence of 

load were observed by polarizing optical microscope (POM) (Olympus, BX51). A Thermal stage 

(Linkam) was used for precise control of temperature of samples. To determine dimensional 

changes, planar aligned I-LCEs samples were cut and placed on a glass slide along with a droplet 

of silicone oil to prevent adhesion. The sample was then heated using the thermal stage, and 

shape change was observed under cross polarizers. Images were subsequently analyzed with 

Image J to measure dimensional changes in each axis. Macroscopic images were taken using a 

digital single lens reflex (DSLR) camera (Nikon). 

 

3.3. Results and Discussion 

LCEs that undergo crystallization were synthesized using a “thiol-click” strategy in a 

two-step, one-pot approach. Figure 3.1 shows the molecular structures of reactants and the 

synthetic mechanisms. Specifically, liquid crystal macromers were first synthesized by the base-

catalyzed Michael addition of 1,6-hexanedithiol to the mesogenic diacrylate (RM82). The 

resulting liquid crystal oligomers have long aliphatic chains which tend to crystallize after step 

growth polymerization. The molecular weight of the oligomers was measured to be Mw = 7,120 

Daltons with polydispersity index (PDI) value of 2.94. The liquid crystal oligomers can then be 

crosslinked using free-radical photopolymerization, yielding LCEs. In LCEs, the phase of the 

material during crosslinking is critical to controlling the thermal and mechanical properties14. 
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Here, liquid crystal macromers were crosslinked by free-radical photopolymerization at two 

different temperatures, corresponding to either isotropic (I-LCE) or nematic (N-LCE) phase. 

After crosslinking and post curing, the resulting LCEs were insoluble in organic solvents with 

gel fraction of 85 ± 6 % with I-LCEs and 88 ± 5 % with N-LCEs. While crosslinking 

temperature was not found to significantly affect gel fraction, thermal properties of the material 

are heavily dependent on crosslinking temperature.  

 

 
Figure 3.1. Molecular structures and reaction mechanisms to synthesize LCEs that undergo 
crystallization. 
 

The crosslinking of the network does not lock in the phase at the moment of crosslinking, 

but instead each network can transition between the isotropic, nematic, and semi-crystalline 

phases. For example, upon cooling, the I-LCE forms a polydomain nematic texture, as has been 

previously reported25. After being stored at room temperature, both the I-LCE and N-LCE 

crystallize; this behavior is not common in LCEs. To elucidate this behavior, thermal properties 
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of as-prepared and crystallized LCEs were measured by differential scanning calorimetry (DSC). 

Figure 3.2 (a) shows the thermograms obtained from the first heating cycles of as-prepared 

LCEs. The as-prepared I-LCEs exhibit only a single thermal transition above room temperature, 

the nematic-isotropic transition (Tni = ~111 ˚C); no crystalline melting peak for either isotropic 

and nematic genesis LCEs is observed. By comparison, there was no observed Tni peak in the 

case of N-LCEs. These materials exhibit a nematic to para-nematic transition on heating rather 

than complete phase transition into the isotropic state. It should be noted that neither film 

exhibits crystalline melting on either the pre-heating (not shown) or first heating cycle. After 

being stored at room temperature for crystallization, each film exhibits two melting peaks, in 

addition to the nematic-isotropic transition, as shown in Figure 3.2 (b). Enthalpies on these 

transition during the first heating cycle were calculated to be 4.01 ± 0.40 J/g for Tm1, 20.44 ± 

1.31 J/g for Tm2, and 1.27 ± 0.09 J/g for Tni in the case of I-LCEs. Similar values were obtained 

as 3.81 ± 0.88 J/g for Tm1 and 17.73 ± 1.24 J/g for Tm2 with N-LCEs. On cooling, no 

crystallization peak is observed for both as-prepared and crystallized LCEs, which indicates the 

kinetics of crystallization are slower than the timescale of the experiment (Figure A.1). As the Tg 

for each type of LCE is -6.5 ˚C, the polymer chains in the LCE retain the mobility necessary to 

transition to the crystalline phase at room temperature. After crystallization and melting, 

subsequent cooling and heating cycles result in cold crystallization as shown in Figure 3.1. The 

presence of crystallinity in both I-LCE and N-LCE, is confirmed by XRD patterns, as shown in 

Figure A.2. As-prepared I-LCE and N-LCE show a nematic halo located centered at a 2θ value 

of ~19.8° (d-spacing 1.40 Å), indicating no ordered crystalline structures. By comparison, after 

crystallization, 4 to 5 narrow peaks were detected in the range of ~18° to ~24°, indicating 
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ordered crystalline structures with d-spacing between 1.28 Å to 1.70 Å. We note that after 

extraction with THF, LCE films undergo reversible crystallization, thus indicating that the 

crystallization process is not driven by unincorporated polymer chains. 

 

 
Figure 3.2. Representative DSC thermograms of LCEs for I-LCE (red line) and N-LCE (blue 
line) showing the first heating cycle of as-prepared (a) and crystallized (b) samples. 
 

Crystallization of LCEs significantly alters the thermomechanical properties of the 

elastomer. Both the I-LCE and N-LCE transform from low modulus elastomers to rigid and 

tough polymer networks. After post-curing, this crystallization occurs at room temperature over 

the course of ~100 min. To elucidate the crystallization kinetics, in-situ measurement of storage 

modulus (E’) at room temperature is shown in Figure 3.3 (a). Storage modulus increases by two 

orders of magnitude over ~100 min at room temperature. This change can be readily observed 

with the crystallized, stiff LCE film able to support its own weight while the as-prepared LCE 

film cannot (Figure 3.3 (a) inset). These semi-crystalline materials exhibit several 

thermomechanical transitions (Figure 3.3 (b)). The elastic modulus of each type of LCE slightly 

decreases from around 1 GPa to 100 MPa on heating through Tg and Tm1 (the transition of lower 

enthalpy), then dramatically decreases by passing through Tm2 (the transition of higher enthalpy) 
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from around 100 MPa to 0.1~1 MPa. Broadly, the transition temperatures of Tg, Tm1, and Tm2 are 

consistent with the DSC thermograms in Figure 3.2 and Figure A.1. Above Tni, both films 

exhibit a rubbery plateau of ~1 MPa, confirming the crosslinked nature of the LCEs and 

suggesting that crosslink density is not significantly affected by the phase at crosslinking. 

Crystallization of LCEs leads to significantly enhanced elastic modulus and toughness. 

Representative stress-strain curves before and after crystallization of I-LCEs and N-LCEs are 

shown in Figure 3.3 (c), (d). Nematic LCEs exhibit low modulus and a broad soft elastic plateau. 

In contrast, crystallized samples exhibit a yield behavior and long engineering stress plateau 

associated with necking of the sample. As summarized in Table 3.1, Young’s modulus and 

toughness are 120 times and 4 times higher respectively after crystallization in the case of I-

LCEs. Similarly, Young’s modulus and toughness are 105 times and 2 times higher respectively 

for the N-LCEs. This increase in toughness and modulus may enable the use of LCEs as passive 

load-bearing mechanical elements, while not undergoing shape change. So far, we have only 

discussed unaligned LCEs, however, molecular alignment is required for shape change in LCEs.  

Crystallization of uniaxially-aligned LCEs results in highly anisotropic, semi-crystalline 

materials. To combine crystallization with molecular alignment, I-LCE and N-LCE films were 

uniaxially stretched to 300% in the nematic state and then stored 12 h at room temperature for 

crystallization (Figure A.3). Diffraction patterns taken after storage indicate that crystallization 

occurs in the aligned state (Figure A.2). I-LCEs became transparent after inducing alignment and 

remain transparent after crystallization (Figure 3.4 inset).  
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Figure 3.3. (a) In-situ measurement of storage modulus (E’) of I-LCE as a function of time after 
post-curing. (b) Storage modulus of crystallized I-LCE (red) and N-LCE (blue) as a function of 
temperature. Representative stress-strain curves before and after crystallization of I-LCE (c) and 
N-LCE (d). 
 

Table 3.1. Mechanical properties before and after crystallization for both I-LCE and N-LCE 

Properties / 
Samples 

I-CLE N-LCE 
As-prepared Crystallized As-prepared Crystallized 

Young’s Modulus 
(MPa) 1.4 ± 0.2 168.4 ± 5.7 1.9 ± 0.4 203.1 ± 25.2 

Toughness (MPa) 9.6 ± 0.1 38.2 ± 3.6 18.3 ± 0.7 38.4 ± 3.4 
Ultimate Strength 

(MPa) 8.1 ± 0.9 11.0 ± 1.0 10.7 ± 0.9 12.0 ± 0.4 

Failure Strain (%) 640 ± 30 539 ± 20 550 ± 30 436 ± 30 
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The characteristic dark and bright pattern resulting from uniform birefringence is observed when 

rotating the samples between crossed polarizers; this confirms I-LCEs can be aligned uniaxially 

by the mechanical stretching process and remain well-aligned after crystallization (Figure 3.4 (a) 

and (b)). In contrast, as seen in Figure 3.4 (c) and (d), there was no obvious uniaxial alignment or 

optical anisotropy with N-LCEs. After stretching, micron scale texture remains in the sample, 

which results in an optically scattering (inset) as has been previously observed from after 

stretching polydomain N-LCEs of distinct chemistries39. Figure 3.4 (e) demonstrates this relative 

difference, as approximated by brightness of relative transmitted light, between I-LCE (red) and 

N-LCE (blue) as a function of rotation angle of crossed polarizers. I-LCEs show clear uniaxial 

orientation while N-LCEs scatter light in a weakly anisotropic fashion due to the micron-scale 

texture that cannot be fully aligned. Additionally, it should be noted that that I-LCEs and N-

LCEs maintain similar optical properties after crystallization (Figure A.4). 

 

 
Figure 3.4. (a), (b) Polarized optical micrographs of aligned and crystallized I-LCE film. (c), (d) 
Polarized optical micrographs images of aligned crystallized N-LCE film. (e) Relative light 
transmittance of I-LCE (red) and N-LCE (blue) as function of sample rotation angle between 
crossed polarizers. Lines between points are added to guide the eye. 
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Aligned and crystallized I-LCE and N-LCE films both exhibit significant mechanical 

anisotropy. As evident in Figure 3.5 (a) and (b), the elastic modulus and failure stress is 

significantly higher along the direction parallel (ǁ) to the alignment as compared to directions 

perpendicular (⊥) to the alignment. (Inset images were added to show modulus differences.) As 

summarized in Table 3.2, Young’s modulus and ultimate tensile strength are 254 times (355.7 ± 

64.2 MPa) and 10 times (78.1 ± 6.0 MPa) higher respectively along the director in aligned and 

crystallized I-LCEs as compared with un-aligned, as-prepared I-LCEs. Also, toughness is ~5 

times higher both parallel and perpendicular to the director. Furthermore, failure strain was 

increased by a factor of 2 in the direction perpendicular to the alignment (1396 ± 240 %). This 

deformation is associated with neck formation with a high drawing ratio and molecular 

rearrangement (Figure A.5). In the case of N-LCEs, Young’s modulus was even higher (439.2 ± 

21.5 MPa) than I-LCEs, potentially due to the micron sized domain boundaries. Most of the 

other mechanical properties were also anisotropically enhanced, but this enhancement is less 

than the case of I-LCEs. These anisotropic materials also exhibit reversible change in shape in 

response to temperature changes.  

 

 
Figure 3.5. Representative stress-strain curves along the director (ǁ) and perpendicular (⊥) to the 
director of aligned, crystallized I-LCE (a) and aligned, crystallized N-LCE (b).   
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Table 3.2. Anisotropic mechanical properties of aligned and crystallized I-LCEs and N-LCEs 

Properties / 
Samples 

I-LCE N-LCE 

ǁ to alignment ⊥ to alignment ǁ to alignment ⊥ to alignment 

Young’s Modulus 
(MPa) 

355.7 ± 64.2 106.2 ± 11.9 439.2 ± 21.5 115.7 ± 14.7 

Toughness (MPa) 40.1 ± 3.9 52.2 ± 7.2 16.2 ± 4.1 32.8 ± 10.9 
Ultimate Strength 

(MPa) 
78.1 ± 6.0 6.6 ± 0.8 47.9 ± 3.3 7.0 ± 0.4 

Failure Strain (%) 83 ± 20 1369 ± 229 89 ± 30 668 ± 128 
 

I-LCEs exhibit a higher degree of anisotropy, and as such, we evaluate the shape 

changing behavior of these materials in response to temperature. Shape change in the absence of 

load occurs for both “aligned nematic” (Figure 3.6 (a)) and “aligned crystallized” (Figure 3.6 (b)) 

I-LCEs. Alignment of the LCE results in significant fixed strain that can be recovered in the 

absence of load. The profile of this shape recovery is distinct between “aligned nematic” and 

“aligned crystallized” LCEs. Aligned nematic LCEs change shape gradually during heating 

(Figure 3.6 (c)). By comparison, aligned and crystallized LCE films do not exhibit significant 

change in shape before reaching the dominant crystalline melting temperature (Tm2, ~83°C) 

(Figure 3.6 (d)). In semi-crystalline films, the presence of crystallites acts to inhibit the recovery 

of the nematic domains within the film. This is analogous to the behavior of semi-crystalline 

shape memory polymers6. Like most semi-crystalline shape memory polymers, on heating into 

the isotropic state in the absence of a load, each of these films exhibits no reversible strain.  
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Figure 3.6. Polarized optical micrographs of shape change in “aligned nematic” I-LCEs (a) and 
“aligned crystallized” I-LCEs (b). Quantification of dimensional change of “aligned nematic” I-
LCEs (c) and “aligned crystallized” I-LCEs (d) along and perpendicular to the alignment 
direction. Lines between points are added to guide the eye. Dimensional changes are normalized 
to the shape at room temperature after alignment.    

 

Reversible shape change occurs in the absence of a load after melting of the crystalline 

domains and partial melting of the nematic I-LCE. This effect mimics behavior in heterogeneous 

semi-crystalline polymer networks18 with broad or multiple melting transitions13,19. In this 

system, after the crystallites are melted, the remaining liquid crystalline nematic order can induce 

reversible shape changes below the nematic-isotropic transition temperature (Tni = ~111 ˚C). To 

demonstrate this reversibility of shape change, the “aligned crystallized” I-LCE was cycled 10 

times between two temperatures below the nematic-isotropic transition temperature (path A-B-C, 
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RT to 100 °C). On the first heating cycle, crystalline domains melt and a contraction along the 

alignment direction is observed. On cooling, the aligned I-LCE exhibits a partial recovery of the 

initial length, with approximately 17 % reversible strain (when normalized to the crystallized 

length, 0.43 to 0.6 of L/L0 parallel to the alignment direction, equivalent to 60 % strain when 

normalized by contracted length) (Figure 3.7 (a-b)). After the first heating cycle, the measured 

reversible strain does not decrease over 10 cycles. However, if the material is heated above Tni 

(path A-D-E, RT to 120 °C), nematic liquid crystalline order is completely lost and no reversible 

strain is observed on cooling below Tni. (Figure 3.7 (c)).  

 

 
Figure 3.7. (a) Polarized optical micrographs of reversible (A-B-C) and irreversible (A-D-E) 
shape change of aligned crystallized I-LCEs. Dimensional change of aligned crystallized I-LCEs 
over 10 cycles when heating below the Tni of the material (A-B-C) (b) and when heating above 
the Tni of the material (A-D-E) (c). Lines between points are added to guide the eye. 
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So far, we have discussed shape change in the absence of an external load. To perform 

mechanical work, shape changes must occur in presence of a resisting load. To characterize the 

ability of these LCEs to generate stress, we first measure blocking stress using an iso-strain 

measurement, where an aligned crystallized I-LCE film is held in tension at a constant 

displacement and the contractile force generated by the material is measured as a function of 

temperature. On heating, the crystallized film generates only a weak contractile force until 

reaching the melting temperature. As the material begins to recover upon crystalline melting, a 

contractile stress of ~0.7 MPa is generated over a narrow temperature window (between 60 ~ 80 

°C) (Figure 3.8 (a)). On further heating, the melting of the nematic phase leads to a blocking 

stress of 1.3 MPa at 150 °C. This value is much higher than previously reported LCE actuators, 

which generally have blocking stresses below 0.5 MPa25,31,32,40. After the first heating and 

cooling cycle, the non-crystallized, aligned, nematic sample generates force in a continuous 

manner between room temperature and 150 °C. At stresses below the blocking stress, LCEs are 

capable of performing work. To measure work capacity, a series of loads between ~20 % and 65 

% of the blocking stress were applied to aligned and crystallized LCEs (Figure 3.8 (b)). 

Irrespective of the applied stress, dimensional change did not start until melting of the 

crystallinity. On further heating, a two-stage recovery is observed, around Tm2 and Tni. This 

multistage recovery process is similar to the behavior of triple shape memory polymers, but it 

should be noted that in this case, each shape change occurs along a common direction. On 

heating, the dimension along the alignment of the film decreases from 1 at room temperature to 

0.43 (L/L0) at 150 °C for resisting stresses of 246 kPa. The observed contraction decreases under 

increasing load with the high temperature dimension reaching 0.5 against stresses of 840 kPa. On 
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cooling, elongation is observed with the extent of elongation increasing with the applied load. 

For stresses above 246 kPa, the recovered length at room temperature is longer than the length of 

the loaded, crystallized sample. This can be attributed to the significantly lower modulus of the 

elastomer after melting. It should also be noted that if crystallized in the presence of stress, 

additional elongation is observed (14% elongation under 230 kPa of applied stress) while there is 

no dimensional change under the stress-free condition (Figure A.6 and A.7). 

Finally, we demonstrate that a single material can be reversibly used as a low modulus, 

high strain actuator and as a higher modulus, load bearing material (Figure 3.8 (c)). On the first 

heating, the crystallized sample bears load and then contracts against a stress of 840 kPa. On the 

following three heating/cooling cycles (cycle 2-4), the material remains within the nematic state 

leading to high-stroke (1.37 to 0.5 of L/L0, equivalent with 274 % strain when normalized by 

contracted length) reversible actuation. By storing the sample for 12 h, crystallinity is recovered 

in-situ. After crystallization (5th heating cycle), the material again bears load without shape 

change until the melting temperature and consequently begins to actuate. Further actuation can 

be induced by heating and cooling. The work capacity of these aligned crystallized I-LCE is 

730.5 kJ/m3 under a load of 840 kPa. By comparison, this value is 18 times higher than 

mammalian muscle (40 kJ/m3)41 and 2.5 times higher than maximum value of previously 

reported LCE film (296 kJ/m3)25.  

 

 

 

 



 

55 

 
Figure 3.8. (a) Iso-strain (0.1 %) tests of aligned crystallized I-LCE (blue line) and aligned 
nematic I-LCEs (red line). (b) Iso-force tests of aligned crystallized I- LCE with various stresses 
of 246 kPa (black line), 486 kPa (green line), 676 kPa (blue line), 840 kPa (red line). (c) Total of 
6 cycles of iso-force (840 kPa) tests of aligned and crystallized I-LCE. The first cycle was started 
from the crystalline state. Cycles 2-4th were measured after melting of crystallinity. The 5th 
cycle was measured after in-situ recovery of crystallinity. 6th cycle was measured without 
crystallinity. 
 

3.4. Conclusion 

In this study, we describe shape changing polymer networks that combine advantages of 

liquid crystallinity and semi-crystallinity. In the aligned, semi-crystalline state, these LCEs have 

enhanced mechanical properties with modulus up to 356 MPa, toughness up to 40 MPa, ultimate 

strength up to 78 MPa along the director. On heating, the liquid crystalline character enables 

shape change with high blocking stress (1.3 MPa), high-stroke (274 %), and high-work capacity 

(730.5 KJ/m3). This combination of semi-crystalline and liquid crystalline properties, i.e., robust 
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mechanical properties and high work capacity actuation, may enable the use of these responsive 

materials in engineering from soft robotics to morphing structures. 
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Abstract 

In this study, we utilize chemical vapor to trigger isothermal torsional actuation in liquid 

crystal elastomers (LCEs). Torsional actuation is generated by patterning a twisted alignment 

through the thickness of the liquid crystal elastomer. These hierarchically-patterned materials 

reversibly transition from flat to helical with over 200 °/mm of twist in chemical vapor. This 

response is stable for at least 100 cycles. Ultimately, this chemoresponse is combined with 

mechanical instability to make high-twist torsional actuators with peak velocities of almost 400 

RPM. 

 

4.1. Introduction 

 Natural system often uses chemical energy to induce shape changes. In pine cones, 

orientation of cellulose microfibrills dictates hygroscopic swelling-based slow bending 

deformation in response to relative humidity.2 The Venus flytrap shows one of the fastest shape 

changes that can close their leaf in 100 ms. This rapid snapping motion is induced by mechanical 
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instability.3 In artificial synthetic materials, chemically driven shape changes are based on 

anisotropic or swelling. For example, patterned hydrogels4,5 or bilayer structures6,7 undergo 

shape morphing with molecular- or macroscopic-heterogeneity. Important advantage of chemical 

swelling-based actuation is capability of isothermal operations. However, diffusion-based slow 

actuation is one of the fundamental limitations in synthetic chemoresponsive materials.  

LCEs are capable of programmable molecular orientation for controlled shape changes in 

response to a broad range of external stimuli including solvent swelling.8,9 Here, we present an 

example of chemoresponsive LCE actuators that mimics molecular orientation and mechanical 

instability as shown in nature. Based on this combination, we demonstrate this torsional 

actuation is reversible and can reach swelling-based reversible rapid shape transition. 

 

4.2. Experimental Section 

Reagents: The liquid crystal monomer, 1,4-Bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-

methylbenzene (RM82), was purchased from Synthon Chemicals. The low molar mass liquid 

crystal 4-(trans-4-pentylcyclohexyl) benzonitrile (5CB) and n-butylamine (nBA) were purchased 

from Sigma Aldrich. The photoinitiator, Irgacure I-369, was donated by BASF Corporation. 

Elvamide, for surface alignment, was purchased from DuPont. Tetrahydrofuran (THF) was 

purchased from Fisher Chemical. All reagents were of reagent grade and used as received. 

Film Synthesis & Preparation: Cleaned microscope glass slides (50 mm x 25 mm x 1 mm) 

were coated with 0.15% Elvamide in methanol solution and dried. Then the coated slides were 

rubbed by a microfiber cloth to dictate molecular orientation for liquid crystal alignment. Cells 

were constructed by placing two glass slides separated by a 30 µm spacer to set polymer film 
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thickness. An equimolar amount RM82 and n-butylamine was mixed with 1 wt% of 

photoinitiator I-369. For LCE gels, 10 wt% or 20 wt% of low molar mass liquid crystal was 

added to the described mixture. Aligned cells were filled by capillary action and kept for 12 

hours at 75˚C for neat films or 65 ˚C for LCE gel films. Then, oligomerized samples were 

crosslinked with 250 mW/cm2 intensity of 365 nm UV light (OmniCure® LX400+, Lumen 

Dynamics) for 2 minutes.  

Actuation Characterization: LCE films with twisted alignment were cut either along or at 45° 

to the director with an aspect ratio of 10 (10 mm x 1 mm x 30 µm). Samples were clamped in 

tweezers at one end, immersed in THF vapor, and imaged with a Nikon DSLR camera. THF 

vapor conditions were created by partially filling a scintillation vial with THF and restricting 

airflow from the top of the vial. Twist was quantified in half turns (180°) by analyzing frames 

from the video, where the number of half turns is defined by the number of times the face of the 

film is flipped from front to back. High speed twisting under a 100x load was observed with 

video taken at 240 fps using an Apple iPhone 6. 

Dynamic Mechanical Analysis: Mechanical properties were measured by RSA-G2 Dynamic 

Mechanical Analyzer (TA Instruments). Three pieces of each of the twisted nematic neat LCEs 

and LCE gel films were cut to 10 mm x 3 mm with the director aligned at 0° or 90° to the long 

axis of the film. Storage modulus was measured by sweeping oscillation amplitude at room 

temperature with 1.0 Hz frequency and 0.01 ~ 2.0 % of logarithmic sweep strain. Modulus 

reported is from the linear elastic regime. 
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4.3. Results and Discussion 

Figure 4.1 describes overall process to prepare twisted nematic LCE or LCE gel 

actuators.  The previously described LCE chemistry10 that enables surface alignment were used 

to prepare chemoresponsive LCE actuators. Briefly, the monomer mixture were filled into the 

programmed glass cell. The liquid crystal monomer (RM 82) and the chain extender (nBA) 

undergo aza-Michael addition for oligomerization. The oligomers then subsequently crosslinked 

by photopolymerization. The small molecule liquid crystal (5CB) was not participate in this 

reaction and resulting crosslinked network. Thus, the 5CB was added to synthesize a LCE gel 

actuator to improve chemical diffusion in the twisted nematic actuators. After crosslinking of 

LCE or LCE gel films, the samples were cut along the off-axis to the director to induce helical 

deformation. 

 

 
Figure 4.1. Schematic illustration of molecular structures and fabrication procedure. Blue and red 
arrows indicate alignment direction at the top and bottom surfaces, respectively. Red box 
indicates the area that was cut to observe torsional actuation.  
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Versatile chemomechanical actuators require both reversible and rapid shape changes. On 

exposure to saturated THF vapor, the neat twisted nematic LCE reaches equilibrium twist in 

about 40 s. On removal from the THF vapor, untwisting occurs in approximately 290 s for a total 

cycle of 330 s. While this LCE torsional actuator is reversible, the transition between flat and 

twisted is limited by the diffusion of THF into and out of the film. To increase the rate of 

diffusion for faster actuation, 20 wt% of a low molar mass LC molecule (5CB) was added during 

synthesis to create a LCE gel. The response time of the gel actuator is more than an order of 

magnitude faster than the corresponding elastomer. On exposure to THF vapor, complete 

twisting is observed in 5 s and untwisting occurs in 10 s, which corresponds to more than 11 

rotations for a film10 mm long in the 15 s cycle (Figure 4.2 (a)). This difference in twisting 

speed is likely attributed to the quicker diffusion of chemical stimuli through the film due to the 

inclusion of the liquid phase. It should be noted that the addition of low molecular weight LCs 

also reduces the modulus of the film, likely creating a trade-off between work capacity and 

actuation speed (Figure 4.2 (b)). In Figure 4.2 (c), a 10 mm × 1 mm LCE gel film is observed in 

progression from air into THF vapor and back into air.  

To demonstrate the repeatability of the swelling of these torsional actuators, the LCE gel 

was cycled continuously between saturated THF vapor (3 s) and air (5 s) for over 100 cycles. 

Twist is quantified for the first 32 cycles with no observable degradation in maximum twist 

(Figure 4.3 (a)). Cycles 101–103 are shown in Figure 4.3 (b) allowing for a full transition 

between flat and twisted. The shape of each cycle is characterized by a sharp increase in twist 

upon vapor swelling, and an exponentially-shaped decrease in twist upon deswelling. As 
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compared to the first cycle, recovery time increases from 10 s to 15 s after 100 cycles, likely due 

to a build-up of THF in the film. 

 

 
Figure 4.2. (a) Twist in a neat LCE film (red line) and LCE gel film (blue dashed line) where 
exposure to THF vapor starts at t=0s and stops after maximum twist is reached. (e) Modulus of 
LCEs of varying low molar mass LC. (f) Images of the shape and time scale of actuation of a 
LCE gel film with 20 wt% of low molar mass LCs exposed to THF vapor. Lines between 
points are added to guide the eye. 
 

 
Figure 4.3. (a) Twist of LCE gel continuously cycled between air and saturated THF vapor. (b) 
Cycles 101-103 of LCE gel samples allowed to fully untwist in air before returning to 
saturated THF vapor. 
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So far, all actuation has been in films without external loading in order for an actuator to 

produce useful work, shape change must occur in the presence of a resisting load. To assess the 

torsional and axial work capacity, a paddle with weight of 100 times the mass of the LCE gel 

was attached to the end of the film, and the film was exposed to saturated THF vapor. The LCE 

gel is capable of twisting and lifting the paddle. Furthermore, the loaded actuator exhibits a 

discontinuous relationship of twist as a function of time, leading to unexpected high speed 

actuation. In approximately 6 s, the film twists from flat (1) to a stretched helicoid (2) in nature 

(Figure 4.4 (a) and (b)). The LCE gel then snaps into a self-contacting helix (3), twisting and 

untwisting with a decreasing amount of oscillatory amplitude until reaching equilibrium. This 

oscillation results from the elastic nature of the LCE gel in response to the heavy weight of the 

paddle and the speed induced by the mechanical transition. The maximum speed of twisting is 

380 rpm, and the twist reaches a maximum of 162°/mm. A maximum of 0.93 W/kg of torsional 

specific power and 1.75 W/kg of axial specific power is performed during the snap transition. 

While multistability in twisted ribbons is well-known, the combination of the tunable stimulus 

response of LCEs and mechanical instabilities may enable a number of high speed actuators.11,12 

To estimate the torsional specific power, moment of inertia was first calculated by 

following equation (1) for the rectangular shaped paddle.  

                                                               (1) 

A paddle of mass (M) 36.0 mg and surface area of 0.28 cm2 generated a moment of 

inertia of 1.95 × 10-10 kg/m2. Immediately following the transition from helicoid to helix, an 
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angular acceleration (α) of 98.05 rad/sec2 was calculated over a span of 0.358 seconds. Torque 

was calculated by equation (2). 

                                                                   (2) 

A specific torque of 0.053 Nm/kg was obtained. Kinetic energy was calculated from 

equation (3) using an angular velocity (ω) of 35.10 rad/sec2. 

                                                      (3) 

A rotational kinetic energy of 1.20 × 10-7 J was calculated. The original mass of the LCE 

gel was 0.36 mg results in a torsional specific power of 0.93 W/kg.  

To estimate the axial specific power, 0.97 mm displacement was observed during the 

snap transition of the actuator from helicoid to a self-contacting helix. Consequently, the axial 

work calculated was 3.41 × 10-7 J. The axial specific power calculated was 1.75 W/kg. 

 

 
Figure 4.4. (a) Twist of a LCE gel with 100X weighted paddle attached at the bottom after 
exposure to THF vapor starting at t=0s. (b) Torsional actuator is flat in air (t=0s), helicoid in 
the THF vapor (t=6s), and the deformed helicoid in saturated THF vapor after the mechanical 
transition (t=7.13s). Lines between points are added to guide the eye. 
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4.4. Conclusion 

Chemomechanical actuators convert chemical gradients into useful mechanical work. We 

have demonstrated that isothermal swelling of LCEs in organic solvent vapor generates 

anisotropic actuation. The diffusion-based swelling response of LCE actuators are significantly 

improved by incorporation with small molecule liquid crystal. Furthermore, by coupling 

mechanical instabilities with stimulus response, inherently slow chemical diffusion can generate 

high speed torsional actuation.  
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Abstract 

Strategies for obtaining materials that respond to external stimuli by changing shape are 

of intense interest for the replacement of traditional actuators. We here present a strategy that 

enables programmable, multi-responsive actuators that use either visible light or electric current 

to drive shape change in composites comprising carbon nanotubes (CNTs) in liquid crystal 

elastomers (LCEs). In our nanocomposites, the CNTs function not only in the traditional roles of 

mechanical reinforcement and enhancers of thermal and electrical conductivity but also serve as 

an alignment layer for the LCEs. By controlling the orientation, location, and quantity of layers 

of CNTs in LCE/CNT composites, we build programmed, patterned actuators that respond to 

visible light or electrical current. Photothermal LCE/CNT film actuators undergo fast shape 

change, within 1.2 s using 280 mW/cm2 light input, and complex, programmed localized 

deformations. Furthermore, twisting LCE/CNT composite films into a fiber increases uniaxial 

muscle stroke and work capacity for electrothermal actuation, thereby enabling about 12% 
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actuation strain and 100 kJ/m3 of work capacity in response to an applied DC voltage of 15.1 

V/cm. 

 

5.1. Introduction 

Highly-aligned carbon nanotubes (CNTs) arrays1, drawn from a sidewall of CNT forests, 

having both chemical anisotropy and anisotropic nanogrooves, have also been reported as a 

suitable aligning layer for small molecule liquid crystals used for display applications.2,3 CNTs 

are of intense interest in polymer composites due to the exceptional mechanical properties, 

electrical conductivity, and optical absorption of visible and near-infrared light.4,5 However, 

CNTs easily agglomerate when combined with a fluid, limiting control of the microstructure of 

polymer/CNT composites, particularly when the volume fraction of CNTs is sufficient to enable 

electrical conductivity.6–8 By comparison, forest-drawn CNT sheets1 are a promising functional 

component of polymer nanocomposites, since composite formation can avoid the need for CNT 

dispersion. CNT sheets efficiently couple stimuli to responsive polymer matrices and have been 

used for the synthesis of bending actuators that respond to light9 or electricity10–12. Furthermore, 

CNT sheets were used to uniaxially orient precursors for an azobenzene-functionalized liquid 

crystal network by Yu and coworkers.13 In each of these composite actuators containing CNT 

sheets, simple bending actuation has been observed, but actuators with programmable and 

localized actuation and or uniaxial work capacity have not yet been reported.  

Here we report a design strategy for programmable and multi-stimuli responsive 

LCE/CNT composite film and fiber actuators which can exploit light and electrical stimuli to 

trigger programmed shape change. The orientation of the CNT sheets is used to direct the self-
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assembly of the LCE precursors, enabling design of the actuation of the composites. Specifically, 

we design the orientation, location, and quantity of layers of CNTs to form twisted nematic 

LCE/CNT composites that undergo programmed, patterned actuation with visible or infrared 

light. The LCE/CNT composite film can be further processed into a sandwich fiber structure14 

that provides enhanced stroke in uniaxial electrothermal actuation.  

 

5.2. Experimental Section 

Materials: The liquid crystal monomer, 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-

methylbenzene (RM82), was purchased from Wilshire Technologies. The chain extender, n-

butylamine (nBA), was purchased from Sigma-Aldrich. The photoinitiator, Irgacure I-369, was 

donated by BASF. The CNT forests, which were drawn to produce CNT sheets were provided by 

Lintec of America. Drawable MWNT forests (~300 µm high and consisting of ~5-7 nm diameter 

nanotubes that contain 4-6 walls and form large bundles) were grown on a Si wafer by chemical 

vapour deposition. All materials were used as received unless otherwise noted. 

Fabrication of LCE/CNT composite films: The glass substrates (75 mm × 51 mm × 1.2 mm, 

Electron Microscopy Sciences) were cleaned by acetone, isopropanol, and DI water and 

subsequently dried with nitrogen. Then desired layers of CNT sheets, drawn from a CNT forest, 

were prepared on the cleaned glass slides. For a planar nematic LCE/CNT composite films, glass 

slides were assembled with the CNTs oriented in a parallel fashion. For twisted nematic 

LCE/CNT composite films, glass slides were assembled with the CNTs oriented in a 

perpendicular fashion. Layered CNT sheets were prepared as described in the schematic of each 

figure for programmed actuation. Ethanol was repeatedly dropped on the CNT layers for 
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evaporation-based densification of the deposited sheets. Plasma patterning of the CNT sheets 

was performed by dry etching using a 220 mTorr pressure, O2-saturated environment, and 100 W 

power (Sirius T2, Trion Technology) for 1 min. Pieces of glass slides were used as shadow 

masks. A pair of prepared CNT-coated glass slides were assembled 30 µm apart using a spacer 

(Precision Brand) along the edges. The monomer mixture, an equimolar amount of RM82 and 

nBA were mixed with 1 wt% of photoinitiator I-369, was filled into a CNT cell by capillary 

action and kept at 15 h at 65°C for oligomerization. Aligned, oligomerized samples were then 

crosslinked using 250 mW/cm2 intensity of 365 nm UV light (OmniCure® LX400+, Lumen 

Dynamics) for 5 min on each side. 

Fabrication of LCE/CNT composite fibers: Planar nematic LCE/CNT composite films (with 

uniaxial or patterned CNT sheets) were used to fabricate twisted LCE/CNT composite fibers. 

The precursor samples were planar nematic LCE/CNT composite films strip composites that 

were 0.75 mm wide and 50 mm long. These samples were twisted isobarically, using a 

torsionally tethered weight (providing about 1 MPa stress, when normalized to the cross-

sectional of the precursor composite ribbon) that hanged from one end of the precursor 

composite ribbon, while the opposite side of this ribbon was attached to a motor. The attached 

weight was tethered against rotation, so that one turn from the motor resulted in the insertion of 

one turn of twist into the fiber. The sample was twisted to near the point of coiling (about 1.3 

turns/cm).  

Optical characterizations: Optical properties and shape changes in the absence of load were 

observed by a POM (Olympus, BX51). A thermal stage (Linkam Scientific) was used for precise 

control of sample temperature. Relative light transmission properties were determined under 
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crossed polarizers (for planar nematic) or parallel polarizers (for twisted nematic), with images 

taken every 10° over a full rotation. Mean gray value of images were analyzed using ImageJ 

software. Light absorption spectra were measured by a UV-Vis spectrophotometer (Cary UV-

Vis-NIR 5000). Macroscopic images and videos were taken using a digital single-lens reflex 

(DSLR) camera (Cannon). IR thermal images and videos were taken by an IR camera (FLIR, 

T650sc). The emissivity of the sample was determined to be 0.9 using methods that have been 

previously described.15 Briefly, samples were placed in good thermal contact with a hotplate and 

the temperature of the hotplate and sample was measured using a probe thermocouple (Omega, 

HH309A). The emissivity was then adjusted until the IR camera agreed with the measurement 

provided by the thermocouple. Scanning electron micrographs were acquired using the Zeiss 

SUPRA 40 SEM on metal sputtered samples. For cross-sectional observation, samples were 

cryo-fractured in liquid nitrogen.  

Mechanical characterizations: Mechanical properties were measured using a dynamic 

mechanical analyzer (DMA) (TA Instruments, RSA-G2). All tests were run in triplicate. Test 

specimens were prepared with dimensions of approximately 2 mm width and 8 mm length. For 

quasi-static stress-strain tests, the samples were stretched at a constant linear rate of 0.1 mm/s. 

For measuring the stress generated by planar nematic neat LCEs and composites during 

isometric tensile thermal actuation, strain was fixed at 0.1% and temperature was ramped from 

25°C to 200°C at a 5.0 °C/min ramp rate. For measuring actuation strain under a constant load 

during thermal actuation, a constant stress (429 kPa, 764 kPa, or 1.13 MPa, which is normalized 

to the cross-sectional area of the non-actuated sample) was applied to an LCE/CNT5+5 film, and 

the temperature was swept from 25°C to 200°C at a 5.0 °C/min ramp rate. To trigger 
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photothermal actuation, a digital projector (Vivitek, D912HD) and a light lamp (Bayco, 300W) 

were used to apply visible light. Light intensity was controlled by gray filter. A light intensity 

meter (Amprobe, Solar-100) was used to measure light intensity. For sunlight-driven actuation 

demonstration, the experiment is performed on a clear day of (July 28, 2017) at UT Dallas 

campus when the measured sunlight intensity was 100 mW/cm2. The lamp of a Samsung Galaxy 

S6 cell phone was used for actuation. Surface resistivity was measured using a multimeter (Fluke 

114) and liquid metal (eutectic Gallium-Indium, EGaIn) contacts. For characterizing 

electrothermal actuation, Cu wires were attached to ends of the samples by carbon tape and 

liquid metal contacts, and a DC power supply (Agilent, E3612A) was used.  

 

5.3. Results and Discussion 

5.3.1. Fabrication of multi-responsive LCE/CNT composites 

The multi-responsive LCE/CNT composites were prepared through a one-pot, two-stage 

reaction16, where highly aligned CNT sheets1 are coated onto the surface of a mold as shown in 

Figure 5.1 (a). A monomer mixture of liquid crystal monomer (RM82), a chain extender (n-

butylamine, nBA), and a photoinitiator (Irgacure 369, I-369) was filled by capillary force into the 

prepared CNT-coated cells (Figure A.8). These monomers undergo an aza-Michael addition 

between the diacrylates and primary amine to form diacrylate end-capped oligomers. Afterwards, 

the resulting oligomers can be crosslinked by photopolymerization. We hypothesized that the 

CNT sheets could effectively align the nematic monomer mixture along the orientation of the 

CNTs without any other alignment tools.2,13 If the lay-up of the CNT sheets is such that the top 

and bottom are in the same direction or such that the top and bottom are perpendicularly oriented, 
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the resulting LCE/CNT composites show planar nematic or twisted nematic molecular 

orientation, respectively. The CNT layers are completely embedded in the film, but located at 

very near to the composite surfaces as shown in Figure A.9. The molecular orientation results in 

a characteristic dark and bright pattern when observed between crossed or parallel polarizers 

(Figure 5.1 (b), (c)). These anisotropic optical properties of planar and twisted neat LCEs, 

LCE/CNT1+1 (fabricated with 1 layer of CNT sheet on each side), and LCE/CNT5+5 (fabricated 

with 5 layers of CNT sheets on each side) composites were evaluated by measuring the relative 

light transmittance as the sample was rotated between a pair of crossed- or parallel-polarizers 

(Figure A.10, A.11). It is also noted that the highly aligned CNT sheets can guide not only the 

liquid crystalline monomers but also the oligomers, which is not typically observed with surface 

alignment techniques (Figure A.12).  

 

 

Figure 5.1. Fabrication of LCE/CNT composites. (a) Molecular structure of the monomers used 
and the fabrication schematic used to prepare LCE/CNT composites. Optical images and 
polarized optical micrographs (POM) of (b) planar nematic and (c) twisted nematic LCE/CNT1+1 
composite films. (inset scale bar: 1 cm) 
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5.3.2. Photothermal LCE/CNT composite films for bending actuation 

The integration of CNT sheets not only aligns the LCE precursors but also significantly 

alters the photo-thermo-mechanical properties of the LCEs. First, we measured the photothermal 

response of neat LCE, LCE/CNT1+1, and LCE/CNT5+5 films in response to broadband visible 

light. As the CNT sheets absorb a broad range of visible light1,14 (Figure A.13), LCE/CNT 

composites are capable of photothermal heating as shown in Figure 5.2 (a) and Figure A14. Here, 

we expose samples to various intensities of visible light ranging between 1 and 287 mW/cm2. As 

shown with infrared (IR) thermal images in insets of Figure 5.2 (a), 287 mW/cm2 visible light 

irradiation induces photothermal heating to increase temperature up to 85°C for LCE/CNT1+1 and 

116°C for LCE/CNT5+5 composites. By comparison, the neat LCE shows only a small 

temperature increase to around 35°C. The absorbed energy in the CNT sheets is converted to 

heat, which is then transported to the twisted nematic LCE matrix to cause bending actuation.  

The bending angles of the twisted nematic neat LCE, LCE/CNT1+1, and LCE/CNT5+5 

films were measured as a function of light intensity, as shown in Figure 5.2 (b) and Figure A.15. 

Upon irradiation of 287 mW/cm2 intensity of light, twisted nematic LCE/CNT1+1 and 

LCE/CNT5+5 composite films bent to around 90° and 105°, respectively. As expected, twisted 

nematic neat LCEs do not respond to visible light. The photothermal bending and unbending are 

both fast and reversible as shown in Figure 5.2 (c) and Figure A.16. When the twisted nematic 

LCE/CNT1+1 is placed under 287 mW/cm2 intensity of visible light, the sample bent to a peak 

bending angle near 100° within 1.2 s and released back to original flat shape in 2.2 s after the 

light is turned off. Previously reported liquid crystal polymer/CNT-based photothermal actuators 

generally reach 100°C in 4-30 s under similar or higher intensity of light.17–23 This improved 
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actuation speed could be driven by continuous CNT sheets, while previous liquid crystal 

polymer-based composites used dispersed CNTs in their matrix. In the case of the twisted 

nematic LCE/CNT5+5 composite, slightly slower actuation was observed. The LCE/CNT5+5 

composite sample bent to a peak bending angle of 125° within 3 s and released back to original 

flat shape in 5 s with the same intensity of light turn and off, respectively. This larger bending 

angle but slower actuation speed is likely due to the tradeoff of increased elastic modulus and 

reduced stimulus-response but more efficient photothermal heating as more CNT sheets are 

embedded. The composite actuators also exhibit highly reversible actuation. After repeated 

exposure to visible light (287 mW/cm2, 1 s on, 1 s off), there was no change in the final bending 

angle over 1000 cycles as shown in Figure 2 (d).  

 

 
Figure 5.2. Visible-light-induced photothermal behavior and bending actuation of LCE/CNT 
composite films. (a) Photothermal heating effects (insets: IR thermal images at 287 mW/cm2) 
and (b) photothermal bending actuation of twisted nematic neat LCE, LCE/CNT1+1 composite 
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films and LCE/CNT5+5 composite films (insets: optical images at 287 mW/cm2). (inset scale bar: 
1 cm) (c) Photothermal bending actuation (287 mW/cm2 intensity light on, yellow area) and 
release (light off, gray area) of a twisted nematic LCE/CNT1+1 and LCE/CNT5+5 composite film. 
(d) Reversible photothermal bending actuation of twisted nematic LCE/CNT1+1 composite film 
was demonstrated after 1000 cycles of 287 mW/cm2 light on and off. Linear trend lines (a) and 
lines between points are added to guide the eye ((b)-(d)). 

 

The composite actuators can also be triggered with common light sources. LCE/CNT1+1 

film actuators respond to both unconcentrated sunlight (around 100 mW/cm2) and the lamp of a 

cellular phone (around 150 mW/cm2) to trigger bending actuation, as shown in Figure 5.3. This 

sensitive, fast, and reversible response of LCE/CNT composites is attributed to the synergistic 

properties from the twisted nematic molecular orientation of the LCEs and the high thermal 

conductivity24 and light absorption capability25 of the embedded CNT sheets.  

 

 
Figure 5.3. Photothermal bending actuation can be triggered by light sources encountered in our 
daily life. (a) Sunlight (100 mW/cm2) triggered bending actuation of twisted nematic 
LCE/CNT1+1 composite film. (b) A light emitting diode on a mobile phone (150 mW/cm2) 
triggered bending actuation of twisted nematic LCE/CNT1+1 composite film. 
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5.3.3. Designing photothermal LCE/CNT composite films for programmed bending 

actuation 

The bending actuation of twisted nematic LCE/CNT composites can be patterned by the 

lay-up of the CNT sheets. The nematic phase of the LCE precursors aligns along the direction of 

the top layer (with respect to each glass slide) of CNT sheets. As the orientation of the top layer 

is spatially varied, the molecular orientation in a single LCE/CNT composite film can be varied 

both spatially and through the thickness, as shown in Figure 5.4 (a) and (b). The patterned 

birefringence resulting from the patterned molecular orientation is evident from the POM (Figure 

5.4 (c)). As these micrographs show for the area indicated with the box from Figure 5.4 (b), the 

left sides of the micrographs are of planar nematic regions of the LCE/CNT composite and the 

right sides of the POMs are of twisted nematic regions of the LCE/CNT composite. A film of the 

LCE/CNT composite was cut from the region indicated with the box in Figure 5.4 (b). Upon 

irradiation with 287 mW/cm2 intensity of visible light, the sample bends into an “S” shape, as the 

principal axes of deformation switch between the two domains (Figure 5.4 (d)). It should be 

noted that the bending direction is determined by molecular orientation and not the direction of 

the light exposure. This complex deformation can be used to fabricate an inchworm-style walker 

(Figure A.17). The S-shape bending actuator was placed at a flat surface and then repeatedly 

exposed to periodic visibly light (290 mW/cm2). After 3 cycles of light irradiation, the actuator 

walked 1.02 cm (0.34 cm/step).  
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Figure 5.4. Programmed S-shape bending actuation by CNT lay-up patterning. (a) Schematic and 
(b) optical image of lay-up patterned LCE/CNT composite film. The solid box indicates the area 
observed in Figure 3 (c). The dotted-line box indicates the region of the samples that was cut to 
observe actuation. (c) POM at a transition area of lay-up patterned LCE/CNT composite film. (d) 
Time-lapse optical images of programmed S-shape bending actuation of a lay-up-patterned 
LCE/CNT composite film in response to a visible light intensity of 287 mW/cm2. 
 

By patterning the location of CNT sheets by oxygen plasma in addition to the orientation 

of these sheets the magnitude of photothermal heating can be programmed to create a folding 

actuator. Figure 5.5 (a) and Figure A.18 show the fabrication process for plasma patterning of 

LCE/CNT composite film actuators. By exposing the mold with CNT sheets to O2 plasma 

through a shadow mask, we can pattern where CNT sheets will be incorporated into a LCE. In 

this case, we fabricate monolithic films composed of areas of unaligned neat LCE and twisted 

nematic LCE/CNT composites. Upon exposure to visible light (250 mW/cm2), localized 

photothermal heating occurs only in regions covered by the LCE/CNT composite. The twisted 

nematic orientation of the composite leads to localized bending and enables origami-inspired 
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actuation (Figure 5.5 (b) and (c)). Notably, this localized thermal response minimizes issues 

observed in previous folding LCEs, where the thermal response distant from the fold can lead to 

undesired shape change.26  

 

 
Figure 5.5. Localized thermal actuation using plasma-patterned CNTs. (a) Schematic of plasma 
patterning process for spatially controlled CNT concentration. Gray lines and red arrows indicate 
CNT sheets and the orientation of these sheets, respectively. Blue ellipses indicate the twisted 
LCE orientation through the thickness. (b) Optical images of origami actuator before and during 
irradiation with visible light (250 mW/cm2). (c) IR images of the origami actuator under 250 
mW/cm2 intensity visible light.  
 

5.3.4. Mechanical, thermomechanical, and electrothermal properties 

So far, we have discussed strategies for programing the photothermal response of 

LCE/CNT composite bending actuators. While light is a useful stimulus in certain applications, 

direct electrical power is perhaps the most practical input for powering soft actuators. 

Electrothermally-driven polymer actuators are of particular interest due to their low voltage 

requirements and the ability to operate without an electrolyte.12,27–30 Prior to describing the 
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uniaxial electrothermal actuation of LCE/CNT composites, we first characterize mechanical 

properties, thermomechanical properties, and electrothermal properties of LCE/CNT composites. 

The mechanical properties of planar and twisted nematic neat LCE, LCE/CNT1+1, and 

LCE/CNT5+5 are summarized in Table 5.1 and Figure A.19. The Young’s modulus of planar 

nematic LCE/CNT5+5 film is 7 times that of the neat planar nematic LCEs. The toughness (as 

calculated by the area under the stress-strain curve) is also improved, but the magnitude of the 

stimulus-response decreases. As shown in Figure A.20, anisotropic shape change occurs in 

uniaxially-oriented LCEs and LCE/CNT composites without external load. Upon heating to 

200°C, the uniaxially-oriented neat LCE undergoes 35% contraction along the CNT alignment 

direction and 29% expansion perpendicular to this direction. As we embed stiff CNT sheets, the 

magnitude of shape change is decreased. The planar nematic LCE/CNT1+1 film exhibits 32% 

contraction (||) and 23% expansion (⊥) while the planar nematic LCE/CNT5+5 film shows 16% 

contraction (||) and 13% expansion (⊥), respectively. This shape change occurs in the absence of 

any bias load, due to the molecular orientation of the composite. 

Shape change also occurs in the presence of a resisting load, as shown in Figure 5.6. To 

characterize the abilities of our LCE/CNT composites to generate stress, we measure blocking 

stress using an isostrain test (Figure 5.6 (a)). The planar nematic neat LCE, or LCE/CNT1+1 

composite, or LCE/CNT5+5 composite is fixed in the direction parallel to the alignment, and the 

contractile force is measured as a function of temperature. On heating, the neat LCE film failed 

around 185°C corresponding to 1.28 ± 0.12 MPa of contractile stress. As the CNT sheets 

improve mechanical properties, failure is not observed on heating, and the blocking stress 

increases with CNT content. Contractile blocking stresses of 1.53 ± 0.08 MPa and 1.97 ± 0.05 
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MPa were generated by LCE/CNT1+1 and LCE/CNT5+5 composites, respectively. The 

LCE/CNT5+5 composite contracts with 5% of strain against a load of 1.13 MPa when heated 

from room temperature to 200°C, as shown in Figure 5.6 (b). 

Planarly-oriented LCE/CNT composites undergo electrothermal heating that is enabled 

by the electrical conductivity of CNT sheets. As shown in Figure A.9, the CNT sheets were 

completely embedded inside the LCE matrix (no CNT texture was observed at the surface). 

However, these CNT sheets are located very near the film surfaces and thereby provide the 

appreciable electrical conductivity observed in these composites. The surface resistivity of the 

planar nematic LCE/CNT composites is highly anisotropic, as measured with the two probe 

method. Within the plane, the planar nematic LCE/CNT1+1 films have a resistance of 0.9 ± 0.2 

kΩ/□ along the CNT orientation direction and 21.3 ± 0.5 kΩ/□ perpendicular to this direction. As 

more CNT sheets are embedded in the composite, the resistances decrease. In the case of 

LCE/CNT5+5 films, the resistance decreases to 0.3 ± 0.1 kΩ/□ and 1.5 ± 0.2 kΩ/□ in the parallel 

and perpendicular directions, respectively. As a result of these anisotropic conductivities, 

electrothermal heating is also highly directional as shown in Figure 6 (c) and Figure A.21. The 

planar nematic LCE/CNT1+1 film requires 18 V/cm in a parallel direction and 70 V/cm in the 

orthogonal direction to heat the film to 150°C. With the more conductive LCE/CNT5+5 film, 

voltages of 14.5 V/cm for parallel direction and 23 V/cm in the orthogonal direction were 

required to reach similar temperatures. Overall, the LCE/CNT5+5 composites require low 

voltages (14.5 V/cm or 1.7 W/cm2 to obtain 150°C) and provide enhanced mechanical and 

thermomechanical properties. As such, we selected these composites for evaluation of uniaxial 

work capabilities by electrothermal stimuli. 
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Table 5.1. Mechanical properties of planar and twisted neat LCE and LCE/CNT composite films.  

Samples / 
Properties 

Planar nematic a) Twisted nematic b) 

Neat LCEs 
LCE/ 

CNT1+1 
LCE/ 

CNT5+5 
Neat LCEs 

LCE/ 
CNT1+1 

LCE/ 
CNT5+5 

Young’s 
modulus 
(MPa) 

47.4 ± 3.6 69.8 ± 3.4 340.4 ± 4.4 15.6 ± 0.7 42.8 ± 9.8 
210.9 ± 

17.5 

Toughness 
(MPa) 

9.3 ± 0.6 11.3 ± 1.5 16.1 ± 3.7 2.4 ± 0.4 2.4 ± 0.3 2.1 ± 0.1 

Ultimate 
strength 
(MPa) 

29.7 ± 1.8 44.9 ± 2.0 69.5 ± 12.6 7.1 ± 0.5 8.8 ± 0.7 12.9 ± 0.8 

Failure 
strain (%) 

70 ± 4 57 ± 5 51 ± 7 64 ± 8 47 ± 3 24 ± 1 

a) Mechanical properties measured along the direction of molecular orientation of the nematic 
phase. b) Mechanical properties measured along the direction of molecular orientation of one 
surface of the twisted nematic phase.  
 

 
Figure 5.6. Thermomechanical and electrothermal properties. (a) The temperature dependence of 
isometric stress (at 0.1% strain) for a planar nematic neat LCE film, a planar nematic 
LCE/CNT1+1 composite film, and a planar nematic LCE/CNT5+5 composite film. (b) The 
temperature dependence of isobaric strain for a planar nematic LCE/CNT5+5 composite film 
when loaded in the CNT orientation direction using applied stresses of 429 kPa, 764 kPa, and 
1.13 MPa. (c) Anisotropic electrothermal heating of planar nematic LCE/CNT1+1 and 
LCE/CNT5+5 composite films. DC voltage was applied either along (●) or perpendicular (■) to 
the CNT alignment direction of the composites. Trend lines between points are added to guide 
the eye (c). 
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5.3.5. Electrothermal LCE/CNT composite films and fibers for uniaxial actuation 

One-dimensional (1D) devices based on yarns or fibers are promising due to their high 

surface-to-volume ratio, as well as suitability for integration into textiles and wearable devices. 

In the field of actuators, twist insertion techniques have been widely demonstrated to amplify 

tensile stroke.31,32 To amplify stroke in LCE/CNT composites, uniaxially-aligned LCE/CNT5+5 

composite films were twisted to form a fiber, as shown in Figure 5.7 (a). After twist insertion, 

twisted composite fibers were torsionally tethered to prevent loss of twist and kept under tension 

to prevent writhe. The twisted fiber diameter was around 200 µm and the fibers bias angle was 

32.5°. 

To characterize actuation of the parent films and resulting fibers, each actuator was 

electrically heated to 150°C for 5 s using an input of 15.1 V/cm (when normalized by fiber 

length) resulting in a total applied electrical energy of 4530 MJ/m3 (when normalized by volume 

of actuating material). For a resisting load of 840 kPa, a two-end-tethered LCE/CNT5+5 

composite fiber provided a stroke of 12%, which is four times that of the LCE/CNT5+5 composite 

film (Figure 5.7 (b)). Figure 5.7 (c) shows that work capacity and strain are increased for the 

twisted fiber configuration as compared to the film over a wide range of stresses. A maximum 

work capacity of 97 kJ/m3 was observed at 840 kPa stress for an LCE/CNT5+5 composite fiber 

actuator. By comparison, 27 kJ/m3 of work capacity was measured with a film actuator under the 

same condition. The twisted fiber actuator also provides reversible tensile actuation over 100 

cycles, as shown in Figure 5.7 (d). The work capacity of the fiber is about 2.5 times higher than 

mammalian muscles, but up to 25 times lower than state-of-the-art actuators.33 However, we note 

that wax-infiltrated CNT yarns that are twisted, but not coiled, provide tensile strokes of only 
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about 0.12%.31 The salient feature of the reported LCE/CNT composite fibers is the large tensile 

stroke enabled by the LCE matrix. For applications in which 1D electrothermal tensile actuation 

is required, this active fiber provides a potential opportunity of practical deployment (e.g., woven 

fabric actuators) as well as soft robotic actuators.  

 

 
Figure 5.7. Uniaxial electrothermal actuation of LCE/CNT composite films and fibers. (a) 
Optical images of a LCE/CNT5+5 film and a twist-inserted LCE/CNT5+5 fiber. (b) Optical images 
of uniaxial electrothermal actuation that shows improved tensile strain from 3% in film to 12% 
in fiber under 840 kPa of mechanical load with 15.1 V/cm DC stimuli. (c) Quantification of 
uniaxial work capacity and tensile strain of LCE/CNT5+5 film and LCE/CNT5+5 fiber 
electrothermal actuators under variation of mechanical load with 15.1 V/cm DC stimuli. (d) 
Reversible electrothermal uniaxial actuation of LCE/CNT5+5 fiber was demonstrated after 100 
cycles of 15.1 V/cm DC stimuli on and off. Lines between points are added to guide the eye ((c), 
(d)). 
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5.4. Conclusion 

In this study, we describe a strategy to synthesize and design multi-responsive LCE/CNT 

composites that can respond to optical and electrical cues. The molecular orientation of the 

composite was directed by layering and patterning CNT sheets. The composite properties of the 

thermally-responsive LCE and the optical absorption of the CNTs enable fast, reversible, 

programmed, wireless, and locally-selective bending actuation with visible or infrared light. 

Additionally, the composite can be further processed into twisted fibers which undergo high-

stroke, uniaxial actuation triggered by a DC voltage. These fibers have improved work capacity 

and tensile stroke as compared to composite films. The work done here expands the versatility of 

programmable actuators, suggest a promising potential in self-morphing structures and soft 

robotics applications. 
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Abstract 

Traditional electronic devices are rigid, planar, and mechanically static. The combination 

of traditional electronic materials and responsive polymer substrates is of significant interest to 

provide opportunities to replace conventional electronic devices with stretchable, 3D, and 

responsive electronics. Liquid crystal elastomers (LCEs) are well suited to function as such a 

dynamic substrate due to their large strain, reversible stimulus-response that can be controlled 

through directed self-assembly of molecular order. Here, we discuss using LCEs as substrates for 

electronic devices that are flat during processing but then morph into controlled 3D structures. 

We design and demonstrate processes for a variety of electronic devices on LCEs including 

deformation-tolerant conducting traces and capacitors and cold temperature-responsive antennas. 

For example, patterning twisted nematic orientation within the substrate can be used to create 

helical electronic devices that stretch up to 100% with less than 2% change in resistance or 

capacitance. Moreover, we discuss self-morphing LCE antennas which can dynamically change 
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operating frequency from 2.7 GHz (room temperature) to 3.3 GHz (-65 °C). We envision 

applications for these 3D, responsive devices in wearable or implantable electronics and in cold-

chain monitoring RFID sensors. 

 

6.1. Introduction 

Liquid crystal elastomers (LCEs)2–4 are a class of shape-changing materials where 

directed self-assembly can be used to define the reversible shape change of the substrate in a 

voxel-by-voxel manner on the micrometer scale.5 Notably, these materials are also well suited to 

function as dielectrics as compared to hydrogels or other smart materials that are ionic 

conductors.6 While shape change in LCEs is often triggered by heating through an order-disorder 

transition,7 shape for these materials should be considered as a property that varies more widely 

with temperature (i.e., on both heating and cooling), as shape change is also observed due to 

anisotropic coefficients of thermal expansion (CTE). To realize shape-morphing, 3D electronics, 

we use LCEs as dynamic substrates for electronics that are processable using photolithography 

and then reconfigurable from 2D to 3D post-fabrication. To control this reconfiguration, we 

design the stimulus response of the LCEs using photoalignment. In this research, we achieve 3D 

transformation not by heating but instead by cooling below the crosslinking temperature. Using 

this approach, we demonstrate the first examples of 3D-architectured microscale electronic 

devices enabled by the shape change of LCEs. The devices demonstrated including strain-

tolerant conducting traces and metal-insulator-metal (MIM) capacitors that are designed to 

operate at temperatures near room temperature. We also demonstrate antennas that dynamically 

change their radiation properties in response to changing temperature well below 0 °C. 



 

97 

6.2. Experimental Section 

LCE substrates preparation: To prepare programmed molecular alignment in LCE substrates, 

a previously described photoalignment method was adopted to create patterned surfaces on the 

glass substrates.6,8 Briefly, 1 wt. % of a photoalignable dye, brilliant yellow (Sigma Aldrich), 

was dissolved in dimethylformamide (DMF, Fisher Scientific) then filtered by a 0.45 µm filter 

(Whatman). Then, glass substrates (75 mm × 51 mm × 1.2 mm, Electron Microscopy Sciences) 

were cleaned by sonication for 5 min each in laboratory detergent Alconox (Alconox 

Incorporation), acetone, and isopropanol, and DI water and subsequently dried with nitrogen. 

The cleaned glass slides were treated with oxygen plasma (Sirius T2, Trion Technology) for 1 

minute at 100 mTorr pressure and 50 mW power. The prepared brilliant yellow solution was then 

spin-coated onto the cleaned slides at 750 rpm (1500 rpm/sec) for 10 seconds and at 1500 rpm 

(1500 rpm/sec) for 30 seconds. The brilliant yellow-coated glass substrates were exposed to 

linearly polarized broadband light at an intensity of 10 mW/cm2 (Vivitek D912HD) for 2 min. A 

pair of programmed glass slides were assembled with 37.5 µm apart using a spacer (Precision 

Brand) along the edges. To prepare LCE substrates in the photopatterned glass cell, a liquid 

crystal monomer, 1,4-bis-[4-(6-acryloyloxyhexyloxy)-benzoyloxy]-2-methylbenzene (RM82, 

Wilshire Chemicals), a chain extender molecule, n-butylamine (Sigma Aldrich), and a 

photoinitiator, Irgacure I-369 (BASF) were used as described in previous publications.6,8 The 

RM82 and n-butylamine with a molar ratio of 1.1:1 (diacrylate:amine) were mixed with 1.5 

wt. % of the photoinitiator. The mixture was heated and vortexed then filled into the 

photopatterned cell by capillary action. The cell was kept at 65 °C oven for 15 hours for 

oligomerization. Then, the oligomerized samples were exposed to 250 mW/cm2 intensity of 365 
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nm UV light (OmniCure® LX400+, Lumen Dynamics) for 5 min for crosslinking. After 

crosslinking, the top-side glass slide was gently removed. A polarizing optical microscope 

(POM) (Olympus, BX51) was used for optical characterization of alignment. A dynamic 

mechanical analyzer (DMA) (TA Instruments, RSA-G2) was used to test the thermomechanical 

properties of LCE substrates. Planar aligned LCE films were cut either along or perpendicular to 

the director with a dimension of 10 mm × 2 mm × 37.5 µm. Three samples were tested for each 

configuration. To measure actuation strain, samples were heated and cooled three times from 150 

to -75 °C at a rate of 5 °C/min while holding a load of 0 N. 

3D pop-up LCE conducting traces: To fabricate micro-scale conducting traces on the 

programmed LCE substrates, 5 nm of chromium and 200 nm of gold were serially deposited via 

e-beam evaporation (Temescal BJD-1800). The deposition rate was set to 1-2 Å/sec. After 

deposition of the Cr/Au layers on the LCE substrates, a positive photoresist (Shipley S1805) was 

spin-coated at 2000 rpm (3000 rpm/sec) for 60 seconds and baked at 85 °C for 12 min. To 

develop the coated photoresist layer, a Karl Suss MA6 Mask Aligner was used with 75 mJ/cm2 

of UV light exposure with a patterned mask. After exposure, samples were immersed in 

Microposit MF-319 (Dow Chemical, USA) for 60 sec, then rinsed with DI water. Then Au and 

Cr layers were patterned by soaking with gold etchant (Transene Company) for 30 sec and 

chromium etchant (KMG Electronic Chemicals) for 10 sec, respectively. The remaining 

photoresist was removed by flood-UV exposure and subsequent immersion in MF-319. To 

finalize the process, micro-scale conducting traces patterned LCEs were coated by 800 nm hard 

mask of silicon nitride at 150 °C using Plasma Enhanced Chemical Vapor Deposition (Mykrolis 

Corporation, Unaxis 790 PECVD). Adhesion layer of hexamethyldisilazane (HMDS) was vapor-
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deposited at 120 °C onto the silicon nitride. Then a positive photoresist (Shipley S1813) was 

spun with 500 rpm (100 rpm/sec) for 10 sec and 200 rpm (300rom/sec) for 60 sec. After coating 

of photoresist, samples were soft baked at 85 °C for 12 min and exposed to 150 mJ/cm2 of UV 

light (Karl Suss MA6 Mask Aligner) through a mask that defines the outer edges of the device. 

The exposed samples were immersed into Microposit MF-319 (Dow Chemical, USA) for 60 sec, 

then rinsed with DI water. The hard mask layer, silicon nitride, was patterned using dry etching 

by 120 mTorr pressure and 100 W power with SF6 saturated environment (Sirius T2, Trion 

Technology) for 15 min. The LCE was then etched by 220 mTorr pressure and 200 W power 

with oxygen plasma for 90 min. After dry etching processes, the remaining silicon nitride was 

removed by immersion into hydrofluoric acid (1:10) (HF) for 60 sec. Micro-scale conducting 

traces were then released from glass slides by soaking 15 wt. % potassium borate solution 

(AZ400K, AZ Electronic Materials) for 30 min. Finally, released devices were gently washed by 

DI water and subsequently dried with nitrogen. The resistance of each device was measured by 

electrical multimeter (Fluke 114). A total of 9 electrodes (3 electrodes from 3 devices) were 

measured for each type of device. For mechanical stress-strain test, devices were stretched with 

constant linear rate of 0.1 mm/sec using the DMA described previously. 

3D pop-up LCE-MIM-Cap: Fabrication of MIM capacitors was carried out using standard 

cleanroom microfabrication techniques. First, a surface-aligned LCE film was prepared on a 

glass slide as aforementioned. A bottom metal layer of Cr/Au (10/190 nm) was deposited using 

an AJA ATC Orion magnetron sputtering system and patterned by a standard wet etch process as 

mentioned in the previous section. A Parylene-C layer (300 nm) was deposited as capacitor 

dielectric using a Specialty Coating Systems PDS 2010 Labcoater 2. Parylene-C was patterned 
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by reactive ion etching (RIE) in an oxygen plasma. A top metal layer of Ti/Au (10/190 nm) was 

deposited and patterned similarly as the top metal layer. Finally, device definition was performed 

by manually cutting device boundaries with a razor blade and soaking the sample in 15 wt. % 

potassium borate solution for 30 min to release the LCE-MIM-Cap from the glass slide. 

Electrical characterization of MIM capacitors was carried out using a Keithley 4200 

Semiconductor Characterization System. Capacitance-frequency measurements were performed 

over a frequency range from 10 kHz to 1 MHz under a voltage bias of 1 V. Three samples were 

measured. Capacitance-voltage measurements were performed under voltage biases from -5 to 

+5 V at 1 MHz. 

3D reconfigurable LCE antennas: Fabrication of LCE antennas can be carried out e-beam 

evaporation (Temescal BJD-1800) of 200 nm gold on room temperature crosslinked twisted 

nematic LCE substrates. The deposition rate was set to 1-2 Å/sec. 12.5 μm spacers were used for 

the antenna. The LCE antenna dimensions are 30 mm × 2 mm × 12.7 μm. The aspect ratio (i.e., 

length/width) of the LCE strips had to be large enough (>10) to achieve the needed shape 

transformations, such as, helices or spirals. The aspect ratio for our film is 15. The LCE antenna 

was used as a sensor by relating the change of its shape to a detectable change in its electrical 

properties. Large flask of cooling bath was filled with dry ice and isopropyl alcohol (IPA); 

creating a temperature of -75 °C. A thermocouple was used to monitor the uniform temperature 

and additional fresh dry ice was added to the bath periodically, to maintain a constant 

temperature of -75 °C. The two probe resistance measurements were performed using Keithley 

4200-SCS to obtain an I-V curve with a voltage sweep from -1V to 1V and a sweep step of 

0.01V. The resistance is calculated as the gradient (change in voltage divided by change in 
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current) of the I-V curve. All samples were 5mm by 2mm, measured at room temperature in 

ambient air and probed at the same distance. The 5 mm by 2 mm Au film resistance 

measurements after 50 cold cycles was 4.4 Ω. Detailed theory-based antenna analysis is 

described in later part of this supporting information. 

 

6.3. Results and Discussion 

LCEs substrates were formed with a one-pot, two-step reaction resulting in 

photolithography-compatible, planar substrates with programmed stimulus response.5,6 Briefly, 

the LCE precursors are filled into a glass cell. The cell consists of a pair of glass slides each 

coated with an azobenzene-based dye separated by a gap of 37 µm. Photoalignment of the 

azobenzene dye can be induced by exposure to linearly-polarized light, which ultimately controls 

the orientation of the LCE precursors and can be used to design the stimulus-response of the 

substrate. After filling, the monomer mixture undergoes a step-growth oligomerization resulting 

in acrylate-capped, main-chain, liquid crystal macromers. The macromers are subsequently 

crosslinked by photopolymerization. After crosslinking, the prepared LCE substrate remains on 

one of the glass slides for the lithography processes. Then we deposit and pattern thin film 

metals or dielectrics to build microelectronics, as shown in Figure 6.1 (a). Example structures of 

patterned microscale conducting traces on an oriented (twisted nematic) LCE substrate are 

shown in polarized optical (POM) and reflection micrographs in Figure 6.1 (b). A characteristic 

dark and bright optical pattern is observed when rotating the samples between parallel polarizers; 

this confirms micro-patterned electronics were successfully fabricated on twisted nematic 2D 

LCE substrates. It should be emphasized that thermal and chemical processing conditions of the 
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photolithography process were compatible with our LCE adhered to a carrier substrate, even 

though LCEs undergo large changes in shape on heating as freestanding materials.  

After this 2D photolithography process, LCE-based devices can morph from flat to 3D 

shapes when released from the carrier substrate. It should be noted that additional thermal or 

mechanical processing, which could damage thin film electronics, is not required to obtain the 

designed 3D structure. Instead, this programmed pop-up shape transition is based on the 

molecular orientation of the LCEs set during synthesis by crosslinking of LCEs at an elevated 

temperature. The crosslinking temperature sets the temperature at which the film later is in the 

planar state.9,10 To be more specific, in the 3D substrate preparation process, we align the 

monomer mixture and then oligomerize this mixture. Before we crosslink, we elevated the 

temperature to 90 °C. At this temperature, the twisted nematic oligomer retains order. We 

crosslink the mixture in this condition, thus setting the temperature at which the film is flat to be 

near 90 °C.  Thus, on subsequent release from the glass substrate, anisotropic shrinking occurs 

(~4% strain along the alignment and ~3.5% strain perpendicular to the alignment), as dictated by 

the magnitude of the temperature difference between room temperature and the crosslinking 

temperature. When the molecular order is patterned with an off-axis twist through the structure, 

the LCE forms out-of-plane twisted 3D structures at room temperature (Figure A.22). By 

maximizing the change in temperature between the crosslinking temperature and the use 

temperature, the strain at the use temperature can be maximized. We note that the nematic-to-

isotropic transition temperature (Tni = ~100 °C of the oligomer)5 cannot be exceeded prior to 

crosslinking or the programmed orientation would be lost. As we crosslink in the nematic phase, 

the substrates show characteristic birefringence as shown in Figure A.23.  
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To quantify shape change resulting from cooling below the polymerization temperature, 

we measure dimensional changes as a function of temperature and molecular orientation. We 

note that the reversible shape changes of this LCE system in response to high temperature has 

been previously reported,5 but in this work, we effectively use the response on cooling the 

material below the crosslinking temperature. As evident in Figure 6.1 (c) and (d), of uniaxially-

aligned samples between -75 °C and 150 °C is observed in the absence of a load. Both the 

heating and cooling temperature response is caused by anisotropy in CTE of the nematic LCEs. 

Room temperature crosslinked LCEs (RT-LCEs) exhibit 11.3±1.2 % (n=3, mean ± stdev) 

contraction along the director and 10.6±0.7 % expansion perpendicular to the director at 150 °C. 

High temperature (90 °C) crosslinked LCEs (HT-LCEs) show slightly smaller deformation with 

9.6±0.5 % contraction along the director and 8.9±1.1 % expansion perpendicular to the director 

at 150 °C. Importantly, the actuation of LCEs is not only limited to high temperature but also 

occurs at temperatures below room temperature. When RT-LCEs are cooled from room 

temperature to -75 °C, anisotropic contractions of around 0.6±0.6 % and 3.2±0.2 % are measured 

along and perpendicular to the alignment direction, respectively. Similarly, HT-LCEs contract 

around 0.9±0.5 % and 2.7±0.3 % along and perpendicular to the alignment, respectively. Here, 

we employ this thermomechanical anisotropy to create electronics that deploy from flat to 3D 

and to create dynamic electronics that sense and respond to temperature changes.  
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Figure 6.1. Overview of LCE chemistry, device fabrication, and thermomechanical properties. 
(a) Schematic drawing of molecular structures and fabrication process. (b) Polarized optical 
micrographs and reflection micrograph of gold traces on an LCE. Isoforce measurements of 
uniaxially-aligned LCEs with along (c) and perpendicular (d) to the alignment. (Scale bar = 500 
µm) 
 

By creating elastomeric substrates that morph into 3D geometries, we seek to imbue 

extrinsic stretchability to electronic devices. Stretchable electronic devices should function 

through a wide range of out-of-plane deformations including bending or twisting.11,12 It is well 

known that metallic thin film electronics materials are brittle with failure strains on the order of 

1 %.13,14 To create extrinsically stretchable substrates, we program the molecular orientation of 

LCE substrates with variation both through the thickness and within the plane of the substrate, as 
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shown in the illustrations from Figure 6.2 (a), (b), and (c). Devices, in this case simple micro-

scale conducting traces, reconfigure from 2D to helical (Figure 6.2 (a)), wavy (Figure 6.2 (b)), 

and helical with a handedness inversion (Figure 6.2 (c)) geometries after fabrication. Notably, 

this shape is controlled by both the alignment of the substrate and the crosslinking temperature 

(90 °C). The characteristic birefringence of these patterned structures is shown in Figure A.24 (a) 

and (b). The resulting 3D devices consist of patterned thin-film gold traces that are electrically 

conductive on the programmed LCE substrates. These elastic 3D structures of LCEs are 

extrinsically stretchable much like a telephone cord, thus protecting the intrinsically brittle 

electronics from deformation. On stretching, helical devices undergo macroscopic deformation 

from loosely coiled to tightly coiled as shown in Figure 6.2 (d) and Figure A.25 (a). It should be 

noted that electrical failure (~31 %) was observed very near the inflection in the stress-strain 

curve associated with stretching of the substrate (~30 %). Wavy devices undergo deformation 

from wavy to flat as shown in Figure 6.2 (e) and Figure A.25 (b). Similarly, the electrical failure 

strain (~24 %) was observed near the inflection point (~23 %) in the stress-strain curve. Lastly, 

helical devices with a handedness inversion, which results in both bend and twist, show larger 

electrical failure strain (~104 %) just above the inflection in the stress-strain curve (~102 %) as 

shown in Figure 6.2 (f) and Figure A.25 (c). At strains below the failure strain, these devices can 

be reversibly deformed without electrical failure. For the helical inversion device, the device 

survived 100 cycles of 90 % strain and release as shown in Figure 6.2 (g). These results clearly 

show that a mechanical failure mechanism of thin film electronics may be controlled with the 

shape of the electronic device. Transmission optical micrographs were taken below and above 

the electrical failure strain of the devices. Cracks are absent from the devices until the failure 
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strain is reached (Figure A.25 (d), (e), and (f)). We note that LCE-based helical devices have 

smaller bending stiffness than twisting stiffness as devices undergo unwinding when pulled.15 

Overall, in each of these 3D geometries, electrical failure occurs immediately after (~1 % strain) 

the inflection point in the stress-strain curve that is associated with a transition from bending-

dominated deformation to stretching.  

It should be noted that failure mechanisms are different between helical devices and 

wavy or helical inversion devices. Since wavy and helical inversion devices have net zero twist, 

the devices stretch from 3D to flat. However, the helical device with only a single handedness 

reconfigures from a helix to a helicoid by stretching. We note, each conducting trace was 

fabricated to have the same 5.5 cm metal length. However, based on the patterned molecular 

orientation in LCE substrates, devices can pop-up into programmed 3D geometries which have 

different natural lengths, ~4.2 cm in helical, ~4.6 cm in wavy, and ~2.7 cm in helical inversion 

devices, respectively. In accordance with experimental results of helical inversion and wavy 

devices, electrical failure strain can be predicted by (L2D-L3D)/L2D × 100. The length in 2D is 

denoted by L2D, and the length of initial 3D pop-up natural state is denoted by L3D. It should be 

noted that failure strain of one handedness helical devices should be smaller than this calculation, 

as these devices are unable to untwist during stretching (Figure A.25). In addition to being 

stretchable, 3D devices can be designed to resist torsion at isometric length as shown in Figure 

A.26. The helical inversion device maintains its original performance (< 2% resistance change) 

in the range of ± 10 turns (3600 ° twisting) (Figure A.26 (a) and (c) red). In the case of one 

handedness helical devices (Figure A.26 (b) and (c) blue), resistance was maintained when 

twisted 7 turns; this resistance then slightly increased (6.1 %) until 10 turns of twisting when 
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twisted in the same handedness as the existing helix. However when the helical device undergoes 

twist deformation of opposite handedness as the helix, knots were formed which cause length 

reduction, stress concentration, and electrical failure. Also, in the case of flat devices, electrical 

failure was observed within 2 turns of isometric length twisting deformation (Figure A.26 (c) 

black).  

 
Figure 6.2. 3D pop-up LCE with conducting traces. Schematic illustrations and optical images of 
3D LCE with conducting traces in helix (a), wavy (b), and helical inversion (c) geometries. 
Representative resistance-strain and stress-strain curves of LCE conducting traces in helix (d), 
wavy (e), and helical inversion (f) geometries. Nominal stress is defined by dividing load by the 
cross-sectional area of the flat device.  (g) Reversible strain tolerant performance of helical 
inversion device for 100 cycles of strain and release (ɛ = 0 - 90%). (Scale bar = 1 cm) 
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So far, we have demonstrated the feasibility of single-layered micro-scale conducting 

traces fabrication on programmed LCE substrates. The processes we describe here are also 

suitable for building multi-layer electronic devices. Metal-insulator-metal (MIM) capacitors are 

one of the key building blocks in integrated circuit (IC) technology.16,17 Owing to their merits of 

low mass and volume, high electrical performance, and high reliability, MIM capacitors can 

allow significant miniaturization of electronic systems by complementing or even replacing 

surface-mount discrete capacitors.18 However, integration of MIM capacitors into stretchable 

electronics is difficult because rigid metal and dielectric elements are limited by strain-induced 

damage.19 Here, we demonstrate fabrication of MIM capacitors onto LCEs (LCE-MIM-Cap). 

Figure 6.3 (a) illustrates the configuration of the MIM capacitors implemented in this work. On 

top of an oriented LCE film, a thin-film metal (Cr/Au, 200 nm)-insulator (Parylene-C, 300 nm)-

metal (Ti/Au, 200 nm) multilayer is deposited and patterned. Figure 6.3 (b) shows an example of 

a fabricated MIM capacitor on a freestanding LCE film with the active device area magnified in 

Figure 6.3 (c). Here, the deformation of the LCE film into a helix with a handedness inversion 

occurs naturally upon releasing the LCE film from the carrier glass, as we crosslinked this 

substrate at 90 °C. For electrical characterization, we first measure and compare the capacitance 

of the fabricated LCE-MIM-Cap before and after releasing the devices from the glass substrate 

(labeled as “On glass” and “Freestanding”, respectively) as shown in Figure 6.3 (d). The as-

fabricated, flat capacitors exhibit capacitances of 14.6-13.4 pF in the frequency range of 10 kHz-

1MHz. These values correspond to capacitance densities of 9.1-8.4 nF/cm2, which is reasonable 

for a 300 nm-thick Parylene-C dielectric.20 The dielectric constant of the Parylene-C is calculated 

as 3.09, 2.94, and 2.84 at 10 kHz, 100 kHz, and 1 MHz. These values agree closely with those 
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reported in literature.21 After being released and deformed, the LCE-MIM-Cap still maintain 

capacitances of 14.8-13.7 pF, which is close to their original values with only a small deviation 

of 1.5-2.3% in the entire frequency range. These capacitors exhibit high tolerance against voltage 

biases from -5 to +5 V where a stable capacitance value of ~13.255 pF is maintained as shown in 

Figure A.27 (a). The released helical inversion LCE-MIM-Cap also exhibits high strain tolerance 

under stretching conditions as shown in Figure 6.3 (e) and Figure A.28. Under gradual increment 

of strain from 0 to 100% (Δ = 20%), the capacitors retained ~98% of their original capacitance. 

The devices failed under a 120% strain, where the LCE strip was fully stretched. The occurrence 

of the failure at full stretch agrees well with the case shown for the resistance changes in Figure 2 

(f). It is worth noting that scalable capacitances ranging from 1.7 to 55 pF have been achieved 

for various capacitor areas from 2×10-4 to 6.4×10-3 cm2 as shown in Figure A.27 (b). This range 

of capacitance values is well suited for radio-frequency (RF) applications in filtering, timing, and 

termination. The stable operation of the MIM capacitors after release from the substrate and 

during stretching offers promise for the use of this technology in stretchable smart electronics. In 

addition, the successful fabrication of multilayer thin-film capacitors on an LCE platform opens 

up new possibilities for implementing active electronic devices, possessing similar multilayer 

configurations, on LCE; possible candidates include low-temperature processed thin-film 

transistors and diodes.22,23 
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Figure 6.3. 3D pop-up LCE-MIM-Cap. (a) Schematic cross section of the LCE-MIM-Cap 
structure. (b) Optical image of LCE-MIM-Cap in helical inversion geometry. (Scale bar = 1 cm) 
(c) Reflection micrograph of LCE-MIM-Cap. (Scale bar = 200 µm) (d) Capacitance in the 
frequency range of 10 kHz - 1 MHz on the flat 2D geometry and 3D pop-up geometry. (e) 
Representative strain tolerant capacitance (at 1 MHz) under stretching deformation. (Scale bar = 
1 cm) 
 

So far, we have focused on electronics that are stretchable near room temperature. 

However, the reversible shape-changing properties of LCEs can be used to create electronics that 

dynamically reshape. We previously reported a high temperature responsive antenna based on 

LCE coated with an aluminum foil.24 Here, LCEs are developed that can be programmed to 

provide specific and reversible changes in their shape as temperature changes from room 

temperature to cold temperatures. These LCEs are used as substrates for novel antennas to enable 

new battery-less, non-visual, and reusable temperature sensors that are capable of real-time 

temperature monitoring and detection. Smart packaging has the potential to significantly improve 
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the traceability, safety, and quality of temperature-sensitive goods, such as food and medicines.25 

Currently, limited control of the supply chain leads to nearly 20% loss of fresh food post-harvest, 

resulting in significant financial loss and environmental burden.26 As a result of this loss, smart 

packaging has emerged as a leading strategy to provide local monitoring of the condition of the 

shipped goods. For example, a variety of temperature indicating labels have been developed to 

indicate when a maximum temperature has been exceeded. Typically, these devices are color-

changing indicators. These sensors require a direct line of sight to the sensor and are inefficient 

to read in bulk. Furthermore, once “triggered” these sensors no longer provide useful data and 

must be discarded.27 Thus, here we develop reversibly self-morphing monopole LCE antennas 

that morph into helical antennas and dynamically change operating frequency in response to cold 

temperatures. To realize cold temperature sensitive LCE antenna, we prepared twisted nematic, 

room temperature crosslinked LCE substrates which are flat at room temperature and helical at 

cold temperatures (Figure A.29 (a)). The prepared LCEs were then coated with 200 nm gold. The 

gold-coated LCEs were cut along 45 ° to the director as illustrated in Figure A.29 (b). The 

resulting LCE antennas are flat at room temperature (Figure A.29 (c)). The LCE antenna was 

evaluated at temperatures below 0 °C. Figure 6.4 (a) shows the LCE antenna changing shape as a 

function of temperature. As the LCE antenna is lowered into a flask with a mixture of dry ice and 

isopropanol (-78 °C), the temperature decreases, which changes the shape of the antenna from 

flat to a helical shape. It is important to note that as the temperature decreases, the number of 

turns of the helix formed by the LCE increases. The mechanical deformation into 3D helix 

geometry of LCE antennas is caused by thermomechanical anisotropy of the LCE substrates as 

described in Figure 6.1 (c) and (d).  In other words, when the molecular order is patterned with 
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an off-axis twist through the structure, anisotropic CTE of LCE substrate induces out-of-plane 

twisting deformation by either heating or cooling. In this case, only the anisotropic CTE of the 

LCE is required for twisting. The difference in CTE between the LCE and the metal were not 

found to contribute significantly to shape change (Figure A.30). Figure 6.4 (b) shows the 

reflection coefficient, S11, of the LCE antenna for three different temperatures. Specifically, the 

LCE antenna morphs from having zero to one, and then to two turns (corresponding to 25 °C, -

30 °C and -65 °C, respectively). Figure 6.4 (b) also illustrates that in the frequency range 

between 1-10 GHz the LCE antenna has two operating frequency bands, which are summarized 

in Table 6.1. The bandwidth is defined as the frequencies where S11 ≤ -10 dB and the S11 is 

shown at the center frequency. It should be noted that at room temperature, the LCE antenna has 

0 turns and performs as a monopole antenna. The operating frequency of the antenna increases as 

the temperature decreases (i.e., as the number of helical turns increases). This frequency shift 

occurs because as the LCE antenna twist increases, the current distribution and location of these 

currents in space change, which in turn changes its input impedance, reflection coefficient, and 

operating frequency. This frequency shift can be used to detect temperature change by using a 

transmitter that sends an interrogating signal to the LCE antenna to determine its operating 

frequency. Thus, changes in shape can indicate changes in temperature. Specifically, when the 

interrogating transmitter determines that the frequency of operation of the LCE antenna is 2.7 

GHz, 2.96 GHz or 3.3 GHz then the sensed temperature will be 25°C, -10°C or -65°C, 

respectively. Figure 6.4 (c) shows the measured reflection coefficient at room temperature after 

the LCE antenna has been actuated repeatedly (each cycle takes the antenna from room 

temperature to -65 °C and back to room temperature). The LCE antenna after 100 cycles exhibits 
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approximately the same resonant frequency in both bands of operation, which demonstrates 

robustness of this design. Notably, the mechanics of the morphing substrate can be affected by 

the thin-film electronics. For future devices comprised of stiffer electronics, strategies to increase 

substrate thickness via layering28 or elastic modulus via crystallization29 or vitrification may be 

required. 

 

 
Figure 6.4. Cold temperature sensing LCE antenna. (a) Shape-shifting of LCE antenna as 
function of temperature. (b) Measured reflection coefficient (S11) of the LCE antenna as the 
number of turns increased as temperature decreases. (c) Measured frequency response of the 
reflection coefficient (S11) after the LCE antenna has been reversibly actuated through cold 
temperatures from 0 to 100 cycles. (Scale bar = 1 cm) 
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Table 6.1. Measured resonant frequency and bandwidth of dual-band LCE antenna vs 

temperature 

LCE Antenna Band 1 Band 2 

# of 
turns 

Temperature 
(°C) 

Frequency 
(GHz) 

S11 (dB) 
BW10dB 
(MHz) 

Frequency 
(GHz) 

S11 (dB) 
BW10dB 
(MHz) 

0 25 2.7 -14.5 370 6.95 -23.3 750 

1 -10 2.96 -11.2 180 7.29 -15.4 1190 

2 -65 3.3 -10.1 10 7.89 -19.1 850 

 

6.4. Conclusion 

Overall, here we report routes to fabricate previously inaccessible classes of 3D, 

responsive electronics, including strain and deformation tolerant conducting traces, MIM 

capacitors, and frequency shifting antennas. Strain tolerance and antenna performance are 

controlled by using the programmable molecular orientation in LCEs, which controls the shape 

of these materials at a given temperature. Designing molecular orientation in LCE substrates 

enables further programmed 3D geometry with controlled aspect ratio or spring index in wavy or 

helical structure, respectively, thus, achieving tunable performances in devices. 
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CHAPTER 7 

FUTURE WORK AND CONCLUSIONS 

7.1. Future Work 

 Future research will be continued to bridge liquid crystal elastomers (LCEs) to practical 

applications in the field of actuators and bioelectronic devices. Particularly, in implantable 

polymer-based flexible biomedical devices, e.g., neural interfaces, it is critical to choose polymer 

package which provides sufficient barrier to protect electronic components from ionic and moist 

physiological conditions. We have recently demonstrated that LCE can be used for biostable and 

biocompatible polymer encapsulation in biomedical devices. We have fabricated microelectrode 

arrays (MEAs) that are encapsulated by planar aligned LCEs as shown in Figure 7.1 (a) and (b). 

In that study, we have confirmed that LCEs are not only functionally neurotoxic but also 

electrochemically stable under physiological condition. More detailed results are described in our 

recent published paper.1  

 As a next step, we are currently studying to leverage shape changes of programmed LCE 

substrates for deployable neural electrodes. Figure 7.1 (c) - (e) show optical images of fabricated 

LCE dummy probes by molecular alignment. We programmed the twisted nematic orientation in 

LCE substrates then crosslinked at an elevated temperature (90 °C). As we described in our 

recent publication2 (also described in Chapter 6), high temperature crosslinking of twisted 

nematic LCEs provides 3D geometry at room temperature. Using the same processing method, 

we can process neural electrodes on programmed twisted aligned substrates that are capable of 

3D pop-up post-fabrication. By comparison, non-programmed substrates (polydomain LCEs) do 

not provide 3D geometry in room condition. Fabricated LCE-based 3D neural electrodes will be 
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fixed by polyethylene glycol (PEG) on a silicon shank. After implantation, PEG can be dissolved 

in that we expect the LCE neural probe can be deployed from the originally inserted site to a 

different site. By this deployment, we envision that the neural probe functions away from the 

tissue regions exhibiting inflammation during the insertion.   

 

 
Figure 7.1. LCEs for bioelectronics applications. (a) Optical images of experimental set-up for 
MEAs encapsulated by planar nematic LCEs. (b) Polarized optical micrographs (POM) of MEAs 
encapsulated by planar nematic LCEs. (c) Optical image of polydomain and twisted nematic 
LCE dummy probes at room temperature. (d), (e) POM of polydomain and twisted nematic LCE 
dummy probes. 
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7.2. Conclusion 

 In this work is performed to find routes of utilizing LCEs for practical applications in 

actuators and electronic devices. For actuator applications, mechanical properties and actuation 

stresses are needed to be improved. To solve this issue, a synthesis and processing strategy for 

crystallized LCEs that are capable of enhancing both of static and dynamic mechanical 

properties have been demonstrated in Chapter 3. Furthermore, current harsh actuation 

temperature (typically above 100 °C) significantly restricts actuator application of LCEs. To 

expand versatility in actuation triggers, various examples of multi-responsive LCEs have been 

demonstrated. Chapter 4 demonstrates that chemical stimuli can be used for isothermal actuation 

in LCEs. Designed composition and mechanical instability induce fast and reversible torsional 

actuation of LCE actuators. Chapter 5 describes a facile method to create multi-responsive 

LCE/CNT composites. By simple lay-up patterning of carbon nanotube sheets, LCE molecular 

orientation can be programmed along the direction of CNT arrays. Resulting composites can use 

optical and electrical stimuli to derive controlled bending or uniaxial actuation. Various types of 

electronics with LCE substrates have been demonstrated in Chapter 6. Spatially patterned LCE 

substrates that compatible with microelectronics lithography process enable responsive and 3D 

electronics including micro-scale conducting traces, capacitors, and cold temperature responsive 

antennas. Chapter 7 describes promising future of LCE-based bioelectronics and its potentials. 

We envision that LCEs can be widely used for both substrates and encapsulation layers of 

biomedical devices. Overall, this work provides a broad range of methodology to synthesis, 

process, and fabricate LCE-based actuators and electronics.  
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APPENDIX 
  

SUPPLEMENTARY FIGURES 
 
 

 
Figure A.1. Representative DSC results of first cooling and second heating cycles for I-LCEs 
(red line) and N-LCEs (blue line) following the first heating shown in Figure 2b.  

 

 

 

 
Figure A.2. XRD patterns of as-prepared (black line), crystallized (blue line), and aligned 
crystallized (red line) of (a) I-LCE and (b) N-LCEs. 
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Figure A.3. Alignment process of I-LCEs for original state (a) and 300% stretched state (b). 
Alignment process of N-LCEs for original state (c) and 300% stretched state (d). Samples are 
stored 12 hours for crystallization transition after this alignment process. 
 

 

 
Figure A.4. Optical microscope images (at the same exposure) to show no significant 
difference in optical properties (average gray value) between before and after crystallization 
transition. (a) and (b) show I-LCE and N-LCE before crystallization. (c) and (d) show I-LCE 
and N-LCE after crystallization. 
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Figure A.5. POM images to show necking of I-LCE (a), (b) and N-LCE (c), (d). Obvious 
molecular reorientation was observed at the neck of the I-LCE sample.  

 

 

 
Figure A.6. POM images to show stress-free dimensional changes of not aligned I-LCE 
sample for before crystallization (a) and after crystallization (b). Size of red box is the same 
between (a) and (b). Dimensional changes of aligned I-LCE sample for before crystallization 
(c) and after crystallization (d). Size of red box is the same between (c) and (d). 
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Figure A.7. DMA time sweep results to show dimensional changes of aligned I-LCEs under 
the constant load of 60 kPa (a) and 230 kPa (b). 11.8% and 13.8% of length elongations were 
observed during initial ~100 min, respectively. 
 

 
Figure A.8. Scanning electron micrograph and optical images (insets) of densified CNTs of (a) 1 
layer and (b) 5 layers. (inset scale bar: 1 cm) 
 

 
Figure A.9. Scanning electron micrograph of (a) surface and (b) cryo-fractured cross section of 
planar nematic LCE/CNT5+5 composite film. 
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Figure A.10. (a) Optical images (top) and POM (center and bottom) of planar nematic neat LCE 
film, LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film. (b) Relative light 
transmittance of planar nematic neat LCE, LCE/CNT1+1 composite film, and LCE/CNT5+5 
composite film as a function of sample rotation angle between crossed polarizers. Lines between 
points are added to guide the eye. 
 
 

 
Figure A.11. (a) Optical images (top) and POM (center and bottom) of twisted nematic neat LCE, 
LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film. (b) Relative light transmittance 
of a twisted nematic neat LCE film, a LCE/CNT1+1 composite film and a LCE/CNT5+5 composite 
film as a function of sample rotation angle between parallel polarizers. Lines between points are 
added to guide the eye. 
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Figure A.12. Twisted nematic alignment of oligomers by using (a) CNT1+1 and (b) CNT5+5 sheets. 
The monomer mixture was first aligned and oligomerized. Then the twisted nematic oligomers 
were heated to 150°C and cooled to room temperature to form polydomain alignment. Twisted 
nematic orientations were recovered by keeping the oligomers at 65°C for 1 h. 
 
 
 

 
Figure A.13. UV-Vis spectra of twisted nematic neat LCE, LCE/CNT1+1, and LCE/CNT5+5.  
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Figure A.14. IR thermal images of twisted nematic neat LCE film, LCE/CNT1+1 composite film, 
and LCE/CNT5+5 composite film when exposed to intensities of visible light between 1 mW/cm2 
and 287 mW/cm2.  
 
 
 

 
Figure A.15. Optical images of photothermal bending actuation of twisted nematic neat LCE, 
LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film with various intensities of visible 
light between 1 mW/cm2 and 287 mW/cm2.  
 
 
 
 
 



 

129 

 
Figure A.16. Time-lapse optical images of photothermal bending actuation of twisted nematic 
neat LCE, LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film when exposed to a 
visible light intensity of 287 mW/cm2.  
 
 

 
Figure A.17. Time-lapse optical images of the motion of an inchworm walker by S-shape 
bending of a lay-up patterned LCE/CNT composite film (which is described in Figure 3). In 
response to switching on-and-off 290 mW/cm2 of visible light, the area-patterned LCE/CNT 
composite film walks 1.02 cm during 3 steps (0.34 cm/step).  
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Figure A.18. (a) Optical images of prepared and plasma patterned CNT arrays for top glass slide 
(top, 1 layer CNTs) and bottom glass slide (bottom, 2 layers CNTs). Red arrows indicate the 
orientation of CNTs. Transparent blue boxes indicate the location of shadow masks for 
subsequent plasma patterning process. (b) POM after plasma patterning of 1 layer CNT arrays at 
the location indicated as the red box in (a). 
 
 
 

 
Figure A.19. (a) Representative stress-strain curves of planar nematic neat LCE, LCE/CNT1+1 
composite film, and LCE/CNT5+5 composite film. (b) Representative stress-strain curves of 
twisted nematic neat LCE, LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film. 
 
 
 
 
 



 

131 

 

 
Figure A.20. The temperature of dependence of sheet dimension perpendicular to () and 

parallel to () the CNT orientation direction during non-loaded actuation for planar nematic neat 
LCE film, LCE/CNT1+1 composite film, and LCE/CNT5+5 composite film. Lines between points 
are added to guide the eye. L/L0 is the sample length divided by the sample length at room 
temperature. 
 
 
 

 
Figure A.21. IR thermal images of a LCE/CNT1+1 composite film and a planar nematic 
LCE/CNT5+5 composite film after the application of various applied DC voltage/cm.  
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Figure A.22. LCE shapes controlled by polymerization at room temperature (a), 50 °C (b), and 
90 °C (c). (Scale bar = 1 cm) 
 

 

 

 

 
Figure A.23. (a) Transmission of light through an RT-LCE and HT-LCE between parallel 
polarizers in the room-temperature twisted nematic state. Birefringence of RT-LCE (b) and HT-
LCE (c). 
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Figure A.24. Schematic and characteristic birefringence optical properties of wavy (a) and 
helical inversion (b) LCE with conducting traces, respectively. Red boxes indicate LCE 
molecular patterning boundaries of each device. 
 

 

 
Figure A.25. Macroscopic shape deformation during stretching of helical (a), wavy (b), and 
helical inversion (c) LCEs with conducting traces. Transmission optical micrographs of helical 
(d), wavy (e), and helical inversion (f) LCEs with conducting traces. Red circle and boxes 
indicate location of microscope images. (Scale bar = 1 cm) 
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Figure A.26. (a) Twisting deformation of helical inversion device. (b) Twisting deformation of 
helical device. + indicates direction of twisting to input more turns. - indicates twisting direction 
to release turns. (c) Resistance measurements by function of twisting deformation for helical 
inversion (red), helical (blue), and flat (black) device. (Scale bar = 1 cm) 
 

 

 
Figure A.27. (a) Capacitance as function of voltage bias from -5 V to +5 V. Capacitance value of 
~13.255 pF is maintained. (b) Scalable capacitances ranging from 1.7 to 55 pF have been 
achieved for various capacitor areas from 2×10-4 to 6.4×10-3 cm2. 
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Figure A.28. Capacitance as function of strain at (a) 50 kHz, (b) 100 kHz, (c) 500 kHz, (d) 1000 
kHz, and (e) overlay. 
 

 

 
Figure A.29. (a) Transmission polarized optical micrographs of twisted nematic LCE substrates 
used for antenna fabrication. (b) Schematic of LCE antenna fabrication procedure. (c) Prepared 
LCE antenna at room temperature.  
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Figure A.30. 3D helical shape of (a) conducting trace device (with metal) at room temperature. 
(b) LCE substrate (without metal) at room temperature. 
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