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Chapter 1 
Hydrogen-Bonded Liquid Crystal Polymer Actuators† 

 
 
 
 

 
 
 
 
 

Abstract: Hydrogen-bonded liquid crystalline polymers have emerged as promising 
“smart” supramolecular functional materials with stimuli-responsive and reusable 
properties. The hydrogen bonds can either be used as chemically responsive (i.e., pH-
responsive) or as dynamic structural (i.e., temperature-responsive) moieties. The liquid 
crystalline self-organization gives the materials their unique responsive structures that 
can be manifested as changes in shape. Typically, the materials used for soft actuators 
are constructed using linear calamitic (rod-shaped) hydrogen-bonded complexes. The 
dynamic structural character of the hydrogen bond moieties can also be used to 
construct reprogrammable and recyclable supramolecular materials with self-healing 
properties. In this chapter, recent findings are summarized, and potential future 
applications are discussed. 

 
 
 
 
 

 
†This chapter is reproduced from: S. J. D. Lugger, S. J. A. Houben, Y. Foelen, M. G. Debije, A. P. H. J. Schenning, 
and D. J. Mulder, Chem. Rev. 2022, 122, 4946−4975. 
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1.1 Introduction 
Stimuli-responsive polymer materials have attracted significant attention for developing 
materials that respond to external triggers. These materials are designed to change their 
properties when exposed to a stimulus, including heat, light, pH, solvents, and chemicals. 
Over the past few decades, the field of research developing “smart” polymer materials 
has been established as an important topic within polymer science.[1–4] 

The self-assembly and molecular order of liquid crystals (LC) are attractive for fabricating 
stimuli-responsive materials where changes in nanostructure will alter the properties of 
the material such as shape, color, or porosity. As a result, LC polymers have emerged as 
promising smart, functional materials due to their stimuli-responsive anisotropic 
properties and control over the nanostructure by supramolecular organization.[5–9] 
Exciting advancements in polymeric LC materials have highlighted the potential of these 
materials in various applications such as soft robotics,[10,11] smart textiles,[12,13] deployable 
soft actuating devices,[14,15] adsorbents,[16] responsive pigments,[17] and sensors.[18–22] 

Hydrogen bonding (H-bonding) interactions are valuable for controlling the 
supramolecular organization in LC materials and enhancing the stability of polymers 
and/or as the active trigger endowing the materials with responsive behaviors. H-bonds 
are ideal noncovalent interactions to fabricate supramolecular materials because they 
are highly selective, directional, and dynamic.[23] The H-bonding interactions in LC 
materials position molecules in specific, well-defined arrangements, as illustrated in 
pioneering work by Kato, Fréchet, and co-workers.[24–27] H-bonds are formed when a 
donor with an available hydrogen atom interacts with an acceptor carrying nonbonding 
electron lone pairs. The strength of H-bond interactions depends on its chemical 
surroundings (e.g., solvent), the number of H-bonds, and temperature, making them 
attractive molecular triggers for smart materials that respond to humidity, pH, and heat, 
for example. In addition, the dynamic behavior of H-bonds offers opportunities for 
developing smart polymers with, for example, self-healing, reprogrammable, and 
recyclable properties. 

This chapter reports recent progress and demonstrates that H-bonding LCs can be 
applied as stimuli-responsive shape changing polymer materials (i.e., soft actuators). We 
discuss the recent findings regarding the chemistry, LC self-organization, and describe 
potential future applications utilizing humidity, heat, light, and chemicals as 
environmentally present stimuli (Figure 1.1). Although magnetic and electric fields have 
been reported for use as stimuli, especially for robotics, these are beyond the scope of 
this chapter because it is predominantly required that the user is in direct control to 
operate the device, and the device is not autonomous. We restrict our focus to LC 
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Figure 1.1: Conceptual steps involved in the fabrication of H-bonded (supramolecular) LC polymer materials 
with stimuli-responsive, self-healing, reprogrammable, and recyclable properties. 

polymers containing H-bonding units. Other supramolecular interactions such as ionic 
interactions and stimuli-responsive polymers like hydrogels will not be considered. 
Additionally, this chapter provides an overview of using H-bonding motifs to construct 
reprogrammable and recyclable stimuli-responsive materials with self-healing properties 
and discusses their potential applications along with the challenges that still must be 
overcome to achieve these goals. We will first discuss the basics of stimuli-responsive H-
bonded LC polymer materials to fully understand the subject. 

1.1.1 Liquid Crystals for Shape Changing Polymers 
An LC phase is a state of matter between the liquid and the solid phases, also referred to 
as mesophase. Typically, LCs are divided into two subclasses: (1) lyotropic and (2) 
thermotropic. In the first class, a mesophase is induced by adding a solvent, whereas the 
second forms a mesophase without solvent. In this chapter, and remainder of the thesis, 
we focus on polymer materials based on thermotropic LCs. 

Typically, stimuli-responsive LC polymer actuators are constructed from calamitic (rod-
shaped) molecules. The lowest order mesophase for calamitic LCs is the nematic phase 
(Figure 1.2a), in which there is only long-range order of the molecular orientation; all the 
long axes of the LC molecules point in a common direction described by the molecular 
director n. The smectic mesophase is a higher-order phase where, in addition to 
orientation, there is also positional order of the molecules, which results in a lamellar 
organization (Figure 1.2b). When a chiral compound (dopant) is added to a nematic LC, 
helical twisting of the molecular director can be induced, leading to a chiral nematic or 
“cholesteric” LC phase.[28] 
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Figure 1.2: Examples of LC phases. (a) Nematic and (b) smectic mesophase with the molecular director n. 

1.1.2 Stimuli-Responsive Liquid Crystalline Polymer Networks 
Polymeric materials exhibiting LC order can be obtained in a variety of ways.9 The 
polymeric materials discussed here can be broadly categorized into two groups: (1) 
chemically crosslinked networks and elastomers and (2) physically, supramolecularly 
crosslinked polymers. 

The best-known method of preparing chemically crosslinked networks is by using 
reactive mesogens; that is, utilizing LC molecules with polymerizable groups such as vinyl 
ethers,[29] (meth)acrylates,[30] epoxides,[31] or oxetanes.[31] For the preparation of stimuli-
responsive LC materials, it is important to achieve control over the molecular director 
throughout the whole material (alignment, vide infra). During fabrication, the molecular 
director in the mesophase can be readily controlled through a variety of alignment 
techniques (e.g., a polyimide alignment layer) and subsequently fixed by in situ 
(photo)polymerization into a mechanically stable polymer network.[30] Similarly to the 
reactive mesogens, loosely crosslinked LC elastomers are prepared by (photo)- 
crosslinking longer LC oligomers: the products of chain extending bisacrylic reactive 
mesogens using amines[32] or dithiols.[33] 

In the second category, physically crosslinked LC polymers, the supramolecular 
crosslinks are achieved by H-bonding.[34–37] Long-chain LC oligomers and polymers 
require an alternative approach to realize alignment, and the preferred method of 
programming the molecular director is by applying strain or shear to the polymer 
material. By properly formulating the LC monomer mixture, the eventual properties of 
the material can be tuned to be suitable for different processing techniques, including 
coating,[38,39] (photo)lithography,[40] and (inkjet or 3D) printing,[40–44] generating 
additional opportunities for hierarchically structured materials. 

Crosslinked polymer networks display similar molecular order to their monomeric 
counterparts. They cannot, however, undergo the subsequent phase transitions as their 
monomers could. When triggered by an externally applied stimulus, the crosslinked LC 
polymer materials undergo a deformation induced by a reduction in molecular order. In 
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Figure 1.3: Representation of the director profiles and dimension changes in LC networks or elastomers on 
exposure to an order-lowering stimulus. (a) Planar uniaxial, (b) chiral nematic, (c) splay, and (d) twisted 
nematic director profiles, and (e–g) their deformations corresponding to a decrease in the order parameter. 

the case of highly crosslinked LCs (i.e., networks), only a slight decrease in order can be 
achieved, while for weakly crosslinked LC elastomers, much greater order losses are 
possible.[45] The molecular order can be reduced by simply heating the material. Other 
approaches include incorporated molecular triggers such as photoswitchable 
molecules,[46] of which azobenzene derivatives are the most reported photoswitches 
due to their rod-shaped structure allowing for the incorporation in an LC polymer 
without disturbing the molecular organization.[47,48] 

The LC alignment determines the nature of mechanical deformation of LC polymers, 
depending on whether the molecular alignment is uniform or nonuniform throughout 
the depth or in the plane of the material (Figure 1.3). In the simplest case, uniform planar 
or “uniaxially” aligned LC polymers exhibit simple expansion perpendicular and 
contraction parallel to the molecular director in response to a stimulus (Figure 1.3a,e). 
Alternatively, when using a planar chiral nematic LC polymer (Figure 1.3b), only an 
expansion of the material can be observed in the direction of the helix. While the shape 
change (Figure 1.3f) is somewhat difficult to observe by eye, the characteristic reflection 
band shift is quite visible. More complex deformations can be realized by using 
nonuniform alignment profiles. For example, a splay alignment is obtained when one 
side of the material, let us say the bottom, has a planar alignment, and the other side, 
the top, has a vertical or “homeotropic” alignment (H, Figure 1.3c). The bottom of the 
material will expand in one direction and contract in the other, while the top will expand 
uniformly. This leads to a net bending deformation toward the bottom (Figure 1.3g). A 
twisted nematic alignment is obtained when the LC molecular directors on the top and 
bottom surfaces of the material are angularly offset from each other (e.g., 90°, Figure 
1.3d). Typically, when using orthogonal alignment, a saddle-shape deformation is 
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obtained (Figure 1.3h). However, when the material is not square but rectangular 
shaped, the deformation over one axis is suppressed, and bending or twisting 
deformations are observed.[49] 

As mentioned earlier, nonuniform alignment can also be obtained in the plane of the 
material. This is typically achieved by using photoalignment layers[50] or 3D printing 
techniques.[41–44] The integration of a complex director profile in the plane of a polymeric 
LC film allowed for unprecedented deformations into cone and anti-cone shapes, for 
example.[50,51] 

1.1.3 Smart Materials with Stimuli-Responsive and Sustainable Properties 
Stimuli-responsive polymers are primarily based on permanent, fixed networks that are 
typically neither self-healing, reusable, or recyclable due to chemical crosslinking. To 
date, the supramolecular motifs in these polymers have been mainly used for achieving 
a stimuli-driven response. However, the field of stimuli-responsive LC polymers is 
evolving toward smart materials with self-healable, reprogrammable, or recyclable 
properties. In recent years, the polymer community has witnessed rapid advancement 
of sustainable and circular polymers to realize a more sustainable future.[52] 
Consequently, functional polymer materials offering dynamic properties are being 
explored as potential smart materials that could satisfy the demand for sustainable 
polymers. One approach to achieving dynamic structural character employs 
supramolecular motifs to form physical junctions between polymer chains rather than 
irreversible bonding, resulting in a reversible, noncovalently crosslinked network. 
Among the many supramolecular interaction options, H-bonds have emerged as one of 
the motifs of choice for construction of physically crosslinked polymers due to their 
simplicity, specificity, and architecture tunability.[53–55] Moreover, the dynamic structural 
character of H-bonding moieties allows construction of supramolecular materials 
exhibiting self-healing, recycling, and reprocessing abilities (vide infra). Combining H-
bonding crosslinks with stimuli-responsive LC polymers has the potential to endow the 
smart, functional materials with both stimuli-driven responses and these dynamic 
properties. In this approach, the responsive and structural characters should be 
orthogonal rather than interconnected to ensure a robust and reversible system is 
obtained. The supramolecularly crosslinked network should exhibit sufficient structural 
and mechanical stabilities reminiscent of classic covalently crosslinked stimuli-responsive 
polymers while preserving the stimuli-responsive and dynamic characters. Hence, upon 
inducing a stimuli-driven response (to temperature, for example), the H-bonding 
interactions should normally remain intact, ensuring the supramolecular polymer 
network remains physically crosslinked, and only under specific conditions (higher 
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temperatures) should it be that the H-bonds are compromised, enabling the self-healing 
and reprogrammable, recyclable properties to manifest themselves. 

1.2 pH- and Humidity-Responsive Shape Changing Polymers 
Shape changing polymer materials with pH and humidity responses can be prepared 
from dimerized rod-shaped mesogens, which typically have an H-bonded carboxylic acid 
core surrounded by aliphatic chains and reactive end groups. In this type of molecule, 
the H-bonding interactions between the carboxylic acid moieties govern the self-
assembly of the rigid nematic core and stabilize the resulting mesogenic phase,[56,57] 
while the network is permanently fixed by chemically crosslinked end groups.[30,58] H-
bonds are susceptible to the polarity of the environment, and thus actuators can be 
prepared that reversibly change their shape in response to environmental changes such 
as pH and humidity. The formation of LC soft actuators is generated by the combination 
of stability and responsiveness introduced by the H-bonded mesogens. Utilizing this 
supramolecular structure, a single-layer pH- and humidity-responsive actuator based on 
H-bonded benzoic acid mesogens has been prepared.[59–61] The benzoic acid derivatives 
formed dimerized, rod-shaped monomers driven by self-assembly through the H-
bonding interactions. A mixture containing the H-bonded LC monomers 1–3 and 
additional diacrylate chemical crosslinker 4 were aligned in either unidirectional or 
twisted configurations in the nematic mesophase and subsequently photopolymerized 
to obtain a covalently crosslinked network (Figure 1.4a). 

To exhibit deformations in response to changes in pH and humidity, a fraction of the 
carboxylic acid groups was converted to potassium carboxylate groups through alkaline 
treatment of the H-bonded network, forming a hygroscopic polymer salt. The activated 
LC polymer films readily absorb water leading to anisotropic swelling mainly 
perpendicular to the alignment director due to an accompanying decrease in order of 
the material. Films with twisted molecular alignments showed strong curling about one 
of the two axes when immersed in water, while when subjected to a homogenous 
humidity change the material exhibited a strong, reversibly anisotropic response over 
the whole humidity range (Figure 1.4b).[59] 

More complex reversible deformations were created by using LC polymer films with 
three-dimensional patterned structures.[62] Using an H-bonded LC monomer mixture 
based on the reactive dimers 1–3 and crosslinker 4 in combination with chiral dopant 5 
(Figure 1.4a), LC polymer actuators were developed with twisted nematic alignment and 
alternating orientation between programmed domains. In this way, a pH-responsive 
actuator was obtained that showed an accordion-like deformation due to the opposite 
response of the distinct domains (Figure 1.4c). 
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Figure 1.4: Humidity- and pH-responsive actuators. (a) The chemical structures of the benzoic acid H-bonded 
dimers, covalent crosslinker, and chiral dopant used to create the polymer network. (b) Shape changes of an 
LC polymer film with twisted nematic director configuration under different relative humidity conditions. 
Reproduced with permission from ref [59]. Copyright 2005 American Chemical Society. (c) 3D alignment 
pattern of the accordion-shaped actuator and the deformation of the material in response to pH changes. 
Adapted with permission from ref [62]. Copyright 2013 Wiley-VCH. (d) Folding and curling deformations of 
humidity-responsive actuators with localized activation of the polymer films. Activated parts (blue) respond to 
changes in uniform humidity and show bending, folding, or curling, depending on the molecular director, 
whereas the nonactivated regions (yellow) remain unchanged. Arrows indicate the director alignment. 
Adapted with permission from ref [63]. Copyright 2014 American Chemical Society. 

The responsive LC polymers discussed above exhibit a shape change due to localized 
exposure to a stimulus or asymmetry in the molecular orientation. Humidity-responsive 
actuators could also be prepared based on asymmetry in the responsive molecular 
trigger instead, through localization of the activated areas.[63] Using this approach, soft 
actuators that bend, fold, and curl have been made from the same polymer film that 
responds to a uniform humidity change (Figure 1.4d). 

It was recently shown that a similar LC mixture of monomers 1–4 with selective activation 
of the polymer network could be used to mimic a nocturnal flower opening and closing 
in response to a change in ambient humidity under dark conditions (Figure 1.5a–c).[64] 
Furthermore, incorporating photothermal dye 6 allowed humidity-gated photoactuation 
of the developed “flower.” The absorption of incident light by a photothermal dye 
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Figure 1.5: Dual-responsive actuators. (a) The molecular structures of the LCs and dye used to prepare the LC 
polymer network-based actuators. (b) Schematic representation of the nocturnal actuator opening and closing 
under dark conditions in response to humidity changes and the humidity-gated actuation in response to light. 
(c) Curvature changes of the LC polymer network strip upon increasing the relative humidity under dark 
conditions and upon illumination with light at high relative humidity (scale bar = 15 mm). Adapted with 
permission from ref [64]. Copyright 2018 Wiley-VCH. (d) Schematic illustration of the SO2-induced change. (e) 
The reversible and irreversible response gated by SO2. (f) Images of the active flower reversibly opening and 
closing in response to a change in relative environmental humidity. When exposed to SO2 gas, the flower 
becomes inactive, showing irreversible motion. Adapted with permission from ref [65]. Copyright 2019 Wiley-
VCH. 

induces heating of the material, reducing molecular order and finally leading to 
macroscopic deformation. This development demonstrates that different stimuli and 
trigger molecules can be combined to make multi-responsive bioinspired actuators. 

Dual-responsive single-layer actuators have also been made of H-bonded LC polymers in 
which the humidity response was gated by exposing the material to SO2 gas.[65] A 
monomer mixture consisting of compounds 3 and 4 was used to obtain humidity-
responsive polymer actuators by selectively converting one side of the film to the 
carboxylate salt (Figure 1.5a).[63,64] Interestingly, when the activated films are treated 
with SO2 gas, the hygroscopic carboxylic salt at the surface is converted back into 
carboxylic acid through acidification by sulfurous acid, produced by combining SO2 and 
water vapor (Figure 1.5d). As a result, the reversible humidity-induced deformation of 
the LC polymer films deactivates because the main driver for humidity response, the 
carboxylate salt, is lost (Figure 1.5e,f). The response time of the SO2-gated behavior 
depends on the relative environmental humidity and could be tuned over a wide range 
of 20–70%. 
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In general, alignment of the LCs is obtained by using alignment cells. However, using cells 
is limiting and not readily scalable, hindering potential applications. Therefore, bilayer 
actuators have been fabricated by spray-coating the surface of a uniaxially oriented 
polyamide layer with a mixture of dimerized benzoic acid-derived mesogens 1–3 and 
crosslinker 4 (Figure 1.6a).[66] In this way, it was possible to fabricate anisotropic bilayer 
actuators with well-aligned LCs in a more straightforward manner than LC cells. The 
spray-applied LC monomers self-organize on the oriented polyamide substrate with 
planar alignment at the substrate that rotates to homeotropic alignment at the air 
interface, resulting in a splayed configuration (Figure 1.6b). Photopolymerizing resulted 
in a pre-bent bilayer exhibiting an inverse curvature with the LC coating on the inside. 
The polymer bilayer was activated under alkaline conditions, resulting in a carboxylic salt 
gradient through the film depth due to the polyamide layer restricting diffusion of the 
alkaline solution from one side. The obtained bilayer actuator showed humidity-
responsive deformation in which increasing the humidity results in expansion of the LC 
layer and unbending of the pre-bent bilayer actuator (Figure 1.6b). 

An LC polymer actuator was prepared by utilizing the self-organization of LCs guided by 
an oriented porous polypropylene structure.[67] The LC mixture based on H-bonded 
benzoic acid moieties 1–3 and 4 infiltrates into the porous polymer through capillary 
forces and spontaneously aligns within the pores (Figure 1.6a), which, after fixation by 
photopolymerization of the nematic phase, yields an anisotropic composite material 
with enhanced mechanical properties and stability compared to single-layer LC polymer 
networks. The orienting propylene scaffold provides improved physical characteristics. 
Humidity-response was induced by the standard activation method.[63] Depending on the 
angle at which the films are cut with respect to their alignment (Figure 1.6c), humidity-
driven bending, twisting, or curling deformations were obtained (Figure 1.6d,e). 

Another appealing, elegant way to prepare bilayer actuators is by using humidity-
sensitive polymer substrates with an LC coating directing the macroscopic response. The 
bilayers were developed by spray-coating an oriented polyamide film with a 
photopolymerizable LC mixture composed of benzoic acid moieties 1–3, crosslinker 4, 
and a chiral dopant 5 (Figure 1.6a).[68] The self-assembled H-bonded dimers stabilize the 
chiral nematic mesophase aligned by the polyamide substrate, forming a twist-aligned 
LC polymer layer immobilized by photopolymerization. In contrast to previously 
discussed work,[66] the H-bonded LC polymer layer is not converted into a hygroscopic 
polymer salt. Rather, the polyamide substrate layer itself reversibly absorbs and desorbs 
water in response to changes in environmental humidity, resulting in a bilayer that bends 
or curls dependent on the in-plane twist angle of the LC polymer, determined by the 
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Figure 1.6: Bilayer and composite actuators. (a) Monomers used for the LC polymer actuator preparation. (b) 
Schematic representation of the humidity-responsive bilayer film and response to humidity changes. The LC 
layer exhibits a larger expansion (Δε1) than the polyamide layer (PA6, Δε2), yielding bending of the bilayer 
actuator. Adapted with permission from ref [66]. Copyright 2013 American Chemical Society. (c) SEM image of 
the porous polymer composite. Ribbons cut at angles (ϕs) of (d) 75° and (e) 135° with humidity-induced shape 
changes when increasing the relative humidity from 11% to 98%. Adapted with permission from ref [67]. 
Copyright 2016 The Royal Society of Chemistry. (f) Schematic illustrations showing the reversible deformation 
of the bilayer actuator in response to humidity changes. (g) Macroscopic deformation of the bilayer actuators 
at high relative humidity levels forming a right-handing helix. Reproduced with permission from ref [68]. 
Copyright 2018 The Royal Society of Chemistry. 

initial chiral dopant content. Upon increasing humidity, 0° and 90° twist angles of the LC 
director through the film depth result in simple bending bilayer actuators, while 
intermediate twist angles induce helical twisting motions instead (Figure 1.6f,g). 

1.3 Temperature-Responsive Shape Changing Polymers 
Supramolecular polymeric LC materials exploiting H-bonding can also be used to make 
temperature-responsive actuators. In these polymers, H-bonds play an important role in 
the construction and stabilization of mesogenic structures and LC phases through self-
assembly. Thermally responsive supramolecular LC polymer 7 exhibiting reversible shape 
memory effects based on H-bonding complexes between benzoic acid-derived moieties 
and shape memory polymers with pyridine pendant groups has been reported (Figure 
1.7a).[34] LC properties and physical crosslinking of the material were introduced through 
the formation of supramolecular H-bonds in the urethane hard segments. Polymer films 
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were programmed into ring-like shapes by deforming the material at the shape-forming 
temperature and subsequently fixed by lowering the temperature below the melting 
temperature of the polycaprolactone soft segment (Figure 1.7b). The resulting actuator 
exhibits reversible shape memory properties upon heating and cooling: at low 
temperatures, the ring shape is closed, whereas at higher temperatures it is open. To 
demonstrate this material’s potential, an actuator assembly was fabricated to form a 
gripper that can pick up and release a load (Figure 1.7c). This development has 
highlighted the potential of thermal-responsive supramolecular LC polymers as soft 
actuators for soft robotic devices. 

Temperature-responsive actuators have also been made of LC elastomers with 
mechanical properties enhanced by introducing H-bonding interactions.[69] Oligomers 
with reactive end groups were prepared composed of LCs and a hydroxyl functionalized 
amine chain extender and photopolymerized into 8, an LC elastomer with uniaxial 
alignment (Figure 1.7d). The incorporated hydroxyl moieties act as physical crosslinkers 
between the LC polymer chains through intermolecular H-bonding, providing increased 
toughness and greater elongation compared to polymer materials without hydroxyl end 
groups. The LC polymer film undergoes reversible actuation upon heating and cooling 
arising from the nematic–isotropic phase transition. The formation of H-bonds led to an 
increase in actuation strain, while the actuation temperature was actually decreased. 
When polymerized in the twisted nematic phase, thermal-induced helical twisting 
motions are observed upon heating, causing the film to rotate up to 720° (Figure 1.7e). 

In a similar approach, an LC elastomer based on a poly(ether-thiourea) with dynamic 
covalent bonds and H-bonding interactions has been used to make reprocessable 
artificial muscles.[70] However, in this particular example, network rearrangement is a 
result of thiourea dynamic bond exchange reactions, while the H-bonding interactions 
between these thiourethane units solely enhance the mechanical properties of the 
rearrangeable network. 

By using an interpenetrating LC poly(urethane-acrylate) elastomer consisting of two 
distinct interpenetrating networks, a temperature-responsive actuator that can 
reversibly contract and expand with ultra-strong actuation−mechanics properties was 
obtained.[71] In this way, outstanding lifting capabilities were demonstrated by lifting 
weights 30100 times heavier than the actuator itself, delivering work capacities up to 
1267.7 kJ/m3 (~31 times higher than the average skeletal muscle). Sequential and locally 
controlled 3D motions may be achieved by using polydopamine and near-infrared (NIR) 
light, realizing more diverse shape changes such as bending, twisting, and folding.[72] 
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Figure 1.7: Temperature-responsive actuators. (a) Chemical structures and schematic representation of the LC 
supramolecular H-bonded polymer composed of pyridine containing polyurethane and benzoic acid derived 
moieties. (b) Images showing the programming of ring-like shapes at Treset and fixing the structure at Tlow, 
yielding actuators that reversibly change their shape when cycled between Tlow and Thigh. (c) Demonstration of 
a gripper device capable of reversible catching and releasing a coin. Adapted with permission from ref [34]. 
Copyright 2019 The Royal Society of Chemistry. (d) Molecular structure of the LC polymer with hydroxyl 
functionalized chain extender. (e) Images of thermal-induced helical twisting motions of twisted nematic 
aligned LCs in the polymer rotating up to 720°. Adapted with permission from ref [69]. Copyright 2018 American 
Chemical Society. 

1.4 Light-Responsive Shape Changing Polymers 
Light-driven LC polymer materials containing molecular photoswitches are capable of 
transducing absorbed light energy directly into mechanical work and have become an 
emerging research area, offering remotely and precisely controllable actuation methods 
that can be applied in devices such as untethered soft robotics.[73–75] Among different 
photosensitive molecules, azobenzene derivatives have emerged as a particularly 
attractive photoswitch, arising from its straightforward incorporation of the rod-like 
trans-azobenzene, which can stabilize the mesogenic phase without disrupting the 
alignment.[76,77] Upon undergoing trans–cis isomerization via absorption of light, the 
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Figure 1.8: Light-responsive supramolecular crosslinked actuators. (a) Chemical structures of the H-bonded LC 
polymer network. (b) Schematic representation showing the photoinduced bending mechanism and 
macroscopic deformation of the actuator when exposed to UV light (366 nm), bending toward the light source, 
whereas it is recovered to its initial state upon using visible light (>540 nm). (c) Recycle process of the H-bonded 
LC film: (i) the pristine LC film, (ii) cut into pieces, and (iii) recycled LC film. Adapted with permission from ref 
[78]. Copyright 2008 The Royal Society of Chemistry. (d) Chemical structures of the LC polymer containing 
azobenzene and self-complementary quadruple H-bonding side groups. (e) Schematic representation and (f) 
images of photoinduced bending and unbending of the polymer fiber. (g) Self-healing of a cut sample into its 
original shape. Adapted with permission from ref [36]. Copyright 2016 The Royal Society of Chemistry. 

bent cis-azobenzene disrupts the molecular order, leading to contraction along the 
molecular director and expansion perpendicular, resulting in macroscopic, anisotropic 
shape changes. The reverse cis–trans isomerization is initiated by either heating or light 
exposure, returning to the initial molecular alignment, leading to reversible macroscopic 
deformation. 

These selective and reversible light-driven deformations are especially interesting for LC 
polymer actuators as soft robotics. Most light-driven actuators consist of chemically 
crosslinked systems. However, light-responsive LC polymer actuators based on H-
bonded supramolecular interactions without chemical crosslinking were also 
prepared.[78] These materials combine an LC polymer containing azobenzene and 
benzoic acid side groups with azobenzene bispyridyl derivatives as crosslinker, forming 
the H-bonded complex 9 (Figure 1.8a). The H-bonding between the carboxylic acid side 
groups of the LC polymer and the crosslinker pyridyl governs the self-assembly, yielding 
freestanding supramolecular crosslinked LC polymer films with a stabilized mesophase. 
Irradiating the LC polymer film with UV light drives macroscopic bending arising from the 
generated cis–trans gradient through the LC polymer film with higher cis-azobenzene 
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concentration at the exposed side, causing asymmetric contraction along the alignment 
director and bending toward the light source (Figure 1.8b). Unbending of the polymer 
film toward its initial flat state occurs when exposed to visible light due to the reverted 
cis–trans isomerization. Interestingly, these supramolecular crosslinked materials can be 
recycled and used for reconstructing light-responsive actuators in contrast to chemically 
crosslinked LC polymer films (Figure 1.8c). Through utilizing the dynamic structural 
character of the H-bonding moieties, recyclable supramolecular materials were 
obtained, providing a promising approach toward smart, sustainable polymer materials. 

Photoresponsive LC materials may also be made of side-chain polymers with crosslinking 
induced by H-bonding between pendant groups without using low-molecular-weight 
crosslinkers. One example uses multivalent H-bonds for the formation of supramolecular 
crosslinked LC polymers. Using photoresponsive polymer 10 consisting of azobenzene 
moieties and quadruple H-bonding side chains (Figure 1.8d), supramolecular crosslinked 
LC polymers were obtained through the formation of strong noncovalent interactions 
between self-complementary quadruple H-bonding moieties.[36] These materials show 
reversible bending and unbending deformations in response to light arising from the 
isomerization of azobenzene (Figure 1.8e,f). Owing to their dynamic reversibility, the 
introduction of supramolecular H-bonding interactions into the polymer side chain 
allowed for self-healing and shaping capabilities, in contrast to covalently bonded LC 
polymers (Figure 1.8g). This capability to self-heal via the multivalent H-bonds 
functioning as physical crosslinks offers inspiration for constructing sustainable 
supramolecular materials. 

Functional LC polymers have also been prepared with photoresponsive mesogens as side 
chain groups through H-bonds. Photoresponsive shape memory polymer 11 was 
prepared using polyurethane containing pyridine groups and carboxylic acid 
functionalized azobenzene (Figure 1.9a).[35] The mixture of these compounds formed 
supramolecular complexes due to the H-bonding abilities of the pyridine and carboxyl 
groups. The resulting LC polymer showed multi-shape memory behavior in response to 
light and could be recovered to its initial shape through heating (Figure 1.9b,c). 

Recently, light-triggered supramolecular LC polymers based on photoswitches other 
than azobenzene derivatives have been prepared. H-bonded supramolecular complexes 
exploiting interactions between α-cyanostilbene LC monomers bearing phenol groups 
and pyridine-containing poly(vinylpyridine) yielded side-chain polymer 12, which exhibits 
photoinduced deformation (Figure 1.9d).[79] The trans–cis isomerization disrupts the 
molecular order and pulls on the polymer backbone, similar to azobenzene derivatives, 
causing anisotropic expansion/contraction (Figure 1.9e). 
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Figure 1.9: Photoresponsive side-chain LC polymer actuators. (a) Chemical structure and (b) schematic 
illustration of the light-induced conformational changes of the supramolecular LC polymer complex. (c) Images 
of the (i) original shape, (ii) temporary shape programming, (iii, iv) curling induced by photoisomerization of 
azobenzene, (v) stable fixed shape at room temperature, and (vi) recovery to its original shape upon heating. 
Adapted with permission from ref [35]. Copyright 2019 Elsevier Ltd. (d) Chemical structure of H-bonded 
supramolecular polymer containing poly(vinylpyridine) and α-cyanostilbene derivative. (e) Macroscopic 
bending of the (i) initial shape, upon (ii) illumination with UV light, (iii) eliminating the light-induced 
deformation by stretching, and (iv) recovery to the bent state upon heating the material. Adapted with 
permission from ref [79]. Copyright 2019 The Royal Society of Chemistry. (f) Chemical structure of the light-
responsive polyurethane and corresponding (g) photoactuation and (h) self-healing properties. Adapted with 
permission from ref [80]. Copyright 2021 The Royal Society of Chemistry. 

In another similar approach, the fabrication of self-healable light-responsive actuator 
films is shown based on the quaternization between LC polyurethane 13 and side chain 
azobenzene moieties affording covalently-bonded pendant groups (Figure 1.9f).[80,81] 
Upon exposure to UV light, the film bends toward the light source and remains in this 
state after ceasing the illumination, and interestingly, even upon exposure to visible light 
(Figure 1.9g). When heated to 80 °C, the film transforms back to its initial flat shape. 
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Figure 1.10: Photoresponsive LC polyurethane actuators. (a) Chemical structures of the main-chain LC polymer 
consisting of an azobenzene soft segment and H-bonding hard segment. (b) Schematic illustration and images 
of the light-induced deformation and shape memory effect. (c) The (i) original shape, (ii, iii) photoinduced 
deformation, and (iv) stable deformed shape under visible light. Adapted with permission from ref [37]. 
Copyright 2017 The Royal Society of Chemistry. (d) Chemical structures and schematic representation of the 
polyurethane composite. (e) Schematic illustration of the reversible multi-response shape memory behavior. 
(f) Shape memory performance in response to UV (365 nm) and near-infrared (800–900 nm) irradiation. (g) 
Self-healing behavior of a scratched surface at 100 °C: (i) the scratched state, (ii) healing state, and (iii, iv) 
original healed state. Adapted with permission from ref [82]. Copyright 2021 American Chemical Society. 

Besides this photoinduced triple-shape memory effect, the actuator exhibits 
temperature-induced self-healing capabilities driven by the H-bonds in the polyurethane, 
as demonstrated by healing a cut strip (Figure 1.9g,h). 

Main chain polymers have emerged as another method to prepare photoresponsive LC 
polymer actuators in which the H-bonding interactions are used as physical crosslinks. 
Shape changing polyurethanes bearing azobenzene-derived hard segment 14 and soft 
segment 15 that are physically crosslinked through H-bonds between urethane linkages 
have been prepared (Figure 1.10a).[37] Molecular orientation was induced by mechanically 
stretching the material while heated and subsequently fixed by cooling, governed by the 
dynamic reversibility of the H-bonding interactions (Figure 1.10b). When the oriented film 
was exposed to UV light, trans–cis isomerization of the azobenzene occurred and led to 
strong curling deformations that persisted after the UV light had been switched off 
(Figure 1.10c). Remarkably, the light-induced cis state increased the H-bonded crosslinks 
between the polymer chains, causing the glass transition (Tg) temperature to exceed 
room temperature and fix the curled shape, even when exposed to visible light. Heating 
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the temporary shape of the polymer material weakened the H-bonding interactions, 
resulting in recovery of the initial shape. 

To circumvent contact-induced actuation in devices such as untethered robots, 
multifunctional polyurethane composite 20 was developed, composed of 16–19 in which 
azobenzene LC moiety 19 and gold nanorods were introduced, providing a dual-
responsive behavior to UV and NIR light with reversible cycles (Figure 1.10d).[82] The 
formation of H-bonds between the linear chains and π−π interactions between the 
benzene rings of the azobenzenes yielded physical crosslinking points in the system. It is 
worth noting that the mechanical properties of pure polyurethane without physically 
mixed azobenzene and gold nanorods were insufficient to support themselves. Oriented 
temporary shapes were obtained by pre-straining the polyurethane composite (Figure 
1.10e). When exposed to UV light, the oriented sample macroscopically bends toward to 
light source due to the photoisomerization of the azobenzene moieties (Figure 1.10f). 
After subsequently switching the light source to NIR light, the sample recovered to its 
initial state, affording a reversible shape change. The recovery process is triggered by 
the transformation of NIR light energy into thermal energy, thereby raising the sample’s 
temperature, increasing the mobility of the system, and allowing it to recover. This three-
step (draw, UV, NIR) multiple stimuli-response cycle was performed ten times, 
demonstrating the photoinduced actuation behavior and performance. However, the 
composite requires pre-orientation before every cycle. Intriguingly, the composite 
material exhibited self-healing abilities based on the dynamic properties arising from the 
physical crosslinking interactions (Figure 1.10g), again showing how using H-bonding 
interactions as physical crosslinks with a dynamic character is a promising approach for 
constructing sustainable polymeric materials. 

Recent developments illustrate the versatility of main chain azobenzene LC polymers 
with H-bonding crosslinks. Actuator films that may be reshaped into various 3D 
structures with photoinduced deformation behaviors have been fabricated based on 
segmented thermoplastic polyurethane 21 (Figure 1.11a).[83] The formation of physical 
crosslinks is afforded by the aggregation of hard chain segments through H-bonding 
ensuring sufficient mechanical stability for reversible light-driven actuation up to at least 
100 actuation cycles (Figure 1.11b). The Tg and H-bonding crosslinks in this photomobile 
polymer enable the reshaping of aligned films into spiral ribbons demonstrating 
reversible unwinding/winding deformations upon illumination with UV and visible light 
(Figure 1.11c). In another approach, using main chain azobenzene LC poly(ester-urea) 22, 
reprocessable and healable photoactuators have been developed (Figure 1.11d).[84] In 
this work, H-bonded physical crosslinking between the polymer chains is a result of urea
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Figure 1.11: Photoresponsive main-chain LC polymer actuators. (a) Chemical structure of the light-responsive 
thermoplastic polyurethane and (b) schematic illustration of the physical crosslinks through H-bonding 
interactions. (c) Photoinduced deformations of the reshaped sample. Adapted with permission from ref [83]. 
Copyright 2022 American Chemical Society. (d) Chemical structure of the light-responsive poly(ester-urea) and 
(e) H-bonding interactions. (f) Self-healing and (g) reprocessing of the photoactuators (scale bar = 5 mm). 
Adapted with permission from ref [84]. Copyright 2021 The Royal Society of Chemistry. 

moieties (Figure 1.11e). This H-bonded network allows for reprocessing and self-healing 
of the actuators, showing reversible photoactuation with little fatigue up to 100 cycles 
(Figure 1.11f,g). 

Besides reprocessing and self-healing, an azobenzene containing thermoplastic 
polyurethane (23) with light-reconfiguration, -reshaping, and -welding capabilities has 
been demonstrated (Figure 1.12a).[85] By tuning the molecular design of the H-bonding 
crosslinking netpoints and light-controlled switching domain (Figure 1.12b), 
photoorganizable triple-shape memory with a rapid response is obtained. When 
illuminated with UV light, the material undergoes a so-called photoswitchable Tg effect 
(reducing the Tg below room temperature), whereas the H-bonded network dissociates 
due to photothermal heating. In this reconfigurable state, the material may be 
reprogrammed, which is fixed upon cooling as the H-bonds reassociate (Figure 1.12c). 
This facile photoorganizable method is demonstrated through the precise and rapid 
reconfiguration of complex 3D structures providing new shaping strategies for 
deployable devices with light-controlled shape changes. 
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Figure 1.12: Photoswitchable H-bonded LC polymer actuators. (a) Chemical structure of the light-responsive 
thermoplastic polyurethane and (b) diagram of the switching domains and netpoints in the polymer actuator. 
(c) Schematic illustration of the light-induced reconfiguration, programming, and recovery. Adapted with 
permission from ref [85]. Copyright 2022 Wiley-VCH. (d) Chemical structure of the UPy dimer and its dynamic 
behavior. (e) Schematic illustration and images of the photoswitchable deformations. Adapted with 
permission from ref [86]. Copyright 2011 Wiley-VCH. 

Supramolecular 2-ureido-4[1H]-pyrimidinone (UPy) dimer 25 has also been used to 
achieve photoswitchable actuation of azobenzene functionalized H-bonded LC 
elastomers (Figure 1.12d).[86] In this case, a “flower-like” actuator undergoes 
photocontrolled, reversible bending motions upon UV light illumination accompanied by 
an increase in temperature due to the photothermal effect, resulting in simultaneous 
dissociation of the UPy groups during actuation (Figure 1.12e). Hence, upon removing the 
light, the photoinduced deformed shape persists while the sample passively cools, 
thereby immediately reforming the UPy crosslinks and locking in the actuated state. As 
a result of this adaptive reorganization, shape persistence of the actuated shape after 
illumination is obtained over a period of 72 h at room temperature, which can be 
recovered on demand by heating to 65 °C for 5 min. 

1.5 Aim and Outline 
This introductory Chapter demonstrates H-bonds as valuable supramolecular 
interactions for making stimuli-responsive LC polymers with recyclable properties. By 
using materials that are both LC and H-bonded, actuators with large physical motions 
responsive to a wide variety of stimuli can be achieved. In most cases, H-bonding directs 
network construction at the nanoscale and simultaneously serves as dynamic moieties 
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for generating or enhancing the materials’ responsive character as well as introducing 
sustainable features such as self-healing, reprogramming, and recycling. 

Like all polymer materials, shape changing LC polymers should become recyclable or 
reusable, and considering the dynamic character of H-bonds, these sustainable materials 
should be readily accessible. However, this topic has rarely been explored for LC polymer 
actuators, as shown in this chapter, and although these advances are promising, 
translating them to stimuli-responsive materials remains challenging, especially for 
temperature-responsive actuators. This thesis focuses on the development of shape 
changing LC polymers with H-bonding crosslinks to endow smart, functional materials 
with both stimuli-driven responses and dynamic properties, affording truly sustainable 
soft actuators with a staggering variety of functionalities. 

Chapter 2 introduces the preparation of a new generation soft actuators in a one-pot 
approach based on thermoplastic polythiourethane with responsive LC and H-bonding 
segments. Mechanical stretching of molded films is used to make actuators 
demonstrating immediate, reversible temperature-triggered response and large 
deformations with weightlifting abilities. These actuators are then reprogrammed into 
3D shapes, welded into actuator assemblies, and completely recycled. This thermoplastic 
material and its straightforward melt-processable approach lay the foundation for the 
work described in this thesis. 

In Chapter 3, a direct ink writing (DIW) method is developed for printing the recyclable 
thermoplastic LC elastomer into shape changing objects by using the polymer melt. 
Printed actuators may be released from the printing substrate to reveal reversible 
contractions or, when printed on a passive flexible substrate instead, show bending 
motions. Freestanding actuators can be recycled by cutting the DIW-printed object into 
small pieces and reprinting the material. The resulting reprinted actuators show 
reversible contraction and expansion, although the actuation performance diminishes 
somewhat upon recycling. 

Chapter 4 describes a light-responsive and melt-processable shape changing material by 
incorporating an azobenzene photoswitch into the thermoplastic LC elastomer. 
Mechanical stretching and DIW are used to make actuators that can be operated both in 
air and underwater with reversible temperature- and light-triggered shape changes 
capable of lifting loads and performing mechanical work. The versatility and freedom in 
structural design provided by DIW are shown by printing actuators with complex 
programmed structures exhibiting exotic deformations when triggered. 



| CHAPTER 1 

22 
 

Chapter 5 reports an interactive and highly versatile material through the coupled 
response of a switchable NIR photothermal charge transfer complex (CTC) and the 
reconfigurable LC elastomer actuator. The CTC allows light absorption and photothermal 
actuation of the material that can be locally disrupted, rendering specified regions 
incapable of actuation upon light exposure. This metastable, non-CTC state may persist 
for weeks or can be recovered on demand by heat treatment. Besides the CTC variability, 
the dynamic character of this material lends itself to be converted into any patterned 
actuator configuration or entirely reprocessed and repurposed with minimal effort. 

In Chapter 6, the manufacturing process in the third Chapter is reconsidered. Through 
melt-extrusion and drawing of the thermoplastic LC elastomer, the large-scale 
fabrication of fiber actuators is shown. By exploiting the freedom in reprogramming, 
synergistically contracting and rotating fibers with large, controllable actuation 
performance are obtained. The dynamic adaptability of this thermoplastic material 
enables the fabrication of a rope construct, unlocking much greater actuation forces. 
Reprocessing of this material is finally demonstrated, generating entirely reconfigured 
and reformed actuators with self-healing capacity. 

The research results outlined in this thesis on sustainable LC polymer actuators are put 
into perspective in the concluding Chapter 7. Current challenges and possible 
advancements for such materials are addressed, and a potential industrially-relevant 
manufacturing application is highlighted. 
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Chapter 2 

One-Pot Synthesis of Melt-Processable Thermoplastic Liquid Crystal 
Elastomer Soft Actuators† 
 
 

 
 
 
Abstract: The application of reprocessable and reprogrammable soft actuators is limited 
by the synthetic strategies, 3D-shaping capabilities, and small deformations. In this 
chapter, melt-processable thermoplastic soft actuators based on segmented 
copolymers containing thiourethane and liquid crystal segments have been prepared via 
sequential thiol addition reactions in a one-pot approach using commercially available 
building blocks. The actuators demonstrated immediate, reversible response and 
weightlifting capabilities with large deformations of up to 32%. Through exploiting the 
hydrogen-bonding crosslinks, the material could be recycled and reprogrammed into 3D 
actuators and welded into an actuator assembly with different deformation modes. This 
work offers a one-pot synthesis and straightforward melt-processable approach to 
prepare thermoplastic soft actuators with large deformations that can be reprocessed 
and reprogrammed into arbitrary 3D shapes. 
 

 
 
 
†This chapter is reproduced from: S. J. D. Lugger, D. J. Mulder, and A. P. H. J. Schenning, Angew. Chem. Int. Ed. 
2022, 61, e202115166. 
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2.1 Introduction 
Stimuli-responsive liquid crystal elastomers (LCEs) are capable of performing fast and 
reversible actuation, and have readily been applied as soft actuators[1–5] in applications 
such as soft robotics,[6,7] smart textiles,[8,9] microfluidics,[10] and artificial muscles.[11,12] A 
macroscopic mechanical response arises from an ordered to less ordered state in the 
covalently crosslinked network thermosets at the isotropization temperature (Ti). 
Hence, subjecting the responsive LCEs to an external stimulus such as heat results in a 
contraction along the oriented mesogens-based network’s director field and expansion 
perpendicular to it, inducing macroscopic shape changes. After removing the stimulus, 
the initial molecular order is recovered, and the shape is restored due to the crosslinked 
network. A proven method to prepare aligned LCEs is by first mechanically stretching a 
partially crosslinked material to induce alignment, followed by fully photocrosslinking 
the polymer locking in the desired molecular orientation of the mesogens.[13–16] Although 
the currently available materials exhibit large deformations up to 400% contraction,[17,18] 
have good mechanical properties,[19] and are sufficiently stable,[20] they cannot be 
reprogrammed and recycled. 

One strategy to overcome the limitations inherent to a permanent crosslinked polymer 
network is to use dynamic covalent bonds instead. Dynamic covalent LCE networks have 
been reported demonstrating more versatile processability of the material.[21–25] 
Rearranging the molecular structure of these covalently exchangeable networks is 
facilitated by a chemical reaction often requiring a catalyst.[26,27] While LCE actuators 
based on dynamic covalent networks are capable of welding, recycling, and 
reprogramming, materials that are melt-processable with programmable molecular 
orientation render new possibilities to enable conventional processing methods using 
the polymer melt. Only very recently, the dynamic thermal rearrangement of a covalent 
adaptable network was reported enabling depolymerization and repolymerization, 
allowing for processing the material in the viscous melt.[28] 

An alternative strategy to circumvent permanently crosslinked networks is by 
introducing supramolecular, physical interactions as dynamic crosslinks. Among the 
potential supramolecular interactions, hydrogen bonds (H-bonds) have emerged as one 
of the most attractive motives, and H-bonded liquid crystal (LC) polymers capable of 
reversible actuation have become an emerging research area (see Chapter 1).[29–32] 
However, supramolecular crosslinked LCE actuators have generally been prepared by 
multistep synthesis, and the reprogramming of arbitrary initial shapes has not been 
reported.[33–36] Furthermore, the reversible deformation in these supramolecular LC 
actuators is limited (< 2% contraction) as the Ti is above the melting temperature (Tm). 
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Figure 2.1: Preparation of physically crosslinked soft actuators based on thermoplastic PTU as melt-
processable material. One-pot polymerization of the monomers gives a segmented copolymer and 
compression molding the obtained material yields polydomain films. Subsequent programming by elongating 
the material at elevated temperatures allows for a uniform director field (n). 

Therefore, the actuation strains are low since the Ti is not passed. 

Here, we present thermoplastic polythiourethane (PTU) actuators based on segmented 
copolymers containing thiourethane (TU) hard segments and LC soft segments. In our 
approach, we focus on a one-pot synthesis method using commercially available building 
blocks, providing a modular design and avoiding the necessity of monomer synthesis. 
The PTUs contain H-bonds that form a physically crosslinked network in a broad 
temperature range, ensuring sufficient mechanical integrity and excellent mechanical 
properties. Whereas at high temperatures, the thermoplastic behavior of the material is 
regained, allowing for the preparation of actuators through melt-processing and thermal 
programming (Figure 2.1). Thermoplastic PTUs having different lengths of the soft LC 
oligomer segments have been synthesized in one step, from which we evaluated the 
effect of the segmented copolymer composition on structure, mechanical properties, 
and actuation performance. Since the synthesized copolymers are well microphase-
separated, the Ti is located well below the Tm, allowing for large reversible deformations 
up to 32% contraction. Additionally, the thermoplastic LCE can be reprocessed, 
reconfigured, and welded into more complex 3D actuators, showing different shape 
changes.  

2.2 Results and Discussion 
2.2.1 Synthesis and Characterization of Polythiourethane LCEs 

To create physically crosslinked thermoplastic LCEs,[37] main-chain LC polymers were 
prepared using sequential thiol-acrylate and thiol-isocyanate addition reactions. 
Commonly used diacrylate mesogens (1 and 2) for LCEs, dithiols, and diisocyanate were 
used as building blocks to prepare the LC TU polymers (Figure 2.2). A mixture of two 
mesogens was used to prevent the formation of a smectic mesophase and crystallinity 
in the LC segment.[17] Inspired by Hoyle and co-workers, a one-pot method was used to 
synthesize segmented PTU materials in which the LC soft segment length was 
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Figure 2.2: Synthesis of the segmented PTUs S1–S5 using sequential addition reactions and the corresponding 
composition, Sx. The blue rectangles and grey rods represent the TU and LC segments, respectively. 

systematically changed.[38] First, the thiol functionalized LC oligomer soft segment was 
synthesized by a nucleophilic thiol-Michael addition reaction between an equimolar 
mixture of diacrylate mesogens (1 and 2) and an excess of dithiol (3) in the presence of a 
phosphine catalyst (4). Subsequently, in the same flask, a prepolymer was prepared by 
a base-catalyzed thiol-isocyanate addition reaction between the synthesized thiol-
terminated oligomers and an aliphatic diisocyanate (5) mediated by an amine catalyst 
(6). In the final stage, the prepolymer was reacted with a difunctional thiol (7), yielding 
linear LC TU polymers. In our experiments, the nomenclature of the PTUs, Sx, denotes 
the calculated mean length of the soft LC segment (Sx, i.e., number of mesogens). The 
mean length of the LC segment chains was controlled from one to five repeating (S1–S5) 
units by the stoichiometric ratio of dithiols and reactive mesogens as obtained by 
theoretical calculations using Carothers’ equation. In contrast, the hard TU segment 
length was maintained constant (Mn,theo = 487 g mol-1). Moreover, as the soft segment’s 
length and content increase from one to five mesogens per segment (Mn,theo = 995–4247 
g mol-1), the TU segment content decreases from 33 to 10 wt%. A series of polymers with 
near-quantitative yields were obtained by precipitation of the reaction mixture into cold 
diethyl ether. It should be noted that two different dithiols (3 and 7) have been used for 
the fabrication of thermoplastic PTUs. The incorporation of only one dithiol (i.e., 3) in 
both segments drastically decreased the degree of microphase separation resulting in 
poor mechanical properties and irreversible shape changes. For all synthesized 
materials, the formation of polymers was confirmed by Fourier-transform infrared 
spectroscopy (FTIR), as indicated by the disappearance of thiol and isocyanate stretching 
bands at ṽ ≈ 2560 and 2270 cm-1, respectively.[39] Additionally, characteristic amine and 
carbonyl vibrations were observed for all materials that are indicative of the 
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Figure 2.3: (a) Molecular representation of H-bonded TU segments in the segmented PTUs. (b) FTIR spectra of 
the PTUs S1–S5 showing free and H-bonded TU amine and carbonyl stretching band regions indicated by the 
dashed lines. (c) Temperature-dependent FTIR spectra of compression-molded PTU S1. The black arrows 
indicate the increase and decrease of the vibrations upon heating. 

successful formation of TU moieties. The observed number-average molecular weight 
(85–157 kg mol-1) and relatively low polydispersity (2.0–2.7) of all materials from gel 
permeation chromatography (GPC) indicate the successful synthesis of the PTUs. 

The H-bonding properties of the PTUs were investigated by FTIR spectroscopy (Figure 
2.3). The extent of H-bonding within the TU segment was assigned to the absorption in 
the TU amine (ṽ ≈ 3200–3400 cm-1) and carbonyl (ṽ ≈ 1600–1800 cm-1) regions (Figure 
2.3b).[40–42] H-bonded (N−HH-bond) and free (N−Hfree) TU amine stretching bands were 
observed at ṽ ≈ 3315 and 3440 cm-1, respectively.[43] The N−HH-bond stretching band 
appeared as sharp vibration for all PTUs, while the N−Hfree could be observed weakly, 
indicating the formation of well-organized H-bonded TU segments. The ordered H-
bonded (C═OH-bond) and free (C═Ofree) carbonyl stretching bands of the TU segments 
were observed at ṽ ≈ 1638 and 1677 cm-1, respectively.[44,45] As expected, the absorption 
of the H-bonded TU amine and carbonyl stretching vibrations increased consistently with 
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increasing TU segment content from PTUs S5 to S1. In contrast, the absorption of free 
TU amine decreased with increasing TU segment content. The absorption band of H-
bonded carbonyl groups is larger than free carbonyl groups, and the corresponding ratio 
(C═OH-bond/C═Ofree) increases with the TU segment content. These results suggest that 
the extent of H-bonding increases at higher TU segment concentrations and indicate a 
more substantial degree of microphase separation between the LC and TU segments for 
shorter LC segment lengths. That said, the prepared materials exhibit strong H-bonding 
interactions that act as physical crosslinks within the TU segment.[46–48] 

When heating the material, the H-bonds remain nearly unaffected up to 110 °C, as 
indicated by the minor changes in the H-bonded and free stretching bands (Figure 2.3c). 
However, at 120 °C, the spectrum exhibits a sudden decrease in absorbance of the H-
bonded amine and carbonyl stretching vibrations associated with the dissociation onset 
of the H-bonds. Increasing the temperature further, the H-bonded carbonyl peak 
gradually decreases and shifts to higher wavenumbers until it fully disappears at 200 °C, 
accompanied by a gradual increase of the free carbonyl peak. The H-bonded amine 
vibration also decreased and shifted to higher wavenumbers. These findings apply to all 
PTUs and reveal three characteristic temperatures. At temperatures below 120 °C, the H-
bonds are maintained, forming a physically crosslinked network ensuring mechanical 
stability of the material to preserve its shape and alignment upon thermal actuation. 
Contrarily, between 120 and 200 °C, the H-bonds are partly broken, allowing for strain-
induced alignment of the PTUs that is fixed upon cooling owing to the 
thermoreversibility of the H-bonds. Furthermore, the physical crosslinks are almost 
entirely absent at 200 °C, ensuring melt-processable capabilities. 

The thermal properties of the developed materials were assessed using differential 
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The DSC 
thermograms showed a transition ranging from -15 to -6 °C during heating, assigned to 
the glass transition temperature (Tg) of the LC segments.[39] The Tg shifts to lower 
temperatures when increasing the LC segment chain length from S1 to S5 due to 
decreased physical crosslink density and an increase in segmental mobility of the LC 
segment. Endothermic melting peaks (Tm) of the TU segment domains were observed at 
164 to 177 °C. Increasing the TU segment content from S5 to S1, the area under the Tms, 
and therefore the enthalpy of the transitions, increases as well. These results showed 
the existence of distinct LC and TU segments in the PTUs. Furthermore, an exothermic 
peak is observed for PTUs S3 to S5 around 35 °C, independent of the LC segment content. 
The presence of liquid crystallinity was determined with polarized optical microscopy 
(POM), in which the birefringence disappeared over a broad temperature range (60 to 
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120 °C) upon heating.[39] The material became birefringent again when cooled, showing 
thermal hysteresis at the phase transition. These observations reveal that the Tm of the 
segmented thermoplastic LCE is higher than the Ti, allowing for optimal actuation 
performance. However, the Ti is not observed with DSC, probably because the transition 
from the LC ordered to disordered state is broad. The TGA profiles showed two 
transitions for all materials corresponding to the degradation of TU and ester 
moieties.[39,44] The thermoplastic PTUs exhibit a 1% weight loss around 245 °C due to the 
decomposition of the polymer, which is well above the processing temperatures 
indicating the desired thermal stability. 

Dynamic mechanical analysis (DMA) was performed on compression-molded samples to 
characterize the dynamic viscoelastic properties of the thermoplastic PTUs. In the 
thermogram, storage modulus (E’) inflection points and loss tangent (tan δ) peak 
maximum were observed around 10 °C, corresponding to α-relaxation of the LC segment 
(Figure 2.4a).[49,50] Moreover, a shoulder was observed at approximately 40 °C for PTUs 
S3 to S5. The rubbery plateau was observed between 65 to 150 °C. Upon increasing the 
LC segment length and decreasing the TU segment content from S1 to S5, the α-
relaxation transition shifts to lower temperatures, and the magnitude of E’ at the 
rubbery plateau region decreases consistently. This decrease in temperature and 
rubbery modulus arises from the decreasing concentration of TU segment domains, 
which act as physical crosslinks.[51] The onset of the melting transition of crystalline TU 
segment domains, where the material enters the viscoelastic flow region, is revealed by 
the temperature at which a distinct increase in tan δ and a decrease in E’ is observed. 
When increasing the temperature further, the materials show viscous flow, and the 
elastic properties are lost. The observed α-relaxation and melting temperature transition 
trends are consistent with the obtained Tg of the LC segment and Tm of the TU segment 
in DSC, respectively. Similar to the temperature-dependent FTIR measurements, it can 
be seen from the DMA temperature profiles of tan δ that the developed materials exhibit 
three distinct temperature regions. At the rubbery region, the tan δ is constant, 
indicating that the physical crosslinks are maintained and the material acts as a 
covalently crosslinked system. In the viscoelastic flow region, the physical network is 
partially broken allowing for strain induced orientation of the material upon stretching, 
whereas at higher temperatures it becomes melt-processable due to the viscous flow. 

Tensile tests were performed on compression-molded samples to study further the 
mechanical properties and the LC segment length effect. From the stress-strain curve, it 
was observed that the Young’s modulus decreased with increasing LC segment size from 
S1 to S5 (Figure 2.4b), which is in line with the observed trend of the rubbery plateau in 
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Figure 2.4: (a) DMA storage modulus (E’) and loss tangent (tan δ) profiles as a function of temperature of the 
compression-molded PTUs S1–S5. The black arrows denote the corresponding axis. (b) Stress-strain curves at 
room temperature of the compression-molded PTUs S1–S5. (c) 1D WAXS diffractograms of the aligned PTUs 
S1–S5. 2D WAXS diffractograms of PTU S1 (d) before and (e) after programming. The white arrow denotes the 
alignment direction. (f) 1D MAXS diffractograms of the aligned PTUs S1–S5. 

DMA. Moreover, the plateau region in the stress-strain curve becomes gradually longer 
at larger LC segment lengths. The elongation at break increases and the tensile strength 
decreases accordingly. These observations arise from the lower concentration of 
physical crosslinking points in the material due to the relative decrease in TU segment 
content.[52] The observed plateau in the stress-strain curve is characteristic of LCEs at 
which the polydomain material is gradually oriented along the stretching direction, 
essential for the preparation of aligned LCEs with programmed alignment.[53] 

2.2.2 Melt-Processing and Programming of Thermoplastic Actuators 
To demonstrate the reversible shape morphing behavior of the developed thermoplastic 
PTU LCEs, aligned actuators were prepared first (Figure 2.1). Polydomain samples were 
obtained by compression molding the materials at 200 °C, which is well above the melt 
transition and below the degradation temperature. The compression-molded 
polydomain samples were uniaxially elongated (ε = 100%) at room temperature and 
subsequently annealed at 130 °C for 30 min, at which the physical crosslinks are highly 
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dynamic as this temperature is just above the onset of H-bond dissociation. Since the 
material is programmed at higher temperatures (T > Ti), where the molecular order is 
reduced, the stretched thermoplastic PTUs elongate when cooled to room temperature 
due to spontaneous organization of the LC segment into the ordered mesophase. After 
this process, the resulting oriented PTUs appear transparent (Figure 2.1). In POM, the 
stretched material exhibited birefringence upon rotating the sample 45° between 
crossed polarizers, indicating alignment.[39] 

To verify the molecular orientation and segmental organization, the aligned PTUs were 
studied with wide- and medium-angle X-ray scattering experiments (WAXS and MAXS, 
respectively).[39] It is important to note that the oriented samples were measured 
without an externally applied load. In the wide-angle diffractograms, multiple diffraction 
peaks at q = 10.2, 14.5, 17.2, and 21.3 nm-1 and an amorphous halo were observed due to 
the scattering of LC segment chains and TU segment moieties (Figure 2.4c). The 
diffraction became weaker upon decreasing the TU segment content from 33 wt% (S1) 
to 10 wt% (S5). Therefore, it is conceivable that these peaks correspond to the scattering 
of TU moieties suggesting the formation of well-crystallized TU domains and increased 
crystallinity of the PTUs at higher TU segment content. The diffraction peaks at q = 14.5 
and 17.2 nm-1 correspond to d-spacings of 0.43 and 0.37 nm, respectively, which are 
assignable to the characteristic intermolecular spacings between the TU moieties in the 
H-bonding direction and orthogonally. Both the mesomorphic soft segment chains and 
TU hard segment moieties undergo strain-induced orientation upon stretching during 
the orientation process, as indicated by the apparent diffraction peaks in the diffraction 
profiles of aligned PTUs (Figure 2.4c). The 2D WAXS diffractograms of the initial 
polydomain samples showed ring-shaped, isotropic patterns suggesting the random 
orientation of the segmented domains (Figure 2.4d). In contrast, the wide-angle 2D X-ray 
diffraction patterns of the oriented PTUs showed typical orientationally arranged 
diffraction spots orthogonal to the elongation direction (Figure 2.4e). These patterns 
arise from the associated scattering of well-aligned LC and TU domains facilitated by the 
director alignment of oriented PTUs. The aligned samples also exhibit a four-point 
pattern at an azimuthal angle of 60° from the stretching direction, attributed to the 
scattering of TU structures. It is believed that the TU moieties adopt a chevron-like 
geometry that is oriented along the orientation direction upon stretching, resulting in 
four-point scattering. The corresponding scattering peak was observed at q = 10.2 nm-1 
(d = 0.62 nm) and reflected the characteristic length of TU moieties. The above 
observations show that the material is aligned during the orientation process yielding 
anisotropic PTUs. Moreover, the aligned PTUs show an order parameter between 0.39 
and 0.43 with the same degree of stretching during programming. In contrast, unaligned 
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samples exhibit a diffuse halo with a very low orientational order, likely induced by 
sample handling. It should be noted that the order parameter is measured of the whole 
material since the observed signals of the LC and TU segments were overlapping. 

In the small-angle region of the medium-angle diffractogram, a peak originating from the 
interdomain spacing is observed due to the formation of microphase-separated 
morphologies (Figure 2.4f). With increasing LC segment length, the interdomain spacing 
of the microphase-separated segments increases for elastomers S1 and S5 from 12.6 to 
22.4 nm, respectively. On the other hand, the intensity of the signal is reduced as the 
relative amount of TU segment becomes less with increasing LC segment length. 
Comparing the MAXS diffraction profiles before and after aligning the PTUs shows a 
similar interdomain spacing trend indicating that the microphase-separated morphology 
is unaffected upon forming oriented PTUs.[39] The apparent interdomain spacings 
indicate the formation of well-defined microphase-separated structures consisting of LC 
and H-bonding TU domains that act as reversible switching segments and physical 
crosslinks in the thermoplastic PTU, respectively. 

2.2.3 Thermal Mechanical Response of the Oriented Thermoplastic LCEs 
Unbiased reversible shape changes of the oriented thermoplastic LCEs were observed 
when heated and cooled between 30 and 110 °C showing a maximum actuation strain 
ratio of 32% (Figure 2.5a,b). The deformation mechanism in these thermoplastic materials 
is identical to classic LCEs: temperature-induced disorder of the LC moieties results in 
contraction along the director field and expansion perpendicular. Upon heating above 
130 °C, the strain-induced orientation is erased, and the reversible actuation behavior is 
lost. Therefore, the PTU actuators are heated to a maximum temperature of 110 °C, at 
which the extent of H-bonding is maintained. In the thermal cycling experiments, the 
actuator instantly contracted along with the programmed director field when heated 
and completely recovered to the initial length upon cooling. The magnitude of actuation 
strain increases significantly when increasing the LC segment length from PTU S1 to S5 
due to the higher LC content and decreasing stiffness of the material. This indicates that 
the LC segment content dominates the thermal actuation behavior. To demonstrate the 
developed actuators’ immediate reversible response and weightlifting capabilities, PTU 
S5 was repeatedly heated and cooled while loaded with various weights. The loaded 
actuator rapidly contracted when heated to approximately 80 °C and completely 
recovered to its initial length upon removing the heat source (Figure 2.5c). Moreover, 
the thermoplastic LCE actuator loaded with 5 grams of weight exhibited fully reversible 
actuation over at least five heating and cooling cycles, indicating the maintained 
orientation and thermal stability of the physically crosslinked actuator (Figure 2.5d; 
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Figure 2.5: (a) Images of the PTU actuators S1–S5 (from left to right) at 30 and 110 °C. The actuators are fixed 
to the surface at the top. (b) The corresponding actuation strain as a function of temperature. (c) Images of 
PTU S5 lifting an additional weight (5 g) when heated to 80 °C. (d) Actuation strain of the PTU S5 with a load (5 
g) upon cycling between room temperature and 80 °C. The red and blue boxes correspond to the heating and 
cooling of the actuator, respectively. (e) Thermal actuation of the aligned PTUs S1–S5 under constant bias 
stress (250 kPa). (f) Maximum actuation strain ratio and corresponding actuation work capacity for each PTU. 

Video S1). As loading is increased from 5 to 30 grams, the actuation strain gradually 
decreases until, eventually, the sample hardly contracts (Video S2). The thermal 
actuation performance of oriented thermoplastic LCEs was further characterized when 
subjected to an initial bias stress of 250 kPa as a function of temperature in the DMA 
(Figure 2.5e). The actuation exhibits a similar trend and magnitude of actuation strain for 
all samples as observed for unbiased actuation before. Additionally, the actuator’s work 
capacity was calculated with a maximum energy density of 102 kJ m-3, corresponding to 
an actuation strain of 32% for PTU S5 (Figure 2.5f). 

2.2.4 Reprogramming, Recycling, and Welding of Thermoplastic LCE Actuators 
Finally, utilizing the H-bonding motives’ dynamic character, the PTU material can be 
recycled, reprogrammed, and welded, illustrating the advantage of using physical 
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Figure 2.6: (a) Reprocessing cycle of PTU S5 illustrating cutting and remolding of the film. (b) Stress-strain 
curves and (c) actuation strain as a function of temperature of pristine and remolded samples. (d) 
Reprogramming of aligned S5 into arbitrary 3D geometries, i.e., a left-handed twisted actuator (top panel) and 
a patterned actuator with a left- and right-handed twisted segment divided by a uniaxial programmed region 
(bottom panel) and the corresponding temperature response. 

crosslinks. To demonstrate the recyclability, a pristine film of PTU S5 was cut into small 
pieces and remolded up to two times at 200 °C (Figure 2.6a). The reprocessed material 
exhibits similar mechanical properties with an increase in elongation at break and tensile 
strength, as observed from the stress-strain curves (Figure 2.6b). Upon heating and 
cooling, the pristine and recycled materials show the same actuation behavior (Figure 
2.6c). By reprogramming the shape of an aligned actuator, the material can be 
reconfigured and actuated again, showing different types of deformation. A twisted 
actuator[54,55] was prepared by thermally reprogramming a uniaxially aligned material in 
a twisted configuration at 130 °C for 30 min (Figure 2.6d). Upon cooling to room 
temperature, a twisted actuator having 16 left-handed twists is obtained. The 3D twisted 
shape of the reprogrammed actuator is a result of the H-bonds dynamic character, 
allowing for the exchange of physical crosslinks at increased temperatures that are fixed 
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upon cooling in the predetermined shape. The twisted actuator contracts and untwists 
to 6 turns upon increasing the temperature while lifting a load (0.127 g; Video S3). During 
cooling, the actuator regains its shape and molecular alignment into its initial 
conformation. The obtained actuator likely employs a tilted molecular alignment of the 
LC moieties upon reprogramming, allowing for contraction and untwisting deformations 
due to temperature-induced disorder of the LCs by heating. Similarly, a more 
complicated 3D shape was prepared consisting of a left- and right-handed twisted 
segment divided by a uniaxial programmed region (Figure 2.6d). This allows for a more 
exotic thermal deformation in which all programmed regions of the actuator reversibly 
contract and expand, while the predetermined twists also show reversible untwisting 
and twisting motions upon heating and cooling (Video S4). Additionally, it is shown that 
two programmed shapes can be welded together to form one single actuator. A 
uniaxially and twisted programmed actuator are welded together perpendicularly into a 
different geometry by locally overlapping and heating the ends to 200 °C for 2 min. The 
welded actuator shows reversible temperature-triggered actuation and different 
deformation modes for each individual part being untwisting and/or contraction (Video 
S5). Accompanying the untwisting motion, the welded actuator bends upon heating 
since it is fixed on one side to the surface. The ease of reprogramming and welding 
allows for the fabrication of more complex 3D shape designs and accompanying 
deformations. 

2.3 Conclusions 
We have successfully developed a new generation of melt-processable thermoplastic 
LCEs based on segmented PTU and demonstrated a processing method to obtain 
actuators by molding and stretching. The formation of well-defined TU domains affords 
physical crosslinks in the material through H-bonding, providing the desired mechanical 
stability during actuation, whereas the reversibility of the H-bonds allows for melt-
processable materials with programmable molecular alignment. This approach is in line 
with typical processing methods for thermoplastic polymers using the polymer melt and 
allows for aligning the PTUs by enabling the processability of the network upon heating. 
Due to the segmented structure, the thermoplastic LCE is responsive below its melting 
temperature (Ti < Tm), allowing for optimal actuation performance. When heated, the 
PTU actuators undergo reversible contraction capable of lifting a load. Reversible 
contractions of up to 32% were achieved, of which the deformation depends on LC 
segment length. Furthermore, reprocessing of a PTU film has been demonstrated, and 
reconfiguration of an actuator into another arbitrary 3D geometry exhibiting a different 
shape change upon applying an external stimulus is achieved through reprogramming 
and welding. We anticipate that these physical crosslinked LCEs offer an innovative 
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approach towards (re)programmable and recyclable stimuli-responsive materials for 
applications ranging from smart surfaces to soft robotic devices. The properties of these 
soft actuators can be easily further tuned and expanded by the currently available 
reactive LC chemical toolbox and building blocks typically used for thermoplastic 
elastomers. 

2.4 Experimental Details 
Materials 
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (1) and 1,4-bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (2) were obtained from Merck. 
Dimethylphenylphosphine (4, 99%) and N,N-dimethylacetamide (DMAc, ≥99%) were pur-
chased from Sigma-Aldrich. 2,2′-(Ethylenedioxy)diethanethiol (3, ≥97%), hexamethylene 
diisocyanate (5, ≥98%), triethylamine (6, ≥99%), and 1,6-hexanedithiol (7, ≥97%) were 
purchased from Tokyo Chemical Industry (TCI). Diethyl ether (Et2O, ≥99.5%) was obtained 
from Biosolve. All reagents were used as received without purification. 

Synthetic Procedure 
A reaction vessel (100 mL) was charged with diacrylate mesogens 1 (1 mol. equiv.) and 2 
(1 mol. equiv.) in DMAc (50 wt%) and allowed to stir under an inert atmosphere at 50 °C 
until fully dissolved. The solution was cooled to room temperature, and dithiol chain 
extender 3 (4 (S1), 3 (S2), 2.67 (S3), 2.50 (S4), or 2.40 (S5) mol. equiv.) was added while 
stirring, followed by nucleophilic catalyst 4 (0.1 wt%). The resulting reaction mixture was 
allowed to react at room temperature for 2 h. Afterward, diisocyanate 5 (2 mol. equiv.) 
in DMAc (50 wt%) was added to the oligomer mixture immediately followed by base 
catalyst 6 (0.1 wt%) and allowed to stir at room temperature for 15 min. During this time, 
the mixture became viscous, and additional DMAc (30 wt%) was added to the prepolymer 
mixture. Next, dithiol 7 (1 mol. equiv.) was added dropwise, and after complete addition, 
the reaction mixture was heated at 60 °C and allowed to react overnight. The crude 
mixture was poured into cold Et2O (500 mL) while stirring vigorously, and the polymer 
precipitated over time. The product was added to fresh Et2O (200 mL) and stirred 
overnight. The solvent was decanted, and the final polymer was dried at 40 °C under 
vacuum affording a white solid (~5 g, ≥97% recovery). 

General Characterization 
FTIR spectra were recorded on a Varian 670 IR spectrometer equipped with an 
attenuated total reflectance (ATR) sampling accessory using a diamond crystal over a 
range of 4000–650 cm-1 with 50 scans per spectrum and a spectral resolution of 4 cm-1. 
All spectra were recorded at room temperature unless stated otherwise and processed 
with Varian Resolutions. GPC was performed on a Waters HPLC system equipped with a 
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PSS PFG (8 × 50 mm, 7 µm) and two PFG linear XL columns (8 × 300 mm, 7 µm) in series. 
1,1,3,3,3-hexafluoro-2-propanol (HFIP) with potassium trifluoroacetate (0.02 м) at 35 °C 
was used as mobile phase supplied at a flow rate of 0.8 mL min-1. The samples were 
prepared in HFIP with potassium trifluoroacetate (0.02 м) and toluene (0.02 м) at room 
temperature. The molecular weights were determined using a refractive index detector 
relative to poly(methyl methacrylate) standards. DSC measurements were performed 
using a TA Instruments Q1000 DSC instrument with hermetic T-zero aluminum sample 
pans. All scans were conducted with 10 ± 1 mg polymer over a temperature range from -
50 to 200–210 °C at heating and cooling rates of 10 °C min-1 under nitrogen atmosphere. 
The second heating and cooling cycles were used to determine the enthalpies and 
transition temperatures of all samples. TGA was carried out on a TA instruments Q50 
instrument with 4 ± 0.5 mg polymer over a temperature range from 28 to 800 °C and a 
heating rate of 5 °C min-1. DMA was performed on samples (8 × 5.3 × 0.4 mm3) cut from 
compression-molded films with a TA Instruments Q800 apparatus in vertical tension 
mode. The thermographs were measured from -50 to 250 °C with a heating rate of 5 °C 
min-1, a single 1 Hz oscillating frequency, 10 µm amplitude, and 0.01 N preload force. 
Stress-strain curves were obtained with a Lloyd-Ametek EZ20 tensile testing machine 
using a 500 N load cell. The strain is defined as ε = (L−L0)/L0, where L0 is the initial length, 
and L is the length at a particular time. Dog-bone specimens with a cross-sectional area 
of 2 × 0.4 mm2 (W × T) were cut from compression-molded films and uniaxially elongated 
at an elongation rate of 10 mm min-1 with a gauge length of 20 mm until failure. X-ray 
scattering measurements were performed on a Ganesha lab instrument equipped with 
a Genix-Cu ultralow divergence source that generates X-ray photons with a wavelength 
and flux of 0.154 nm and 1 × 108 photons s-1, respectively. Diffraction patterns were 
obtained using a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 × 172 µm2. 
Silver behenate was used as a calibration standard. The sample-to-detector distance was 
89 mm for wide-angle (WAXS) configurations, whereas, for medium-angle (MAXS), the 
detector was operated at 439.5 mm. The collected data were reduced and analyzed 
using a custom Python script with the PyFAI software package. D-spacings were 
calculated using the equation d = 2π/q. The orientational order parameters were 
calculated from the diffraction patterns using the Kratky method.[56] POM was carried 
out with a Leica DM2700 M microscope and crossed polarizers. Isotropization 
temperatures were determined on drop-casted samples from HFIP (15 ± 1 mg mL-1) using 
a Linkam THMS600 microscope stage with a heating and cooling rate of 10 °C min-1. 

Fabrication Procedures 
First, the polymer was dried at 60 °C under vacuum for at least 1 h before processing. 
Then, the material was loaded homogenously into a mold (40 × 20 × 0.1 mm3) and 
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covered with polytetrafluoroethylene protection sheets (T = 0.12 mm) on both sides. The 
mold was heated to 200 °C in a Collin P200E press and subjected to five breath cycles 
with a mold pressure of 50 bar. The final compression molding process was performed 
at 100 bar and 200 °C for 2 min, whereafter the mold was immediately quenched to room 
temperature to form polydomain polymer films. Dog-bone shaped specimens (35 × 2 × 
0.4 mm3) were cut from compression-molded polymer films and uniaxially strained at 
room temperature by using a custom-made stretching instrument until elongation 
reached 100%. The strained samples were then heated to 130 °C for 30 min and 
subsequently cooled to room temperature while remaining strained. Finally, the aligned 
LCEs were annealed at room temperature for at least 48 h before characterization and 
testing. For recycling, a film was cut into small pieces and compression-molded according 
to the previously described procedure above. The twisted actuator was obtained by 
fixing one end of an aligned LCE while twisting and subsequently fixing the other, 
followed by heating it to 130 °C for 30 min, after which it was cooled to room 
temperature. Similarly, a uniaxial region was fixed in between a left- and right-handed 
twisted segment by using two tweezers during programming. Welding was performed 
by overlapping the end of two actuators and heating it to 200 °C for 2 min. 

Actuation Measurements 
Thermal actuation measurements were performed by placing aligned samples on a black 
anodized aluminum sheet on top of a hotplate. The samples were heated from 30 to 110 
°C by gradually increasing the temperature in intervals of 10 °C. Afterward, the samples 
were allowed to cool to room temperature. All samples were subjected to a full heating 
and cooling cycle to erase the thermal history before the actuation measurement. 
Photographs were taken at each temperature using a camera (Olympus OM-D E-M10 
Mark III), and the obtained images were analyzed using ImageJ. Weightlifting tests were 
conducted with various weights attached to the sample with a paper clamp (1.26 g) and 
heated to around 80 °C using a heat gun. Actuation measurements of reprogrammed 
actuators were performed in an oven with a window to record the deformations upon 
heating and cooling. Actuation strain was measured on a TA Instruments Q800 DMA by 
monitoring the sample length as a function of temperature. Samples (8 × 1.3 × 0.3 mm3) 
were measured in controlled force mode from -50 to 110 °C at a heating rate of 5 °C min-1 
under initial bias stress of 250 kPa. All samples were heated to 110 °C for 3 min before the 
measurement to ensure the thermal history was erased. The corresponding work 
capacity was calculated from Equation 1.1, considering that the bias stress depends on 
the cross-sectional area of the samples, which changes upon actuation.[17] 

Work capacity =
𝑊𝑊
𝑉𝑉 =

𝐹𝐹bias
𝑊𝑊𝑊𝑊

∆𝐿𝐿
𝐿𝐿 = 𝜎𝜎bias𝜀𝜀bias [kJ m−3]          (1.1) 
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2.5 Appendix 
Supporting information accompanying this chapter is available free of charge at Wiley 
Online Library: https://doi.org/10.1002/anie.202115166. 

 

 

Video S1. Cyclic thermal actuation of 
thermoplastic PTU S5 while lifting 5g 
(playback speed: 1×). 

 

Video S2. Thermal actuation of 
thermoplastic PTU S5 while lifting 
various weights (playback speed: 1×). 

 

Video S3. Thermal actuation of the 
reprogrammed twisted actuator 
(playback speed: 300×). 

 

Video S4. Thermal actuation of the 
reprogrammed patterned actuator 
(playback speed:  300×). 

 

Video S5. Thermal actuation of the 
reprogrammed and welded twisted 
actuator (playback speed: 8×).  
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Chapter 3 
Direct Ink Writing of Recyclable Thermoplastic Liquid Crystal Elastomer 
Soft Actuators† 
 
 

 
 
 
 
Abstract: Direct ink writing (DIW) of liquid crystal elastomers (LCEs) has rapidly paved its 
way into the field of soft actuators and other stimuli-responsive devices. However, 
currently used LCE systems for DIW require postprinting (photo)polymerization, thereby 
forming a covalent network making the process time-consuming and the material 
nonrecyclable. In this work, a DIW approach is developed for printing a thermoplastic 
polythiourethane LCE to overcome these drawbacks of permanent crosslinking. The 
thermoreversible nature of the physical crosslinks enables the interplay of melt-
processable behavior required for extrusion and formation of the network to fix the 
alignment. After printing, the actuators demonstrated a reversible contraction of 12.7% 
or bending and curling motions when printed on a passive substrate. The thermoplastic 
ink enables recyclability, as shown by cutting and printing the actuators five times. 
However, the actuation performance diminishes. This work highlights the potential of 
thermoplastic LCE inks for DIW soft recyclable actuators and other devices. 
 

 

 

 

†This chapter is reproduced from: S. J. D. Lugger+, R. M. C. Verbroekken+, D. J. Mulder, and A. P. H. J. Schenning, 
ACS Macro Lett. 2022, 11, 935−940. 
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3.1 Introduction 
Direct ink writing (DIW) of stimuli-responsive materials is a promising microextrusion 
technique to create complex shapes with high resolutions,[1] which is often applied in, 
e.g., soft robotics,[2–5] haptic devices,[6,7] and structurally colored designs.[8–11] Materials 
applicable as inks for DIW are hydrogels,[12,13] shape memory polymers,[14,15] and liquid 
crystals (LCs).[16–19] Among them, liquid crystal elastomers (LCEs) are attractive inks due 
to their large, reversible deformations and viscoelastic, non-Newtonian flow 
behavior.[20–22] The extrusion-induced shear and elongational forces result in uniaxial 
molecular order along the printing path direction. Generally, photoinduced crosslinking 
of the printed LCEs is needed as these crosslinked polymers typically show reversible 
shape changes around the isotropization temperature (Ti).[23–27] 

To date, materials for printing soft actuators with DIW have been reported to show 
shape deformations in response to a variety of stimuli.[28–32] Although the current LCE 
inks are well-suited for DIW to print stimuli-responsive actuators, the photo-
polymerization step is rather time-consuming and efficient curing is challenging. 
Furthermore, the permanent crosslinks hinder the material’s recyclability and the 
fabrication of sustainable soft actuators. In previous work, the combination of dynamic 
covalent[33–38] and supramolecular crosslinks has allowed for fabricating photo-
switchable actuators by DIW without the need for photocuring.[39] While highlighting the 
programmable shape switching behavior, the recyclability of this printable material was 
not demonstrated. 

An alternative way to overcome the limitations inherent to curing and permanent 
crosslinking is by only introducing supramolecular, physical interactions as dynamic 
crosslinks.[40–42] In Chapter 2, we reported thermoplastic LCE soft actuators based on 
melt-processable polythiourethanes (PTUs) containing LC soft and hydrogen-bonding 
(H-bonding) thiourethane (TU) hard segments.[43] At elevated temperatures, the H-
bonds dissociate, allowing for melt-processable properties, whereas subsequent cooling 
recovers the H-bonds and stabilizes the material along with its possible orientation. We 
now report on the use of these thermoplastic PTU LCEs as ink for the DIW of 
freestanding actuators and four recycles, showing reversible contractions up to 12.7%. 

3.2 Results and Discussion 
3.2.1 Synthesis and Direct Ink Writing of the Thermoplastic LCE 

The melt-processable thermoplastic LCE is synthesized through sequential thiol-acrylate 
Michael addition and thiol-isocyanate reactions with commonly used diacrylate 
mesogens for LCEs (1 and 2), dithiols, and diisocyanate as described before in Chapter 2 
(Figure 3.1a).[43] An equimolar ratio of two different mesogenic moieties is used to 
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Figure 3.1: (a) Molecular representation of the segmented PTU consisting of responsive mesogens 1 and 2 
(gray), dynamic H-bonding moieties (red), and chain extenders. (b) Scheme of the printing process and used 
printing parameters. The inset schematically shows the mesogens at 200 °C in the isotropic state and the 
molecular order after printing in a high-shear environment. (c) Freestanding thermoplastic LCE displaying the 
flexibility and rubbery properties after printing (scale bar = 0.25 cm). 

suppress the smectic mesophase formation. The alternating responsive mesogenic and 
dynamic H-bonding segments consist of five and one repeating unit(s), respectively. 
Polymerization was confirmed through Fourier-transform infrared spectroscopy (FTIR) 
by the disappearance of the characteristic peaks for the thiol (ṽ ≈ 2560 cm-1) and 
isocyanate (ṽ ≈ 2270 cm-1) stretching bands.[44] Furthermore, the characteristic peaks for 
the H-bonded amine (ṽ ≈ 3315 cm-1) and carbonyl (ṽ ≈ 1638 cm-1) indicate the formation of 
TU moieties. According to gel permeation chromatography (GPC), the final reaction 
product has a number-average molar mass Mn of ≈ 73 kg mol-1 and relatively low 
polydispersity Đ = 1.90, indicating the successful synthesis of the PTUs. 

Further characterization of the thermoplastic PTU LCEs with differential scanning 
calorimetry (DSC), thermogravimetric analysis (TGA), and dynamic mechanical analysis 
(DMA) shows the thermal material properties that are important for DIW.[44]  The melting 
and degradation temperatures are observed from DSC and TGA characterizations, 
providing insight into the material processability range. The DSC thermogram shows an 
endothermic melting peak of the TU segment domains at 173 °C, corresponding to the 
material’s melting temperature and, thus, the minimal printing temperature for DIW. 
Whereas from TGA, a 1% weight loss is observed around 240 °C due to polymer 
decomposition,[45] setting the upper limit of the processing temperature of the PTU LCE. 
These combined results from DSC and TGA lead to a DIW processing temperature range 
between around 170 and 240 °C. DMA analysis revealed the storage modulus (E’) 
inflection point and loss tangent (tan δ) peak maximum at around 4 °C, corresponding to 
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the glass transition temperature. The rubbery plateau is between 65 and 130 °C, which 
indicates the presence of the physical, H-bonded crosslinks. Within this temperature 
range, a distinct drop in E’  is observed at 83 °C, indicative of the Ti of the material.[46,47] 
The Ti is significantly lower than the processing temperature, which is beneficial for 
achieving stable actuators showing large, reversible deformations.[43] Above 130 °C, the 
material enters the viscoelastic flow region, where the H-bonds dissociate. This bond 
dissociation allows for the thermoplastic melt behavior required for extrusion in the DIW 
process. At the same time, cooling of the material ensures the stability of the physically 
crosslinked network through the formation of H-bonds, therefore locking in the printing-
induced molecular alignment after extrusion. Microphase-separated morphologies were 
observed with medium-angle X-ray scattering (MAXS), indicating the formation of 
distinct responsive LC and H-bonding TU domains.[43,44] 

Based on the thermal characterization results, the processing temperatures of the 
syringe (Tsyringe) and bed (Tbed) were set. Typically, DIW of LC-based inks is done around 
the material’s Ti.[8,20] However, in our case, much higher temperatures are needed since 
the melting onset is around 170 °C. Therefore, the ink is printed with Tsyringe = 200 °C, at 
which the PTU LCE is in its thermoplastic melt and there is strong control over the 
extrusion. At such high temperatures (Tsyringe > Ti), the molecular order, as well as the H-
bonding crosslinks, are highly reduced. The thermal gradient from the heated ink 
reservoir to the substrate results in immediate locking of the extrusion-induced uniaxial 
alignment after printing due to the thermoreversible character of the H-bonds. As the 
deposited material continues to cool on the printing bed, the LC-ordered state is formed. 
For this reason, and to maintain this parameter constant, Tbed was set to 30 °C. 
Furthermore, a tapered nozzle of 300 µm in diameter and a lateral nozzle speed of 5 mm 
s-1 were used. DIW-printed PTU LCE actuators are fabricated following these printing 
settings and a programmed print path (Figure 3.1b). Video S1 shows the printing process 
of uniaxially oriented soft actuators. Depositing a single layer (35 × 2 mm2) on top of a 
polyvinylpyrrolidone (PVP) coated glass substrate and subsequently dissolving this 
sacrificial PVP layer yield freestanding actuator films (Figure 3.1c). Further 
characterization takes place on films with dimensions of 25 × 2 mm2 and an average 
thickness of 140 µm. 

Wide-angle X-ray scattering (WAXS) of the printed freestanding actuator verifies the 
DIW-induced uniaxial molecular order. The resulting 2D WAXS diffractogram of the 
pristine material actuator shows typical orientationally arranged diffraction patterns 
orthogonal to the printing direction, indicating uniaxial alignment with an order 
parameter S = 0.16.[44]  After confirming the presence of molecular order, thermal 
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Figure 3.2: (a) Temperature response of the printed PTU LCE actuator by heating it from 30 to 110 °C (scale bar 
= 0.5 cm). (b) The corresponding actuation strain as a function of temperature showing a maximum contraction 
of up to 12.7%. The actuation performance is averaged over three heating−cooling cycles. (c) Thermal cycling 
of the printed strip by repeated heating and cooling between 110 and 30°C. 

actuation between 30 and 110 °C demonstrates the thermal-responsive behavior (Figure 
3.2a). From the thermal-induced contraction along the long axis, the actuation strain is 
calculated as εa = – (L – L0)/L0, where L0 is the length of the LCE film at room temperature 
and L is the length at a specific temperature. The resulting thermal actuation response 
displays an immediate contraction upon heating to 110 °C with a maximum actuation 
strain εa = 12.7% (Figure 3.2b). In addition, the actuation behavior of different printed 
pristine actuators shows similar performance.[44] Comparing the actuators obtained by 
DIW with our mechanically programmed actuators in Chapter 2 (εa = 32%),[43] less 
contraction is observed for the DIW-printed actuator upon heating, which also correlates 
to the lower order parameter. Our results reveal that uniaxially aligned thermoplastic 
PTU LCE actuators were successfully obtained by DIW without the need for photocuring 
showing reversible actuation over at least three heating−cooling cycles (Figure 3.2c). 

3.2.2 Recycled Actuators Using the Thermoplastic LCE Ink 
Multiple cycles of the thermoplastic PTU LCE actuators were printed, exploiting their 
dynamic nature and showing the materials’ recyclability. Figure 3.3a displays the 
recycling procedure: first, the thermoplastic material is cut into small pieces and loaded 
into the syringe, where it is heated to Tsyringe = 200 °C for 20 min to ensure complete 
melting. Extrusion of the thermoplastic polymer melt with the set print parameters 
yields the actuators. When printed and cooled to room temperature, the material is recut 
again into small pieces and reloaded into the syringe without further treatments to 
recycle the material. The same batch of thermoplastic material was printed five times 
through DIW yielding actuators from the initial pristine material and an additional four 
recycles. The pristine material actuator contracts with a maximum of 12.7%, while the first 
and second recycles have a comparable actuation strain of 9.9% and 10.0%, respectively. 
The third- and fourth-times recycled actuators show diminished actuation strains of 3.3% 
and 0.7%, respectively (Figures 3.3b,c). 
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Figure 3.3: (a) Scheme of recycling procedure wherein the LCE is printed for five cycles. First, the crude material 
is cut and heated in the syringe to 200°C for 20 min, after which pristine uniaxial actuators are printed. The 
extruded material is then recut, and the procedure is repeated to print actuators with recycled material. (b) 
Photographs of the pristine (P) to fourth recycle actuators (from left to right) at 30 and 110 °C (scale bar = 0.5 
cm) (c) The corresponding actuation strain of the printed actuators as a function of the temperature. The 
actuation performance of each printed actuator is averaged over three heating−cooling cycles. (d) TGA data 
showing the weight loss of the PTU when heated to 200 °C for 16 h. The dashed lines indicate the melting time 
of each printing cycle. 

To shed light on this diminished actuation performance, X-ray diffraction, TGA, and GPC 
analysis were performed.[44] The orientationally arranged diffraction patterns in the 
wide-angle 2D X-ray diffractograms and the accompanying order parameter S indicate 
the presence of extrusion-induced order in all printing cycles. However, the molecular 
alignment diminishes with ascending printing (re)cycles: the first recycle has an S of 0.18, 
slightly larger than the initial pristine cycle (S = 0.16), whereas the second recycle has a 
similar S of 0.15. After this, the molecular order decreases significantly to S = 0.09 for the 
third and to S = 0.03 for the fourth recycle. The stability of the LCE ink was evaluated with 
GPC and TGA. From GPC, a decreasing number-average molar mass is observed upon 
printing and recycling from Mn = 73 to 21 kg mol-1. Heating the crude PTU LCE material to 
200 °C results in a weight loss of 12 wt% within 16 h, indicating the thermal decomposition 
of the material (Figure 3.3d). This behavior might be due to the decomposition of TU 
moieties,[45] which corresponds to around 10 wt% of the material and is responsible for 
physical crosslinking. Our conjecture is confirmed by analyzing the thermal properties 
with DSC, revealing that the melting endotherm of the TU hard segment domains is 
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Figure 3.4: Photographs demonstrating the thermal actuation of patterned actuators by applying an LCE strip 
(25−35 × 2 mm2) on top of (a) rectangular and (b) star-shaped passive PEI films (top view). The white stripe 
denotes the flat state, while the arc represents the bent state (side view). The scale bar represents 0.50 cm 
(bottom right). 

diminished and decreased to 137 °C upon recycling.[44] These combined observations of 
obtaining shorter polymer chain lengths and significant weight loss indicate the thermal 
decomposition of the printed material when prolonged heated, which results in a lower 
extrusion-induced order during printing and is accompanied by a decrease in actuation 
performance. Therefore, the decrease in order parameter and actuation performance 
can be explained by thermal degradation of the material during printing, given that it is 
heated to 200 °C for 16 h in order to print all cycles. 

3.2.3 Direct Ink Writing of Patterned Actuators 
Our ink can also be used to fabricate bending actuators by printing on a passive 
substrate. Depositing a PTU LCE strip (25 × 2 mm2) on top of a PEI foil (25 × 5 × 0.005 mm3, 
40% coverage) enables bending motions upon heating with the LCE on the inside of the 
curvature (Figure 3.4a). When fixing the printed film on one side, it initially bends and 
then tightly rolls up.[44] This behavior results from the contraction of the LCE along its 
alignment direction, whereas the passive layer is unresponsive, resulting in bending and 
curling motions.[16] Selective bending of more complex substrate shapes can be obtained 
by applying the active LCE material (35 × 2 mm2) to specific regions (Figure 3.4b). 

3.3 Conclusions 
In conclusion, we have fabricated thermoplastic PTU LCE actuators through DIW without 
the need for postprinting (photo)polymerization, showing a maximum actuation strain 
of 12.7%. Due to the TU segments’ thermoreversible H-bonding, the thermoplastic ink 
exploits the interplay of melt-processable material behavior required for extrusion and 
provides the desired mechanical stability to fix the network and its molecular order. 
Furthermore, the ink can be recycled, but the actuation performance diminishes due to 
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the thermal degradation of the thermoplastic LCE ink. We foresee that thermal 
degradation can be circumvented by adapting the chemical structure, changing the 
printing conditions, and/or the use of fused filaments. This thermoplastic ink 
demonstrates an innovative approach toward the DIW of recyclable LCE actuators where 
photocuring is not needed, which opens up great opportunities for the facile fabrication 
of more sustainable soft actuators and robotic devices. 

3.4 Experimental Details 
Materials  
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (1) and 1,4-bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (2) were obtained from Merck. 2,2′-
(Ethylenedioxy)diethanethiol (3, ≥97%), hexamethylene diisocyanate (5, ≥98%), triethyl-
amine (6, ≥99%), and 1,6-hexanedithiol (7, ≥97%) were purchased from Tokyo Chemical 
Industry (TCI). Dimethylphenylphosphine (4, 99%) and N,N-dimethylacetamide (DMAc, 
≥99%) were purchased from Sigma-Aldrich. Diethyl ether (Et2O, ≥99.5%) was obtained 
from Biosolve. To prepare the sacrificial layer, PVP (Mw 10000) was purchased from 
Sigma-Aldrich. All reagents were used as received without further purification. 

Synthetic Procedure 
The thermoplastic LCE is obtained by sequential thiol-acrylate and thiol-isocyanate 
addition reactions. In short, reactive mesogens 1 (15.84 mmol, 9.31 g) and 2 (15.84 mmol, 
10.66 g) were added in a 1:1 molar ratio to a 250 mL round-bottom vessel, after which 
they were dissolved in DMAc 50 wt% (42 mL) at 50 °C under argon atmosphere. Next, the 
temperature is brought back to room temperature, and an excess of 3 (38.00 mmol, 6.94 
g) and 0.1 wt% of 4 (0.28 mmol, 0.04 g) are added. After allowing the reaction to proceed 
for 2 h, the prepolymer is sequentially prepared via a base-catalyzed thiol-isocyanate 
addition reaction. For this reaction, an aliphatic diisocyanate 5 (12.70 mmol, 2.13 g) in 
DMAc 50 wt% (2 mL) and an amine catalyst 6 (0.1 wt%, 0.34 mmol, 0.03 g) are added to 
the thiol-terminated oligomer at room temperature. After 15 min, the viscosity increased, 
and therefore, additional DMAc (40 mL) was added to the mixture. Next, a 1:1 molar ratio 
of the dithiol chain extender 7 (6.34 mmol, 0.95 g) is added to the oligomer prepolymer, 
after which the reaction proceeds overnight at 60 °C. The final polymer is obtained 
through precipitation in cold Et2O (2.5 L) overnight and subsequently stirred in fresh cold 
Et2O (400 mL) for an additional 4 h, yielding the PTU LCE (96.2% recovery). Finally, the 
material was dried at 40 °C under vacuum overnight. 

General Characterization 
FTIR spectra were recorded on a Varian 670 IR spectrometer equipped with an 
attenuated total reflectance (ATR) sampling accessory using a diamond crystal from 
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4000 to 650 cm-1, collecting 50 scans per spectrum with a spectral resolution of 4 cm-1. 
The FTIR spectra are recorded at room temperature and are processed with Varian 
Resolutions. GPC was performed on a Water HPLC system equipped with a PSS PFG (8 × 
50 mm2, 7 µm) and two PFG linear XL columns (8 × 300 mm2, 7 µm) in series. The mobile 
phase, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) with potassium trifluoroacetate (0.02 м) 
at 35 °C, is supplied at a flow rate of 0.8 mL min-1. The samples were prepared at room 
temperature in HFIP with potassium trifluoroacetate (0.02 м) and toluene (0.02 м). The 
molecular weights were determined using a refractive index detector relative to 
poly(methyl methacrylate) standards. DSC thermographs are measured with a TA 
Instruments Q1000 DSC instrument using hermetic T-zero aluminum sample pans. All 
scans were conducted with 10 ± 1 mg polymer over the temperature range from -50 to 
210 °C with heating and cooling rates of 10 °C min-1 under nitrogen atmosphere. The 
transition temperatures are determined from the second heating cycle. TGA was carried 
out on a TA instruments Q50 instrument with 5.1 mg polymer over a temperature range 
from 28 to 800 °C and a heating rate of 10 °C min-1. For the thermal degradation test with 
TGA, 7.6 mg polymer was heated to 200 °C for 16 hours. DMA was performed with a TA 
Instruments Q800 apparatus in vertical tension mode on samples of (8.8 × 5.7 × 0.4 mm3) 
cut from compression-molded films. The thermographs were measured between -50 and 
250 °C, with a heating rate of 5 °C min-1, a single 1 Hz oscillating frequency, 20 µm 
amplitude, and 0.01 N preload force. X-ray scattering measurements were performed on 
a Ganesha lab instrument equipped with a Genix-Cu ultralow divergence source. This 
source generates X-ray photons with a wavelength and flux of 0.154 nm and 1 × 108 
photons s-1, respectively. Diffraction patterns were obtained using a Pilatus 300 K silicon 
pixel detector with 487 × 619 pixels of 172 × 172 µm2. As a calibration standard, silver 
behenate was used. The sample-to-detector distance is 89 mm for wide-angle (WAXS) 
configurations, whereas for medium-angle (MAXS) configurations, a distance of 440 mm 
is used. After data collection, a custom Python script with the PyFAI software package is 
used to reduce and analyze the obtained data. The orientational order parameters were 
calculated from the diffraction patterns using the Kratky method.[48] 

Preparation of Glass Printing Substrates 
Freestanding actuators were fabricated by printing on glass substrates (76 × 52 mm2, 
Paul Marienfeld GmbH & Co. KG) prepared with a sacrificial layer. First, the glass was 
cleaned by ultrasonication (Branson 5510) in 1:1 vol% 2-propanol:ethanol for 20 min, after 
which the residual solvent was removed with nitrogen gas flushing. Next, a 10 wt% PVP 
solution in ethanol was cast on a glass substrate during spin coating. The spin coater 
(Karl Süss RC8) was set to 3000 rpm, 300 rpm s-1 acceleration, and 45 s spin time. After 
spin coating, the treated substrates were post-treated at 100°C for 10 min. 
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Direct Ink Writing 
A Hyrel EHR 3D printer equipped with a TAM-15 high-operating temperature extrusion 
head was used for the controlled deposition of the thermoplastic PTU LCE. For this, a 
stainless-steel ink syringe and a 0.3 mm diameter micronozzle (Micro-Swiss MK8 M2549-
03 3D) were used. The printing procedure is started by cutting the PTU LCEs into small 
chunks and drying them at 40 °C under vacuum overnight. Subsequently, the syringe is 
loaded with the dried material and heated up to 200 °C for 20 min to ensure complete 
melting. Extrusion of the thermoplastic melt was obtained with the found DIW settings. 
For the recycling procedure, the remaining material inside the syringe is emptied into a 
PTFE dish following the same print settings, mimicking the actuator formation while 
minimizing the exposure to PVP. In addition, pristine printed actuators are cut into small 
pieces and reloaded into the syringe without further treatments to recycle the pristine 
printed material. Finally, the printing procedure is repeated as described previously to 
fabricate recycled actuators (1st – 4th recycle). It should be noted that the crude material 
was heated for seven hours at 200 °C to yield the initial pristine actuators, and additional 
two hours of heating was required for each printing recycle, resulting in prolonged heat 
exposure of 15.5 hours after printing the complete recycling set. The actuation 
properties, thermal degradation, and alignment of the resulting prints were 
characterized using ImageJ image processing techniques, GPC, and X-ray scattering 
measurements, respectively. All print path files were obtained by manually writing the 
.g-code according to the desired printing conditions (speed, layer height, line spacing, 
and infill settings).[44] With this technique, freestanding and patterned actuators were 
printed. 

Patterned Actuators 
Patterned actuators are created by printing on 5 and 10 µm uniaxially stretched 
polyetherimide (PEI) foils with the reported settings. The PEI films are passive substrates 
that do not act as an alignment layer for oligomeric mesogens.[16] Two different pattern 
actuators are created with the produced .gcode files. The first is a 35 × 2 mm2 (L × W) PTU 
LCE film deposited on top of a 35 × 5 mm2 (L × W) PEI film. After deposition of this film, 
laser cutting was employed to extract a 25 × 5 mm2 (L × W) film (40% coverage).[16] In 
addition, a 35 × 2 mm2 (L × W) LCE film is deposited on a star-shaped PEI foil. This PEI foil 
is laser-cut according to a manually written vector path. 

Laser Cutting 
Precise cutting of the LCE patterned PEI foils was performed using a Laser Engraving 
Machine (CO2 Laser Plotter 50W 40 × 40, XM-3040) equipped with a 50 W max. CO2 laser 
beam. The cutting path used to slice the samples was defined using the RDWorksV8 
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V8.01.18 software with minimal (7.5%) and maximal (8.3%) laser intensities and cutting 
speed (300 mm s-1) set. After creating the desired cutting path, the file can be saved into 
a .rd (R documentation) file that can be loaded into the laser engraving machine. 

Optical Profiling 
The layer thickness of the multilayer films was measured with an optical profiling system 
(Sensofar S neox 3D Optical profiler, equipped with a 10× objective). With the profiling 
system, 3D profiles were recorded over the sample width of four consecutive samples 
yielding the average printed thicknesses. 

Actuation Performance 
The thermal actuation was performed by placing the printed samples on a black 
aluminum sheet on a hotplate. The hotplate is heated from 30 to 110 °C with 10 °C 
temperature intervals. After reaching 110 °C, the samples were allowed to cool back to 
room temperature by removal from the hotplate. One full heating and cooling cycle was 
performed before the actuation measurements to eliminate any possible thermal history 
of all prints. Subsequently, three heating–cooling cycles of each printed actuator were 
averaged to obtain the reported actuation strain. Photographs of the samples are made 
with an Olympus OM-D E-M10 Mark III (with M.Zuiko 60 mm f/2.8 macro lens) in manual 
mode, and the samples were exposed to a LED light source for proper lighting. The 
actuation of all freestanding actuators is calculated on these photographs via ImageJ 
calculations. 
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3.5 Appendix 
Supporting information accompanying this chapter is available free of charge at ACS 
Publications: https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00359. 

 

Video S1. Printing of uniaxially aligned 
thermoplastic LCE strips (playback 
speed: 8×). 

 

  

https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00359
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Chapter 4 
4D Printing of Thermoplastic Liquid Crystal Elastomer Soft Actuators 
Fueled by Light† 

 
 
 

 
 
 
 
Abstract: Recent years have seen major advances in the additive manufacturing of 
stimuli-responsive materials, also known as “4D printing,” among which liquid crystal 
elastomers (LCEs) play an important role. However, during fabrication photocrosslinking 
of the LCEs is required, but this step is time-consuming and efficient polymerization is 
challenging, especially in the case of light-responsive materials. In this chapter, we 
synthesized the first light-fueled thermoplastic LCEs suitable for the direct ink writing 
(DIW) of soft actuators in which a photopolymerization step is not needed. With the 
responsive thermoplastic material, 3D-printed objects are fabricated by exploiting the 
thermoreversible interplay of the hydrogen-bonding physical crosslinks. After printing, 
the thermoplastic LCE shows reversible shape changes in response to light and is capable 
of bending and lifting a load. Through the combined photothermal and photochemical 
contributions of the incorporated azobenzene, the actuators can be triggered both in air 
and water. The freedom provided by DIW allowed for the printing of complex responsive 
objects, as demonstrated by fabricating re-entrant honeycomb and spiral director 
structures. This approach of printing light-responsive thermoplastic soft actuators opens 
avenues toward the application of “smart” and sustainable materials for additive 
manufacturing without the requirement of photocrosslinking. 
 
 
 
 
†This chapter is reproduced from: S. J. D. Lugger, L. Ceamanos, D. J. Mulder, C. Sánchez-Somolinos, A. P. H. J. 
Schenning, Adv. Mater. Technol. 2023, 8, 2201472. 
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4.1 Introduction 
Among the potential applications of liquid crystal elastomer (LCE) based stimuli-
responsive materials, the development of untethered soft actuators is one of the most 
attractive.[1–4] For example, in soft robotics,[5–8] as well as in microfluidics and biomimetic 
devices,[9,10] light-responsive LCE polymers containing photoactive molecules have been 
widely used.[11,12] The benefit of light as an untethered stimulus, in contrast to others such 
as temperature and humidity, is the spatial-temporal control, tunability, and 
straightforward application.[13–15] Therefore, efforts to develop light-driven actuators 
based on polymerizable LCE materials have become a well-established research topic, 
producing a valuable basis for transforming light into mechanical motion.[16,17] 
Azobenzene derivatives are currently the most prominent photoswitches in LCE 
actuators due to their ease of incorporation and for enabling remotely controlled 
actuation with fast and reversible responses.[18,19] However, photopolymerization of 
liquid crystal (LC) materials is generally needed to obtain reversible shape changes.[20,21] 
This photoinduced crosslinking process is time-consuming, and efficient curing is 
challenging, which is even further impeded by the undesired isomerization of the 
azobenzene moieties.[22] 

The potential of deploying physically crosslinked polymer actuators is an emerging 
research topic.[23–26] Because of the noncovalent nature of the physical crosslinking 
interactions, these supramolecular polymeric materials are often (re)processable and 
photocuring is not required. In recent works, using light-addressable azobenzene-
containing polyurethanes has allowed reversible photoinduced deformations.[27–29] This 
actuation behavior results from the trans–cis photoisomerization and the molecular 
disorder generated in the matrix upon illumination with light. While highlighting the 
versatility of physically crosslinked LCEs as an alternative for permanent crosslinks in soft 
actuators, the processing of these materials is still limited. 

Additive manufacturing techniques such as direct ink writing (DIW) are an attractive 
approach for fabricating LC-based objects, accommodating freedom in structural design 
and allowing for the fabrication of 3D stimuli-responsive materials.[30,31] This concept is 
also known as 4D printing, where the 3D printed material can change its shape or 
appearance in response to various external stimuli.[32–36] To date, most of the LCE-based 
actuators fabricated via DIW are based on photopolymerizable inks and covalent 
crosslinks, but the printing of light-responsive physically crosslinked LCE actuators has 
not been reported before.[37–39] However, in a particular example, photoswitchable 
actuators based on both dynamic covalent and supramolecular crosslinks have been 
printed by DIW without photopolymerization being needed.[40] Hence, developing LCE 
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inks with only dynamic physical crosslinks for DIW light-responsive actuators would be 
appealing. In Chapter 3, we exploited the DIW of a temperature-responsive 
thermoplastic ink for the facile fabrication of more sustainable soft actuators.[41] 

Here, a light-triggered, printable thermoplastic ink is presented based on a melt-
processable polythiourethane (PTU) consisting of responsive LC and dynamic hydrogen-
bonding (H-bonding) segments. This thermoplastic material combines the 
thermoreversible nature of the physical crosslinks with the light-responsivity of the 
incorporated azobenzene photoswitches. Mechanical programming and DIW are used 
to generate light- and temperature-responsive thermoplastic LCE actuators without 
photocrosslinking that demonstrate reversible shape changes. It is shown that the 
resulting LCE actuators can be addressed in either air or aqueous environments and are 
capable of performing mechanical work in response to light. The freedom in structural 
design and capabilities of mesogen alignment are demonstrated by DIW re-entrant 
honeycomb and spiral director structures with complex, reversible shape deformations. 

4.2 Results and Discussion 
4.2.1 Synthesis and Characterization of the Light-Responsive Thermoplastic LCE 

Light-driven response of the thermoplastic material is obtained by incorporating an 
azobenzene photoswitch, which is often used in conventional light-responsive LCE 
actuators (Figure 4.1a).[1,7] Inspired by the one-pot synthesis of thermoplastic LCE 
actuators in Chapters 2 and 3, a photoresponsive LCE based on segmented PTU has been 
synthesized.[42,43] By simply adding an azobenzene derivative (3 mol%) to diacrylate 
mesogens and reacting it with an excess of dithiol through a phosphine-catalyzed 
nucleophilic thiol-Michael addition reaction, an azobenzene containing LC oligomer is 
yielded. Subsequently, the thiol functionalized oligomer obtained is further reacted with 
an aliphatic diisocyanate and dithiol chain extender by a base-catalyzed addition reaction 
yielding a thermoplastic LCE with azobenzene moieties incorporated in the main chain. 
The synthesized polymer comprises alternating responsive LC and dynamic H-bonding 
segments, consisting of five and one repeating unit(s), respectively. Synthesis of the LCE 
ink was confirmed by gel permeation chromatography (GPC), indicated by the relatively 
high number-average molecular weight (Mn ≈ 77 kg mol-1) and low polydispersity index 
(Đ = 1.97). In addition, the absence of thiol (ṽ ≈ 2560 cm-1) and isocyanate (ṽ ≈ 2270 cm-1) 
vibrations, as observed with Fourier-Transform infrared spectroscopy (FTIR), are 
indicative of successful polymerization.[43] The formation of the PTU was further 
indicated by the presence of characteristic amine (ṽ ≈ 3310–3340 cm-1) and carbonyl (ṽ ≈ 
1640–1680 cm-1) stretching bands.[44] Complete incorporation of the azobenzene 
derivative was confirmed with nuclear magnetic resonance (NMR) spectroscopy.[43] 
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Figure 4.1: (a) Schematic and molecular representation of the light-responsive thermoplastic LCE (tpLCE) and 
theoretical composition. The blue rectangles correspond to the chemical composition highlighted in blue. (b) 
Stretching of compression-molded material, thereby inducing molecular order (n; scale bar = 1 cm). (c) Linear 
polarized FTIR and (d) UV-vis spectra showing the absorption parallel (∥) and perpendicular (⊥) to the induced 
alignment of a stretched film. Gray dots in (c) indicate mesogen-specific vibrations. 

From the 1H-NMR spectrum, the integrated ratio between the mesogenic and 
azobenzene moieties’ aromatic protons corresponds to the initial molar ratio. 
Complementary, diffusion-ordered NMR spectroscopy (DOSY) showed that the signals 
of azobenzene exhibit the same diffusion coefficient as the PTU.[45] 

The azobenzene-containing thermoplastic LCE exhibits similar thermal and mechanical 
properties as discussed before in Chapters 2 and 3. Analyzing the thermal properties with 
differential scanning calorimetry (DSC) reveals that the LCE ink has a glass transition 
temperature (Tg) of -16 °C and an endothermic melting temperature (Tm) of 176 °C.[43] In 
polarized optical microscopy (POM), the material exhibits an isotropization temperature 
(Ti) from the ordered to disordered state over a temperature range of 60 to 80 °C, 
indicated by the loss in birefringence upon heating.[43] Upon cooling, the material 
became birefringent again at a considerably lower temperature with large thermal 
hysteresis. We assume the Ti is not visible with DSC since this transition is too broad. The 
material’s degradation temperature is determined to be 247 °C (1% weight loss) with 
thermogravimetric analysis (TGA).[43,46] This reveals that the Tm is well below the thermal 
degradation onset of the thermoplastic LCE ink, allowing melt processing of the material 
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with good thermal stability. The dynamic viscoelasticity of the thermoplastic ink was 
characterized by performing dynamic mechanical analysis (DMA) on compression-
molded films.[43] The obtained thermogram showed a segmental α-relaxation transition 
at 5 °C, which is directly related to the Tg, and an accompanying shoulder at 37 °C.[47,48] 
Increasing the temperature further, a rubbery plateau was observed up to 120 °C, after 
which it transitions to the viscoelastic flow region, followed by the viscous flow. These 
results indicate the formation of physical crosslinks within the physical network at the 
rubbery plateau that can be reversibly broken at higher temperatures due to the dynamic 
nature of the H-bonds, allowing for programming strain-induced orientation and melt-
processing capabilities. Moreover, temperature-dependent FTIR spectroscopy shows 
the thermoreversible formation and breaking of the dynamic H-bonding crosslinks.[43]  
The mechanical properties of the LCE were studied with tensile testing at room 
temperature. This measurement showed relatively high tensile strength and elongation 
at break for dynamic LCEs of 7 MPa and 1250% strain, respectively, presumably due to the 
strong H-bonding interactions within the thiourethane (TU) segments.[43] 

Elongating a compression-molded thermoplastic LCE film results in strain-induced 
molecular orientation (n) along the stretching direction (Figure 4.1b). With linearly 
polarized transmission FTIR spectroscopy, the dichroism of manually stretched samples 
(ε = 200%) was evaluated at different azimuthal angles (Figure 4.1c). Clear positive 
anisotropy is evident from the stacked spectra parallel (∥) and perpendicular (⊥) to the 
stretching direction, particularly for ether (ṽ ≈ 1162 and 1252 cm-1) and benzene (ṽ ≈ 1510 
and 1605 cm-1) stretching vibrations originating from the mesogenic moieties.[49,50] There 
is a clear azimuthal dependence of the absorption over 360° attributed to the induced 
alignment.[43] From the dichroic ratio D = A∥/A⊥ derived from the IR spectra, one can 
calculate the order parameter S = (D-1)/(D+2) of specific vibrations.[51] Typically, the 
molecular vibrational bands assigned to the benzene rings are used to determine the 
molecular orientation of the mesogens.[49,50] The stretched LCE exhibits an order 
parameter of S = 0.59 for the mesogens, indicating excellent strain-induced 
orientation.[43] In contrast, the vibrations assigned to the TU segment, i.e., the H-bonded 
amine (ṽ ≈ 3315 cm-1) and carbonyl moieties (ṽ ≈ 1638 cm-1), display less evident 
anisotropy. This difference in dichroism of the respective LC and TU moieties reveals that 
the latter experiences more hindrance during stretching, most likely due to H-bonding 
interactions present within these domains.[52,53] Optical characterization of the 
azobenzene photoswitches within the stretched film was performed with linear 
polarized ultraviolet-visible (UV-vis) absorption measurements (Figure 4.1d). Here, the 
absorption band at λ = 365 nm is characteristic of the azobenzene derivative and exhibits 
clear anisotropy with a high dichroic ratio corresponding to S = 0.61.[39] As expected, this
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Figure 4.2: (a) Thermal stress-relaxation of the thermoplastic LCE as a function of time at temperatures from 
100 to 150 °C with a constant strain (ε = 100%). The dashed line indicates the relaxation constant τ* (σ/σ0 = e-1). 
(b) Corresponding Arrhenius plot of the characteristic relaxation times (τ*). (c) Schematic representation of 
strain-induced alignment with varying strains and 2D X-ray diffractogram after programming (ε = 200%). The 
red arrows denote the alignment direction. (d) Azimuthal profile at (q = 14.3–14.6 nm-1) fitted with the Kratky 
method and (e) thermal actuation of the actuator with a programming strain of ε = 200% (scale bar = 0.5 cm). 
(f) The order parameter S obtained by WAXS and maximum thermal actuation at different programming strains 
(ε = 50–300%). 

result is similar to the order parameter found for the mesogens with transmission 
infrared dichroism, given that both specific moieties are incorporated within the soft 
segment chains. 

The physical network dynamics are critical to programming mesogen alignment, 
enabling a macroscopic mechanical response upon applying an external stimulus. The 
dynamic behavior was explored with thermal stress-relaxation tests by stretching the 
samples to ε = 100% strain at temperatures from 100 to 150 °C (Figure 4.2a). It is clearly 
observed that the temperature-dependent stress relaxation decreases faster at higher 
temperatures, showing the H-bonding crosslinks’ dynamic character. Following from the 
characteristic relaxation time τ* (σ/σ0 = e-1) at each respective temperature, the activation 
energy (Ea) was derived from the Arrhenius equation corresponding to 162 kJ mol-1 
(Figure 4.2b).[43,54] These results indicate that the dynamic character of the physical 
network can be suppressed at lower temperatures, providing thermal stability, whereas 
at higher temperatures the dynamic character is promoted. When the material is 
exposed to an iso-stress (σ = 10 kPa) with increasing temperature, plastic flow is 
observed as the sample length dramatically enlarges, showing an onset temperature of 
~120 °C.[43] A minor enlargement around the Ti arises from the decrease in stiffness 
accompanying the ordered to disordered transition.[55] The distinct plastic flow indicates 
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that the material exhibits little creep below this transition, allowing for stable actuation, 
while above this temperature, the material flows and mesogen alignment can be 
programmed by stretching. 

Multiple compression-molded films were uniaxially stretched to different strains (ε = 50–
300%) and subsequently heated to 130 °C for 30 min to program the strain-induced 
molecular alignment as shown in Chapter 2 (Figure 4.2c).[42] This temperature is slightly 
above the onset temperature of plastic flow, where the H-bonds are highly dynamic, 
enabling thermal rearrangement of the physical crosslinks. It should be noted that 
increasing the temperature further decreased the amount of strain the material could 
withstand before failing. The effect of different programming strains on the molecular 
orientation and actuation performance was studied by wide-angle X-ray scattering 
(WAXS; Figure 4.2c,d) and thermal actuation measurements (Figure 4.2e), respectively. 
Comparing the obtained actuators of differing programming strains shows that the 
order parameter (S = 0.24–0.39) and actuation strain (εa = 14–27%) increase until 200% 
programming strain, after which both remain relatively constant (Figure 4.2f). The TU 
segments are more difficult to align than the LC segments due to the H-bonding 
interactions limiting the actuation strain (vide supra). Since the order parameter 
obtained with WAXS is averaged over the entire material, it is lower than derived from 
the linear-polarized FTIR and UV-vis absorption measurements where only specific 
features are evaluated. The medium-angle X-ray scattering (MAXS) diffractograms of the 
programmed films showed that the diffraction peaks originating from the interdomain 
spacing at q = 0.28 nm-1 remained unchanged, which indicates that the microphase-
separated morphologies are unaffected by the programming strain.[43] 

4.2.2 Light Response of Mechanically Programmed Actuators 
A thermoplastic soft actuator prepared with a programming strain of ε = 200% is used for 
photoactuation. The mechanically programmed LCE film bends towards the UV light 
source upon illumination (365 nm, 25 mW cm-2) in air due to absorption of the 
azobenzene derivative (Figure 4.3; Video S1). The azobenzene derivative undergoes 
light-induced isomerization from its rod-like trans-state to the bent cis isomer via the 
absorption of UV light (Figure 4.3a).[1,20] Accompanying this trans–cis isomerization, the 
molecular order is disrupted due to conformational change of the isomer, inducing 
anisotropic contraction along with the molecular director, thereby converting the 
absorbed light energy into mechanical work.[17,56] Due to the relatively high azobenzene 
content, a cis–trans gradient is created throughout the film, resulting in contraction of 
the exposed side leading to macroscopic bending.[43] After removing the UV light, the 
film partially unbends and remains in a temporarily stable deformation state arising from
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Figure 4.3: (a) Light-induced trans–cis isomerization of the azobenzene derivative and schematic 
representation of the reversible light-driven bending motion arising from geometrical changes of the 
azobenzene moiety in response to light. The gray and orange rods represent the LC and light-responsive 
azobenzene moieties, respectively. Exposure to UV light leads to a light absorption (i.e., cis–trans) gradient in 
the film, indicated by the transition from dark to light orange color. (b) Images of the photoactuation in air: (i) 
actuator at room temperature before illumination, (ii) UV light (25 mW cm-2) induced bending motion, (iii) 
temporary stable state of the actuator after removal of UV irradiation, (iv) blue light (35 mW cm-2) induced 
unbending motion, and (v) complete unbending to the initial state upon turning off the blue light. The actuator 
is illuminated from the left resulting in bending towards the light source (scale bar = 0.5 cm). (c) Tip 
displacement of the actuator as a function of time in both air and water during UV (violet region) and blue 
(blue region) light illumination. The numbered regions correspond to the images in (b). 

the photochemical effect of the light-induced cis population (Figure 4.3b,c). The partial 
unbending motion is most likely the consequence of a photothermal effect: UV light 
absorption of the azobenzene chromophores results in photothermal heating and 
contraction of the film at the irradiated side that reversibly expands into its temporary 
deformed state upon turning off the light. Photoinduced back isomerization of the cis 
azobenzene moieties can be immediately triggered by exposure to blue light (455 nm, 
35 mW cm-2), resulting in mechanical relaxation and large unbending deformations. 
However, the film completely unbends to its initial state only after turning off the blue 
light. This behavior can also be related to the light absorption of the azobenzene 
chromophores when exposed to blue light resulting in photoinduced heating and 
contraction of the film, which expands to its initial state when the light is turned off. 

Underwater actuation of the light-responsive thermoplastic LCE demonstrates almost 
no photothermal heating of the actuator since the generated heat is immediately lost 
into its surroundings, as indicated by the small unbending motions after removing both 
UV (20 mW cm-2) and blue lights (29 mW cm-2; Figure 4.3c; Video S2). Additionally, the 
amplitude of deformation in water is smaller than in air since the same light intensities 
are used for both surroundings resulting in a higher intensity of incident light illuminating 
the film in air. These observations demonstrate that the light-responsive PTU LCE 
actuator operates both in air and water. 
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Figure 4.4: (a) Scheme showing the fabrication of actuators through DIW. (b) Optical microscopy images 
through crossed polarizers (p) with the printing direction (i.e., molecular director n) parallel (top) and at 45° 
(bottom). (c) 2D X-ray diffractogram of the printed strip showing orientationally arranged diffraction patterns 
orthogonal to the printing direction (red arrow). (d) Photographs of the thermal actuation and corresponding 
(e) actuation strain of the printed thermoplastic LCE as a function of temperature upon cycling between 30 
and 110 °C (scale bar = 0.5 cm). 

4.2.3 Direct Ink Writing and Light-Triggered Actuation 
Given the responsive properties to temperature and light of the thermoplastic LCE 
actuator films, this material was believed to be suitable for fabricating soft actuators 
through DIW. Typically, for printing LCE inks, the syringe is heated to around the Ti, while 
the print bed is maintained below this temperature to allow for the formation of 
molecular alignment.[57] Similar to what was discussed in Chapter 3, in our case, the 
viscoelastic material was loaded into the printhead and heated to 200 °C, which is above 
its Ti and Tm, for 15 min to obtain a homogenous thermoplastic polymer melt. To achieve 
the required uniaxial molecular orientation, the viscosity of the melt is increased by 
setting the temperatures of the printhead and nozzle to 175 and 180 °C, respectively, 
allowing for shear and elongational flow during extrusion and filament deposition. At 
these printing temperatures, uniaxially aligned prints were obtained with printing 
speeds vnozzle of 3–10 mm s-1, 300 µm diameter nozzle, and the print substrate at room 
temperature (Figure 4.4a). As the molten material is extruded through the nozzle and 
deposited on the printing bed, it quickly cools and solidifies, thereby locking in the 
induced unidirectional alignment without additional post-polymerization steps. This 
interplay between the thermoplastic polymer melt and physically forming the 
crosslinked network is based on the thermoreversible nature of the H-bonding 
interactions. The material is printed on a substrate containing a sacrificial layer, e.g., 
poly(vinyl alcohol), which can be released to yield freestanding prints. After printing, the 
dark-bright (i.e., birefringence) state by rotating the printed sample between crossed 
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Figure 4.5: (a) Photoactuation of the printed actuator without weight in air: (i) prior to illumination, (ii) UV light 
(25 mW cm-2) illumination, (iii) no UV light, (iv) blue light (35 mW cm-2) illumination, and (v) no blue light. The 
actuator is illuminated from the left (scale bar = 0.5 cm). (b) Tip displacement as a function of time in both air 
and water during UV (violet region) and blue (blue region) light illumination. The numbered regions correspond 
to the images in (a). (c) Photoactuation of the printed actuator with load (1 g) in air using high-intensity UV 
(220 mW cm-2) and blue (15 mW cm-2) light (scale bar = 0.5 cm). (d) Normalized length (L/L0) as a function of 
time in both air and water during UV (violet region) and blue (blue region) light illumination. 

polarizers with POM is indicative of uniaxial alignment, parallel to the printing direction 
(Figure 4.4b). WAXS further confirms the induced molecular alignment during printing, 
as can be seen by the typical diffraction pattern orthogonal to the printing direction with 
corresponding order parameter S = 0.22 (Figure 4.4c). To verify the printed actuators’ 
reversible response, it is heated to 110 °C, showing a 14% contraction that is completely 
recovered upon cooling to 30 °C (Figure 4.4d,e). A comparison of these results with the 
mechanically programmed actuators in this chapter implies that the induced molecular 
order during printing corresponds to a programming strain of ε = 50% (Figure 4.2f). 

Light-responsive, reversible actuation of the printed strips is illustrated by sequential 
exposure to UV and blue lights (Figure 4.5). The macroscopic bending deformation of 
the printed actuator in both air and underwater is similar to the mechanically 
programmed actuator described previously in this chapter (Figure 4.3): illumination with 
UV light (25 mW cm-2) causes significant bending towards the light source that is 
completely recovered after exposure to blue light (35 mW cm-2; Figure 4.5a,b). 
Accompanying the photoinduced isomerization, a slight increase in the film’s surface 
temperature to 30 °C is observed that remains relatively constant during illumination.[43] 
Once the light is turned off, the film quickly cools to room temperature, causing it to 
slightly unbend into a temporarily stable state. The partial unbending behavior after UV 
illumination is attributed to photothermal contributions, which is further strengthened 
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by underwater actuation where this behavior is not observed since the heat is dissipated 
to the surrounding medium (Figure 4.5b). These combined observations and stable 
bending deformations indicate the photochemical nature of light-triggered actuation. 
The results also show that this thermoplastic material is suitable for fabricating light-
responsive printed actuators using DIW. 

Using high-intensity UV illumination, it is possible to perform mechanical work and 
reversibly lift a load (1 g) in either air or underwater (Figure 4.5c,d). The weight also 
ensures contraction and expansion motions while preventing the undesired bending 
behavior during photoactuation, allowing to quantify the induced mechanical work. The 
printed actuator shows a contraction of up to 14.4% upon exposure to UV light (220 mW 
cm-2) in air, which remains constant during continuing illumination (Video S3). When the 
UV light is turned off, the film rapidly expands back to an extent, followed by a gradual 
recovery reaching a remaining contraction of 3.9%. Accompanying the light-induced 
trans–cis isomerization, the film’s temperature reaches almost 80 °C, which decreases to 
room temperature upon ceasing the light exposure.[43] These observations indicate a 
significant photothermal contribution to the light-induced weight-lifting actuation in air 
(10.5% contraction), corresponding to the actuation strain obtained with thermal 
actuation at 80 °C (11.0% contraction, Figure 4.4e). Subsequent blue light (15 mW cm-2) 
illumination results in further recovery due to photoinduced back isomerization of the 
azobenzene moieties. However, only after switching off the blue light was there a 
complete recovery of the initial length, likely because of photothermal heating during 
illumination. Hence, both photothermal and photochemical effects determine the 
loaded actuator’s contraction and work capacity in air. The extent of contraction 
underwater is significantly smaller than in air since photothermal heating of the film is 
suppressed (Figure 4.5d). When submerged in water, the printed actuator exhibits 4.5% 
contraction after illumination with high-intensity UV light (220 mW cm-2) that is gradually 
completely recovered by exposure to blue light (15 mW cm-2). Comparing the light-driven 
actuation in both surroundings shows that the degree of photochemical effects is similar 
(3.9% contraction), as expected. The actuator’s specific work capacity was calculated for 
both surroundings with a maximum energy density of 2.4 J kg-1 in air and 0.5 J kg-1 in 
water.[43] 

4.2.4 Thermal- and Light-Driven Actuators With Programmed Structural Designs 
The versatility and design freedom provided by DIW is demonstrated by printing a 
porous re-entrant honeycomb structure and a spiral director orientation circular 
continuous layer, which show complex deformations in response to temperature and 
light (Figure 4.6).[33] Heating the auxetic honeycomb with fixed ends to 110 °C results in 
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Figure 4.6: Reversible actuation of the complex re-entrant honeycomb (top) and spiral director (bottom) 
structures obtained by DIW in response to temperature (left) and light (right). The re-entrant honeycomb 
structure is fixed to a rigid frame (left and right sides of the structure in the photographs; scale bar = 0.25 cm). 

a structure with significant shape changes of the individual cells and complete 
reversibility when cooled. The printed spiral director sample also exhibits a reversible 
response to temperature, allowing shape morphing between the initial flat state and the 
actuated cone-like shape. In addition to the thermal response, light-responsive reversible 
actuation of the complex structures is also illustrated by exposure to UV (220 mW cm-2) 
and blue light (15 mW cm-2). Under UV illumination, both the re-entrant honeycomb and 
the spiral director structure undergo similar deformations as seen with thermal 
actuation, although to a lesser extent (Videos S4 and S5). This reduced deformation is 
presumably due to inhomogeneous heating of the object during light-actuation and 
since only temperatures of 90 °C or lower are achieved.[43] Nevertheless, the light-driven 
actuation of these printed complex shapes is dominantly driven by thermal contributions 
as the deformation largely disappears when UV light is switched off. The remaining 
contraction based on the photochemical effect is recovered after illumination with blue 
light, which is similar to the printed actuator with load as discussed before. In the strips 
and spiral director structure, the main deformation is bending, whereas the re-entrant 
honeycomb is fixed and limited to contraction and expansion that are less apparent as 
visualized by the changing angles of each unit cell. In addition, the molecular order of the 
strip (S = 0.22; obtained from WAXS) and spiral structure (S = 0.28) is higher than the re-
entrant honeycomb (S = 0.19), contributing to larger shape deformations.[43] 

4.3 Conclusions 
In conclusion, we have demonstrated the fabrication of light-responsive LCEs for 
generating untethered soft actuators by 3D printing without the need for photocuring. 
Applying a thermoplastic polymer based on thermoreversible H-bonds enables the facile 
printing of the molten material as viscoelastic ink, which subsequently solidifies on the 
printing bed into the polymer objects with molecular alignment. The photothermal and 
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photochemical properties of the azobenzene moiety led to light-fueled soft actuators 
that can be operated both in air and aqueous environments with fast, reversible light-
triggered macroscopic shape changes capable of lifting loads and performing 
mechanical work. Moreover, using DIW generates mesogen alignment while offering 
versatility in the structural design of the prints, enabling the generation of complex 3D 
objects and exotic deformation modes, as shown by printing re-entrant honeycomb and 
spiral director structures. This thermoplastic material serves as an alternative approach 
for fabricating light-triggered LCE actuators via DIW. We believe that this thermoplastic 
design will open new routes to develop novel 3D-printed actuators, which can be used 
as 4D-printed soft robotics and deployable devices. 

4.4 Experimental Details 
Materials  
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (1, ≥97%) and 1,4-bis-[4-
(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (2, ≥97%) were purchased from 
Daken Chemical Ltd. 4,4-Bis-(6-acryloyloxyhexyloxy)azobenzene (3, ≥95%) was obtained 
from Synthon. Dimethylphenylphosphine (5, 99%) and N,N-dimethylacetamide (DMAc, 
≥99%) were obtained from Sigma-Aldrich. 2,2’-(Ethylenedioxy)diethanethiol (4, ≥97%), 
hexamethylene diisocyanate (6, ≥98%), triethylamine (7, ≥99%), and 1,6-hexanedithiol (8, 
≥97%) were purchased from Tokyo Chemical Industry (TCI). Diethyl ether (Et2O, ≥99.5%) 
was obtained from Biosolve. For the preparation of sacrificial layers, poly(vinyl alcohol) 
(PVA; Mw 9000–10000, 80% hydrolyzed) was purchased from Sigma-Aldrich. All reagents 
were used as received without further purification. 
 
Synthetic Procedure 
The light-responsive PTU LCE was synthesized by charging a reaction vessel (250 mL) 
with diacrylate mesogens 1 (8.64 g, 14.67 mmol) and 2 (9.87 g, 14.67 mmol) and 
azobenzene 3 (1.38 g, 2.64 mmol) in DMAc (45 mL). After completely dissolving the 
monomers, dithiol 4 (7.00 g, 38.38 mmol) was added, followed by catalyst 5 (0.03 g, 0.19 
mmol, 0.1 wt%) in DMAc (8 mL), and the reaction mixture was stirred under argon 
atmosphere at room temperature. After 2 h reaction time, diisocyanate 6 (2.15 g, 12.79 
mmol) and catalyst 7 (0.03 g, 0.3 mmol, 0.1 wt%) were added to the mixture in DMAc (5 
mL) and stirred at room temperature for 15 min. At this point, the viscosity increased and 
therefore additional DMAc (39 mL) was added. The reaction was continued by adding 
dithiol 8 (0.96 g, 6.40 mmol) in DMAc (3 mL) dropwise to the reaction mixture, after 
which it was allowed to stir at 60 °C overnight. The crude mixture was cooled to room 
temperature the next day, followed by precipitation into Et2O (2 L) under continuous 
stirring. Afterward, the product was transferred into fresh Et2O (500 mL) and stirred 



| CHAPTER 4 

76 
 

overnight. The final polymer was obtained by decanting the solvent and drying under a 
vacuum at 40 °C for 24 h yielding an orange solid (≥98% recovery). 

General Characterization 
GPC was carried out using a Waters HPLC system equipped with a PSS PFG (8 × 50 mm2, 
7 µm) and two PFG linear XL columns (8 × 300 mm2, 7 µm) in series. The samples were 
prepared in 1,1,3,3,3-hexafluoro-2-propanol (HFIP) with toluene (0.02 м) and potassium 
trifluoroacetate (0.02 м). HFIP with potassium trifluoroacetate (0.02 м) was supplied as 
a mobile phase at a flow rate of 0.8 mL min-1 at 35 °C. A refractive index detector was 
used to determine the molecular weight and dispersity relative to poly(methyl 
methacrylate). Attenuated total reflectance (ATR) and transmission FTIR spectra were 
recorded on a Varian 670 IR spectrometer equipped with an ATR sampling accessory or 
a microscope setup and crossed polarizers. All spectra were taken with 50 scans over a 
range of 4000–650 cm-1 and a spectral resolution of 4 cm-1 at room temperature unless 
stated otherwise. The FTIR spectra obtained were processed with Varian Resolutions 
and SpectraGryph. UV-vis spectrophotometry was recorded on a PerkinElmer Lambda 
750 spectrophotometer equipped with an integrating sphere detector, a tungsten 
halogen light source, and an automatic polarizer for polarized absorption experiments. 
Measurements were performed on drop-cast samples (T = 1.5 µm) from HFIP (10 mg mL-

1) placed in front of the integrating sphere. NMR spectra were recorded at room 
temperature on a Bruker Avance III HD NanoBay 400 MHz in CDCl3/HFIP (95/5% v/v). 
Chemical shifts are with respect to tetramethylsilane (TMS, 0 ppm) in CDCl3 (purchased 
from Sigma-Aldrich, 0.03% v/v TMS, 99.8 atom % D). DSC scans were collected using a TA 
Instruments Q2000 DSC instrument equipped with a cooling accessory between -50 to 
210 °C at 10 °C min-1 under nitrogen atmosphere. The measurement was performed in a 
hermetic T-zero aluminum sample pan with 10 mg product, and the transition 
temperatures were determined from the second cycle. TGA was performed on a TA 
instruments Q50 instrument between 28 to 800 °C at 5 °C min-1 with 4 mg product. 
Thermomechanical characterization (E’, E”, and loss tangent) was carried out with DMA 
on compression-molded samples (8.9 × 5.5 × 1.1 mm3) using a TA Instruments Q800 
apparatus in vertical tension mode. Thermographs were obtained between -50 to 200 °C 
at a heating rate of 5 °C min-1 with 0.01 N preload force, 12 µm amplitude, and a single 1 
Hz oscillating frequency. Thermal stress relaxation and iso-stress measurements were 
also performed with DMA on compression-molded films (8.0 × 5.3 × 0.3 mm3). For stress 
relaxation, the samples were equilibrated for 5 min at each temperature (100–150 °C) and 
subsequently strained to ε = 100%. For iso-stress, the samples were subjected to a 
constant force (σ = 10 kPa) and a temperature ramp of 5 °C min-1. The stress-strain curve 
was measured using a Lloyd-Ametek EZ20 tensile testing machine equipped with a 500 
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N load cell on compression-molded dog-bone specimens (2 × 0.4 mm2) with a 20 mm 
gauge length and 10 mm min-1 elongation rate until failure. The strain is defined as ε = 
(L−L0)/L0, where L0 is the initial length, and L is the length at a certain time. POM images 
were recorded with a Leica DM2700 M microscope equipped with crossed polarizers and 
a Leica MC170 HD camera. The isotropization temperature was obtained from drop-cast 
samples (15 mg mL-1 in HFIP) using a Linkam THMS600 heating and cooling unit with a 10 
°C min-1 rate. WAXS and MAXS measurements were performed on a Ganesha lab 
instrument equipped with a Genix-Cu ultralow divergence source (Cu Kα, λ = 0.154 nm, Φ 
= 1 × 108 photons s-1) and a Pilatus 300 K silicon pixel detector (487 × 619 pixels, 172 µm2 
in size), placed at a sample-to-detector distance of 89 mm (WAXS) or 440 mm (MAXS). 
Diffraction patterns were collected with an exposure time of 30 min (WAXS) or 60 min 
(MAXS) and analyzed using a custom Python script with the PyFAI software package. 
Silver behenate was used as the calibration standard. The orientational order parameter 
S was determined using the Kratky method.[58] Photographs and videos were taken with 
a camera (Olympus OM-D E-M10 Mark III or Nikon D3300) in manual mode. 
 
Fabrication of Mechanically Programmed Actuators 
The polymer was cut into small pieces and dried at 80 °C under vacuum for 1 h. It was 
then homogeneously loaded into a metal mold (40 × 20 × 0.1 mm3) and covered with 
polytetrafluoroethylene sheets on both sides. Compression-molded samples were 
obtained using a Collin P200E press at 200 °C by first performing three degassing cycles 
at a pressure of 50 bar, followed by a final molding cycle at 100 bar. After 2 min, the mold 
was quenched to room temperature by flowing water through it, yielding polymer films 
(40 × 20 × 0.3 mm3). Next, small strips of material (20 × 3 × 0.3 mm3) were cut from the 
resulting film and stretched to ε = 200% at room temperature using a custom-made 
stretching device, which were then heated to 130 °C for 30 min. After this, the samples 
were allowed to cool to room temperature and stored at ambient conditions for at least 
48 h prior to testing. 
 
Direct Ink Writing of the Thermoplastic LCE Actuators 
A GESIM BioScaffolder 3.2 equipped with a high-temperature piston extruder and 300 
µm metal nozzle was used for printing the thermoplastic LCE. First, the polymeric 
material was dried at 80 °C under vacuum for 90 min and subsequently loaded into the 
printhead at room temperature. To obtain a homogenous thermoplastic polymer melt 
as ink for DIW, the material is heated to 200 °C for 15 min. For printing, the temperature 
of the nozzle was decreased to 180 °C and for the printhead even further to 175 °C, while 
the printing bed was maintained at room temperature. The piston feed ranged between 
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1 and 5 µm s-1, and the printing speed between 3 and 10 mm s-1. The layer height was set 
to 0.05 mm and the line spacing to 0.3 mm. DIW was performed on conventional glass 
microscope slides coated with a sacrificial PVA layer for easy sample release to yield 
freestanding prints. With spin-coating (1800 rpm for 60 s), a 5 wt% PVA solution in Milli-
Q purified water was cast on the glass slides and then dried at 60 °C for 60 min. The 
computer-aided design (CAD) files were prepared in Libre-Cad freeware software, 3D 
builder from Microsoft, and GeSiM Robotics software, in which the DIW was 
reconfigured and controlled according to the chosen settings. Films (15 × 3 mm2) or more 
complex shapes were printed on the PVA-coated glass substrates, which were then 
submerged in water to dissolve the sacrificial layer and dried at room temperature to 
obtain freestanding actuators. The sample thickness of the prints was measured using a 
profilometer and ranged between 93 and 118 µm. 
 
Thermal Actuation 
The mechanically programmed and DIW actuators were placed on a black aluminum 
plate (T = 0.01 mm) on top of a heating and cooling stage (Linkam THMS600). Prior to 
the actuation measurements, the thermal history was erased by subjecting all samples 
to a full heating and cooling cycle. The samples were heated and cooled between 30 and 
110 °C with temperature intervals of 10 °C. Images were analyzed using ImageJ. LEDs 
provided lighting in a photo box. For the re-entrant honeycomb structure, the sample 
was fixed at the two ends to the substrate with tape. 
 
Light Actuation in Air and Underwater 
Light-driven actuation of the mechanically programmed actuator was performed by 
hanging the aligned film (19 × 2 × 0.2 mm3) at a 10 cm distance from the collimated light 
sources with light-emitting at 365 nm (UV light, Thorlabs M365L2) or 455 nm (Blue light, 
Thorlabs M455L3-C2). The light intensity of the LEDs was controlled using a LED driver 
(Thorlabs DC4104). The illumination time and interval in between and after is 30 s for 
actuation in both surroundings. Photoactuation in air was performed at room 
temperature with UV and blue light intensities set to 25 mW cm-2 and 35 mW cm-2, 
respectively. For underwater photoacutation, the sample was submerged in a 
transparent glass container filled with tap water at room temperature and illuminated 
with UV and blue light with intensities of 20 mW cm-2 and 29 mW cm-2, respectively. For 
the samples fabricated by DIW, the strips and spiral were fixed at the upper end, while 
the re-entrant honeycomb structure was fixed at two sides to a frame. Bending 
experiments in air (365 nm: 25 mW cm-2, 455 nm: 35 mW cm-2) and underwater (365 nm: 
24 mW cm-2, 455 nm: 33 mW cm-2) of the printed strips were performed without load, 
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while for the contraction experiments in both surroundings (365 nm: 220 mW cm-2, 455 
nm: 15 mW cm-2), a weight of 1 g was attached to the lower end. Photoactuation in air 
was performed with a custom-made metal structure to fix the sample. A metallic camber 
with two opposing glass plates or a transparent glass container containing water was 
used for underwater actuation. The illumination time and interval are 1 min for the 
bending experiments. The contraction experiments with load were performed with 2 
min illumination UV light and 10 min blue light with 2 min interval. Thermography images 
and temperature profiles of the photoactuation in air were recorded with a 
thermographic camera (Xenics Gobi). All samples were subjected to several actuation 
cycles with the corresponding conditions to verify the reversibility and reproducibility of 
the shape changes before the photoactuation experiments. Analysis of the bending and 
contraction experiments was performed with ImageJ software on images extracted 
from the videos. For photoactuation with load, the length of the samples was measured 
between the bottom end of the Kapton tape and the top end of the weight. It should be 
noted that samples without azobenzene 3 do not show shape changes upon illumination 
with UV and blue light illumination. 
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4.5 Appendix 
Supporting information accompanying this chapter is available free of charge at Wiley 
Online Library: https://doi.org/10.1002/admt.202201472. 

 

Video S1. Photoactuation of the 
programmed PTU actuator in air 
(playback speed: 4×). 

 

Video S2. Photoactuation of the 
programmed PTU actuator in water 
(playback speed: 4×). 

 

Video S3. Photoactuation of the 
printed PTU actuator with load in air 
(playback speed: 16×). 

 

Video S4. Photoactuation of the re-
entrant honeycomb (playback speed: 
16×). 

 

Video S5. Photoactuation of the 
spiral director structure (playback 
speed: 16×). 
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Chapter 5 
A Fully (Re)configurable, Interactive Material Through a Switchable 
Photothermal Charge Transfer Complex Gated by a Hydrogen-Bonded 
Liquid Crystal Elastomer Actuator† 

 
 
 

 
 

 
 
Abstract: Charge transfer complexes (CTCs) based on self-assembled donor and 
acceptor molecules allow light absorption of significantly redshifted wavelengths to 
either the donor or acceptor. In this chapter, we demonstrate a CTC embedded in a 
hydrogen-bonded liquid crystal elastomer (LCE), which in itself is fully reformable and 
reprocessable. The LCE host acts as a gate, directing the self-assembly of the CTC. When 
hydrogen bonding is present, the CTC behaves as a near-infrared (NIR) dye allowing 
photothermal actuation of the LCE. The CTC can be dissociated in specific regions of the 
LCE film by disrupting the hydrogen bond interactions, allowing selective NIR heating 
and localized actuation of the films. The metastable non-CTC state may persist for weeks 
or can be recovered on demand by heat treatment. Besides the CTC variability, the 
capability of completely reforming the shape, color, and actuation mode of the LCE 
provides an interactive material with unprecedented application versatility. 
 
 
 
 
 

†This chapter is reproduced from: S. J. D. Lugger+, S. Tian+, C.-S. Lee, M. G. Debije, and A. P. H. J. Schenning, J. 
Am. Chem. Soc. 2023, Manuscript accepted/in press. 
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5.1 Introduction 
Stimuli-responsive materials have attracted much attention for applications ranging 
from soft robots and actuators to optical sensors.[1–4] Responsive materials change their 
functional properties, including shape and/or color, when exposed to a stimulus, and, 
upon removal, return to their initial stable state.[5,6] Interactive materials are regarded as 
the next step from stimuli-responsive materials to materials that adapt and respond to 
internal and external stimuli in a coupled manner.[7] Two common approaches for 
fabricating responsive materials are the self-assembly of molecules and supramolecular 
polymers.[8–12] In this work, we merge these two fields and use a supramolecular liquid 
crystal (LC) polymer actuator to control the assembly and disassembly of a near-infrared 
(NIR) photothermal charge transfer complex (CTC). This regulation results in a NIR light-
driven interactive material with (re)programmable, intricate geometrical (meta)stable 
shapes and multiple actuation modes. 

CTCs based on noncovalent, self-assembled donor (D) and acceptor (A) molecules have 
been used for engineering optical materials.[13–17] Energy gaps of CTCs can be tuned by 
adjusting interactions between their constituent donors and acceptors, leading to 
controllable optical absorption with significantly redshifted wavelengths relative to the 
individual components.[18–20] Noncovalent interactions are reversible and sensitive to 
environmental factors such as temperature and solvent, making CTCs attractive for 
creating responsive systems, although such systems are rarely reported.[21,22] Light, 
thermal, and electrical stimuli have been used to fabricate multistate CTC-based thin-film 
ferroelectric memory devices able to bend reversibly by desorption and absorption of 
solvent.[23] The use of CTCs in stimuli-responsive polymers has not yet been reported. 

Liquid crystal elastomers (LCEs) are able to respond to environmental triggers, including 
temperature and light, resulting in rapid, reversible, and complex motions.[24–29] Light-
responsive actuators are particularly interesting, as they allow untethered actuation 
from a distance (see Chapter 4).[30,31] Making LCE films responsive to light is often done 
by adding a photothermal material that converts light into heat, disrupting local order 
and causing actuation.[32–35] Light-driven soft actuators with programmable, multiple 
arbitrary stable rest states or actuation modes have been reported.[31,36–38] However, it 
remains challenging to fabricate light-driven, versatile actuators with fully reprogramma-
ble, pre-designed rest states and shape deformations from the same film. 

In previous chapters, we reported melt-processable hydrogen-bonded (H-bonded) LCE 
actuators based on segmented copolymers containing thiourethane hard and LC soft 
segments.[39] By exploiting the supramolecular H-bonded crosslinks, the polymer could 
be molded, recycled, and reprogrammed. 
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In this work, we generate a switchable CTC within a responsive H-bonded LCE, moving 
towards an interactive NIR-responsive material. The LCE host acts as a gate, directing 
self-assembly of the CTC when H-bonding is present, resulting in a NIR absorption band 
allowing photothermal actuation of the LCE. Upon breaking the H-bonds in the LCE, the 
individual D/A molecules separate, creating a metastable film that no longer actuates 
since neither the acceptor nor donor absorbs NIR light. The H-bonded LCE itself can be 
completely reconfigured and reformed with different shapes and locally programmed 
actuation modes with minimal difficulty and waste of material, a step towards meeting 
the stringent requirements demanded for sustainable, interactive materials. 

5.2 Results and Discussion 
5.2.1 Fabrication and Characterization of CTC Embedded H-bonded LCEs 

The energy gap of a CTC is typically defined by the energy offset between the highest 
occupied molecular orbital (HOMO) of the donor and lowest unoccupied molecular 
orbital (LUMO) of the acceptor. In the present system, the yellow-colored DBTTF (donor; 
calc. HOMO = -4.7 eV) and the white TCNB (acceptor; calc. LUMO = -3.9 eV) form a CTC 
with an energy gap of 1.3 eV, corresponding to an absorption edge of ~903 nm.[21] This 
matches well with density functional theory (DFT) calculations.[18] Our earlier reported 
supramolecular polymer in Chapters 2 and 3 containing thermally dynamic H-bonds was 
selected as the LCE host.[39,40] The H-bonded LCE provides well-defined, microphase-
separated LC soft domains, alignment conducive to actuation, and dynamic H-bonded 
hard segments, allowing reforming and reprogramming. 

To prepare the CTC-LCE actuators (Figure 5.1a), the LCE and equimolar DBTTF donors and 
TCNB acceptors are dissolved in an organic solvent mixture (chloroform:1,1,3,3,3-
hexafluoro-2-propanol = 6:1). Upon drying, the resulting material is compression-molded 
into homogenous ~0.3 mm thick films and stretched at 130 °C to 100% strain to align the 
LCE. CTC formation as a function of doping ratio in the LCE is immediately visualized by 
the obvious color differences. The green color and absorption spectrum of the CTC-LCE 
actuator with 2 wt% doping ratio (Figure 5.1b, absorption peak at 682 nm; individual 
absorption peaks for donor DBTTF and acceptor TCNB in LCE are 444 nm and 308 nm, 
respectively) are very close to the color and absorption of the CTC cocrystals and is used 
for all subsequent experiments.[18,21] 

The X-ray diffraction (XRD) pattern of this 2 wt% CTC-LCE film reveals diffraction peaks 
corresponding to the CTC and LCE (Figure 5.1c).[39,41,42] Molecular alignment of the CTC-
LCE is confirmed by polarized optical microscopy (POM, Figure 5.1d) and X-ray scattering 
spectroscopy: the stretched LCE exhibits birefringence upon rotating the crossed 
polarizers with an initial X-ray determined order parameter of S ≈ 0.27, while the CTC 



| CHAPTER 5 

 

88 
 

  
Figure 5.1: (a) Molecular representation and schematic illustration of the CTC-LCE actuator preparation. (b) 
Normalized absorption spectra of the donor DBTTF-LCE (1.26 wt%), acceptor TCNB-LCE (0.74 wt%), and CTC-LCE 
(2 wt%) in the LCE host. (c) XRD spectra and (d) POM images with crossed polarizers of the CTC-LCE actuator 
(2 wt%). The alignment direction is indicated as “n” (scale bar = 50 µm). 

microcrystals are randomly orientated. These results reveal the successful fabrication of 
a self-assembled CTC in an anisotropic H-bonded LC polymer film. 

The thermochromic behavior of the polymer film was investigated by recording 
temperature-dependent absorption spectra (Figure 5.2a,b) and monitoring the CTC 
absorption peak changes at 682 nm during both heating and cooling at 10 min intervals 
(Figure 5.2c). The absorbance remains unchanged upon heating from 20 to 120 °C, 
indicating the CTC remains intact. When increased above 120 °C, the CTC absorption 
decreases sharply, and the film’s color changes from green to yellow, suggesting the 
acceptors and donors separate (vide infra): optical microscopy indicates the CTC crystals 
disappear upon heating and do not grow in size. Surprisingly, cooling from 150 to 20 °C 
follows a different trajectory as the yellow color persists (Figure 5.2c). Storing the CTC- 
LCE at room temperature (RT) overnight does not immediately return the system to 
green-colored State A: it instead forms a metastable, yellow-colored State B with 
maintained alignment. Full recovery of the green color at RT took around two weeks. To 
investigate the stability of the yellow-colored State B, recovery to the green-colored 
State A was measured at different temperatures. When the yellow State B film, which 
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Figure 5.2: (a) Images of the 2 wt% CTC-LCE actuator in different states and the transition scheme (scale bar = 
5 mm). (b) Normalized absorption spectra and (c) temperature-dependent normalized peak absorption (λmax = 
682 nm) of the CTC-LCE actuator in States A and B. (d) Time-dependent normalized absorption of the CTC-LCE 
actuator in State B at 100 °C immediately after thermal treatment (heating to 150 °C and cooling to RT) or after 
storing overnight at RT (yellow and yellow-green line, respectively). (e) Peak absorption of five transition cycles 
(heated to 150 °C for 10 min, cooled to RT, and spectra immediately recorded in State B (yellow dots), followed 
by overnight storage at RT to recover H-bonds, followed by heating to 100 °C for 40 min to recover State A 
(green dots)). (f) FTIR spectra of amine (left, ṽ ≈ 3200−3500 cm-1) and carbonyl (right, ṽ ≈ 1625−1700 cm-1) signals 
through one entire heating/cooling cycle and storing overnight. (g) Schematic illustration of the postulated 
situation of the 2 wt% CTC-LCE actuator in different states. 

has been stored at RT overnight, is heated to the LCE isotropic temperature of 100 °C, 
the green color appears again within 40 min (yellow-green line in Figure 5.2d). The CTC-
LCE showed full reversible switching between State A and B over at least five transition 
cycles (Figure 5.2e). Remarkably, however, when the yellow-colored State B film is 
immediately heated to 100 °C (i.e., without the overnight storage), the yellow color 
remains (yellow line in Figure 5.2d). Immediately cooled to and maintained at 4 °C, the 
CTC-LCE returns to State A in 30 days. If the sample is instead cooled to and maintained 
at -18 °C, State B persists for more than one month. This data indicates that the film 
switches from an initial green CTC State A (>85% absorbance at 682 nm) into a metastable 
yellow non-CTC State B (~23% absorbance at 682 nm) by thermal treatment at 150 °C and 
storing at RT. To confirm this hypothesis, XRD was performed, revealing that, indeed, 
the yellow-colored film shows a near-complete absence of CTC peaks at RT. 

To investigate the origin of the formation of State B, the H-bonding in the LCE as a 
function of temperature was monitored by following the amine and carbonyl signals 
using Fourier-transform infrared (FTIR) spectroscopy (Figure 5.2f). At RT, the N−HH-bond 
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stretching band appears as a sharp vibration (ṽ ≈ 3315 cm-1), while the N−Hfree is only 
weakly observed, mirrored by sharp C═OH-bond (ṽ ≈ 1638 cm-1) and minor free C═O (ṽ ≈ 
1677 cm-1) stretching bands. These spectra suggest H-bonding between N−HH-bond and 
C═OH-bond in the LCE. During heating, these signals remain little changed up to 120 °C. A 
disruption of the H-bonding network measured by decreases in the corresponding FTIR 
vibrations was observed from 130 to 150 °C. Interestingly, H-bonding is only fully 
recovered after cooling and storing at RT overnight: the melting point of the DBTTF-
TCNB cocrystal itself is around 330 °C.[18] These results correspond with the disassembly 
of the CTC and the delayed reassembly at RT, as discussed above.  

Based on these observations, we postulate a segmented environment in the LCE where 
the CTC is located in the LC soft segment. Upon breaking the H-bonds in the hard 
segments at higher temperatures, a single phase is created, and the CTCs dissociate into 
acceptor and donor components yielding the metastable, yellow-colored State B (Figure 
5.2g). The phase change upon reforming the H-bond network enforces the eventual 
reassembly of the CTC in the LC segments restoring the green color (State A). 

Interestingly, the LCE host acts as a gate, directing the self-assembly of the CTC. 
Maintaining a just-formed State B sample at RT overnight allows the re-forming of the H-
bonds, but the sample remains yellow, meaning the CTC has not yet reformed. When the 
H-bonds are more completely formed after sitting overnight, the space for the donor 
and acceptor is now constricted, but their mobility in the LCE is quite limited, so CTC 
reformation is very slow (days to weeks). When heated to 100 °C for 30 min, the H-bonds 
partially dissociate, but the integrity of the structure is mostly maintained; the mobility 
of the D/A significantly increases, and there is a dramatically increased probability of D/A 
encounter and reforming of the CTCs (and recovery of the green color). 

5.2.2 Photothermal Actuation of the Switchable CTC-LCE Actuators 
Inspired by the optical differences between States A and B, CTC-LCE sheets were cut into 
shapes of the letters T, M, and S (Figure 5.3a), and their photothermal responses were 
investigated. The green and yellow (obtained after heating to 150 °C and cooling to RT) 
colored letters were irradiated with a 780 nm NIR light emitting diode (LED) for 60 s; 
surface temperature of the green color letters reached 77 °C while yellow-colored letters 
reached only 28 °C (Figure 5.3b). Clearly, NIR is absorbed, and heat is generated in the 
film only when the CTC is present in the polymer sheets. Both states attained steady-
state temperatures after ~60 s irradiation, and illumination at higher intensities led to 
higher temperatures. Repeating the heating and cooling cycles five times on a thicker 
sample using 0.9 W cm-2 irradiation for 60 s each demonstrated that State A CTC-LCE film 
reproduces the same temperature rise to 91 °C, while State B does not heat beyond 31 °C 
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Figure 5.3: (a) Photographs of CTC-LCE film in different states (scale bar = 10 mm). (b) Photothermal images of 
the CTC-LCE film in different states under 0.7 W cm-2 illumination (scale bar = 10 mm). (c) Temperature evolution 
of the CTC-LCE in different states during five heating/cooling cycles under 0.9 W cm-2 illumination. (d) 
Photographs of buckled CTC-LCE films in States A and B under photothermal actuation with 0.7 W cm-2 

illumination (scale bar = 5 mm). (e) Thermal actuation curve of the CTC-LCE in State A and photothermal 
actuation curves of the CTC-LCE in States A and B under LED illumination with different power densities. (f) 
Reversible photothermal actuation generated during five LED illumination cycles. A 780 nm LED source is used 
for photoactuation. 

(Figure 5.3c). These results reveal that the CTC embedded in the LCE film might be used 
as a switchable NIR photothermal dye. 

We studied the NIR photothermal actuation of aligned CTC-LCE films (Figure 5.3d). Upon 
exposure to NIR light, the green-colored polymer film contracts, and by increasing the 
power density of the light, a maximum contraction of 19% is obtained (Figure 5.3e). The 
film exhibits fully reversible actuation over at least five irradiation cycles, demonstrating 
the photothermal stability of the actuator (Figure 5.3f). Interestingly, the NIR 
photothermal actuation curve overlaps with the pure thermal actuation curve recorded 
over a range of 20 to 90 °C (Figure 5.3e), demonstrating a maximum contraction of 19%, 
similar to LCE samples without CTC.[39,43] In contrast, there is no significant NIR 
photothermal actuation of the film in the yellow-colored State B films (Figure 5.3d,e). 
However, direct thermal exposure gives similar deformation as the green-colored film. 

5.2.3 Patterning, Reprocessing, and Reprogramming of NIR Selective Actuators 
To demonstrate the potential of this novel CTC-LCE system as a versatile soft actuator 
with programmable multiple rest states and actuation modes, two actuators were 
prepared sequentially from the same polymer film. The initial actuator was formed by 



| CHAPTER 5 

92 
 

 
Figure 5.4: (a) Schematic preparation of 3D actuators using a single CTC-LCE film with different shapes in the 
rest state (Actuator 1 and 2) and actuation modes. (b) Photographs of the NIR selective actuation for the 
reconfigurable CTC-LCE actuator. 

stretching and wrapping a film around a cylindrical template at 130 °C to form an 
extended coil. The coil was regionally heated to 180 °C in a mold over one-half its length 
and then allowed to cool to RT, forming a patterned, coil shape actuator with yellow and 
green colors on opposite ends (Figure 5.4a). This actuator was irradiated with a 780 nm 
LED from above. Irradiation on the yellow region generated no actuation as expected, 
while the green side responded by absorbing the incident radiation, causing the LCE to 
heat up and generating disorder of the chains, resulting in contraction and uncoiling into 
a looser coil (from 4.5 to ~4 turns; Figure 5.4b left; Video S1). The coil was then 
reprogrammed by raising the temperature to 180 °C, breaking all the H-bonds, and 
dissociating the CTC into acceptors and donors. Afterward, the pliable material was 
stretched and embossed by a mold at 130 °C to form a strip with periodic “hill” 
projections (Figure 5.4a). Specific regions were heated in the mold to 180 °C and left to 
cool at RT to form yellow regions within the green film. 780 nm light was used to 
illuminate the patterned sample: while the yellow regions remained unaffected, the 
green regions actuated by flattening and then returning to their “bumpy” form after 
removing the light source (Figure 5.4b right; Video S2). These results reveal that it is 
possible to fabricate light-driven soft actuators with pre-designed arbitrary rest states 
and shape deformations from the same reusable LCE film. 
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Figure 5.5: Images of an entire reprocessing and repatterning cycle of the CTC-LCE (scale bar = 12 mm). 

By using higher-power light sources, it is also possible to generate local temperatures 
around 150 °C and local patterning of larger areas with high precision to allow more 
complex responses. But stepping even beyond the CTC variability, the CTC-LCE itself can 
be reprocessed in its entirety. After chopping the material into pieces, they may be 
reformed into any desired structure, which may then be addressed by light to create the 
responsive green and non-responsive yellow regions (Figure 5.5). 

5.3 Conclusions 
A self-assembled D/A system embedded in an LCE-based H-bonded polymeric host may 
be triggered to reversibly form CTCs capable of absorbing NIR light which is not 
absorbed by the individual component molecules. This generates local heating and 
actuation of the host polymer when exposed to NIR light. The films can be locally 
addressed by temperature to disassemble these complexes, rendering specific regions 
incapable of actuation upon NIR light exposure. The initial CTC state may be recovered 
in less than one hour and is gated by the LCE via H-bond interactions. The sequestration 
of a single film into locally actuating and non-actuating regions can be done by patterned 
light exposure and results in fully (re)configurable soft actuators. 

The (re)configuring of materials into different forms and performing new functions 
could help reduce the generation of waste that becomes space junk.[44–47] As another 
example, consider CTC-LCEs acting first as soft actuators and later repurposed as 
reusable optical sensors.[48,49] Our results show that merging the self-assembly of 
molecules and supramolecular H-bonded polymers results in a new class of interactive, 
sustainable materials with coupled and gated responses. 
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5.4 Experimental Details 
Materials  
Dibenzotetrathiafulvalene (DBTTF) was obtained from Sigma-Aldrich. 1,2,4,5-Tetracya-
nobenzene (TCNB) was purchased from J&K Scientific Ltd. Acetonitrile (ACN), methanol 
(MeOH), chloroform (CHCl3), and 1,1,3,3,3-hexafluoro-2-propanol (HFIP) were obtained 
from Biosolve. Unless otherwise stated, all chemicals were used without further 
purification. The H-bonded LCE host was synthesized based on our previous work, as 
described in Chapters 2 and 3.[39,40] 

General Characterization 
Crystal structures were measured with a powder X-ray diffractometer (P-XRD, Bruker D2 
PHASER with LYNXEYE XE-T detector) using a CuKα source. Wide-angle X-ray 
spectroscopy measurements were performed on a Ganesha lab instrument equipped 
with a Pilatus 300 K silicon pixel detector (487 × 619 pixels, 172 µm2 in size) and a Genix-
Cu ultralow divergence source (Cu Kα, λ = 0.154 nm, Φ = 1 × 108 photons s-1). Silver 
behenate was used as the calibration standard, and the orientational order parameter S 
was determined using the Kratky method.[39,40] POM was carried out with a Leica 
DM2700 M microscope equipped with crossed polarizers. Reflection spectra were 
recorded with a UV-Vis-NIR spectrophotometer (Shimadzu 1700) and converted to 
normalized absorption spectra (%) by using the following equation: absorption (%) = 100 
(%) – reflectance (%). FTIR spectra were collected with a Varian 670 spectrophotometer 
equipped with an attenuated total reflectance accessory. The temperature changes of 
the actuator were controlled by a Linkam THMS600 hot stage. Thermal images were 
captured using an infrared camera (Fluke TI32). Photographs and videos were taken with 
a digital camera (Olympus OM-D E-M10 Mark III). NIR light illumination was performed 
using a 780 nm LED (Thorlabs M780LP1) and LED driver (Thorlabs DC2200). 

Theoretical Calculations  
Intermolecular potentials were calculated using the UNI force field by Mercury software 
(copyright CCDC). Calculated BFGH morphology was shown by Mercury software 
according to the crystal structure. Calculations of the energy levels were made using DFT 
by Gaussian 09 package.[50] The crystal structure of the donor-acceptor molecular pair 
was directly imported, and the molecular orbitals were obtained at the B3LYP/6-31 G* 
level. The degree of charge transfer was evaluated from Mulliken population analysis. 

Preparation of Flat CTC-LCE Actuators 
In a typical preparation, the donor (DBTTF) and acceptor (TCNB) were dissolved in 
equimolar quantities in HFIP and CHCl3 in a 1:6 volume ratio yielding a CT pair solution 
with 1 mg mL-1 concentration. The LCE host was added to the CT pair solution in different 
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weight ratios (CTC:LCE = 0:100, 0.25:100, 0.5:100, 1:100, 2:100, and 3:100). Each mixture 
was stirred vigorously, poured into a Teflon mold, and placed under vacuum at RT 
overnight to completely evaporate the solvent. CTC-LCE films were obtained by 
removing the material from the Teflon molds. In the compression-molding process, the 
CTC-LCE film was compressed three times at 180 °C with 0.5 bar for 2 min each. The 
molded CTC-LCE films were kept at RT for at least 24 h. Actuators were obtained by 
stretching the film to 100% elongation and subsequently heating it to 100 °C for 30 min. 
The final actuator was cut from the resultant sheet with a razor blade. 

Preparation of 3D-shaped CTC-LCE Actuators 
The coiled actuator was obtained by stretching a CTC-LCE film (30 × 3 mm2) to 100% 
elongation, wrapping it around a cylindrical support at 130 °C for 30 min, and cooling it 
to RT for 30 min. The coil was then selectively heated in the mold to 180 °C for 1 min over 
one-half of its length and left at RT for 30 min, after which the mold was removed, 
yielding a patterned coil with State B on one end and State A on the other end. After 
actuation with NIR light, the coil was reprocessed back into the initial CTC-LCE film by 
heating it to 180 °C for 2 min, erasing the shape and pattern, and left at RT overnight. 
Next, a strip with periodic “hill” projections was obtained by stretching (100%) and 
embossing the film (30 × 5 mm2) with a mold at 130 °C for 30 min and subsequently left 
at RT for 30 min. Specific regions of the film were then selectively heated in the mold to 
180 °C for 1 min and left at RT for 30 min, after which the mold was removed, yielding a 
patterned film with alternating state A and state B “hill” projections. 
 
Reprocessing of the Patterned CTC-LCE Film 
A pristine CTC-LCE film was patterned by local heating to 180 °C for 1 min and then cooled 
to RT. The patterned film is then cut into small pieces. All small pieces are remolded at 
180 °C with 0.5 bar for 2 min, stored overnight at RT, and heated at 100 °C for 40 min to 
obtain the original film before reprocessing. Next, a “frame” shaped CTC-LCE was cut 
from the pristine film and selectively patterned by locally heating specific regions to 180 
°C for 1 min and cooling it to RT. Finally, the “frame” shaped CTC-LCE and the remainder 
of the pristine film were recovered by repeating the reprocessing step again (Figure 5.5). 

Thermal Actuation Measurements 
The CTC-LCE actuator was placed on a hot plate and gradually heated from RT (22.4 °C) 
to 90 °C with intervals of 10 °C. Afterward, the samples were allowed to cool to RT. All 
samples were subjected to a full heating and cooling cycle to erase the thermal history 
before all actuation measurements. Photographs were taken at each temperature using 
a digital camera, and the resulting images were analyzed using the software ImageJ. 



| CHAPTER 5 

96 
 

Photothermal Actuation Measurements 
CTC-LCE actuators were placed under NIR light (780 nm LED) and stepwise irradiated 
from 0 to 0.9 W cm-2. Afterward, the samples were allowed to cool to RT. All samples 
were subjected to a full heating and cooling cycle to erase the thermal history before all 
actuation measurements. Photographs were taken at each temperature using a digital 
camera, and the resulting images were analyzed using the open-source software ImageJ.  
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5.5 Appendix 
Supporting information accompanying this chapter is available free of charge at 
4TU.ResearchData: https://doi.org/10.4121/b5297e41-b224-4713-abfa-5bf127bde3d8. 

 

Video S1. Photothermal actuation of 
the patterned, coil shape actuator 
(playback speed: 8×). 

 

Video S2. Photothermal actuation of 
the patterned strip with periodic 
“hill” projections (playback speed: 
8×). 
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Chapter 6 
Melt-Extruded Thermoplastic Liquid Crystal Elastomer Rotating Fiber 
Actuators† 
 

 

 

Abstract: Untethered soft fiber actuators are advancing toward next-generation 
artificial muscles, with rotating polymer fibers allowing controlled rotational 
deformations and contractions accompanied by torque and longitudinal forces. Current 
approaches, however, are based either on nonrecyclable and nonreprogrammable 
thermosets, exhibit rotational deformations and torques with inadequate actuation 
performance, or involve intricate multistep processing and photopolymerization 
impeding scalable fabrication and manufacturing of millimeter-thick fibers. Here, the 
melt-extrusion and drawing of a 50 m long thermoplastic liquid crystal elastomer fiber 
with a ≈1.3 mm diameter on a large scale is reported. With the responsive thermoplastic 
material, rotating actuators are fabricated via easily exploited programming freedom 
resulting in large, reversible rotational deformations and torques. The actuation 
performance of the twisted fibers may be controlled by the programmed twisting 
density without complicated preparation steps or photocuring being required. The 
thermoplastic behavior enables fabrication of plied fibers, demonstrated as a triple 
helical twisted rope constructed from individual rotating fibers delivering up to three 
times as great rotational and longitudinal forces capable of reversibly opening and lifting 
a screw cap vial. Besides the programmability, the thermoplastic material employed 
lends itself to be completely reprocessed into other configurations with self-healing 
properties in contrast to thermosets. 
 
 
†This chapter is reproduced from: S. J. D. Lugger, T. A. P. Engels, R. Cardinaels, T. Bus, D. J. Mulder, and A. P. H. 
J. Schenning, Adv. Funct. Mater. 2023, TBD, 2306853. 
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6.1 Introduction 
Inspired by the abundant shape morphing materials found in nature,[1] untethered fiber 
actuators have paved their way to possible applications including soft robotics,[2–4] smart 
clothing,[5,6] biomimetic systems,[7–9] and prosthetic limbs,[10,11] demonstrating their 
potential for the development of next-generation intelligent materials. Rotating fiber 
actuators are of particular interest, allowing controlled rotational deformations while 
potentially generating torque at the same time.[12–16] 

Rotating fibers actuators have been fabricated by twisting polymer fibers (e.g., 
commercial nylon 6,6) into twisted or coiled artificial muscles capable of torsional and 
tensile actuation.[17–20] Once obtained, however, the rotating fibers are tethered or 
loaded with a fixed weight to maintain the introduced twists showing torsional rotation 
and contraction during actuation. One way to make untethered artificial muscles 
requires thermal fixing of the polymer fiber into a twisted/coiled shape by annealing at 
elevated temperatures fixing the shape, and thus avoiding twist release.[21–24] When 
heated, the polymer muscles reversibly contract and untwist since the highly oriented 
polymer fibers exhibit thermally induced anisotropic expansion. While highlighting the 
versatility of the rotating fiber actuators as artificial muscles, the attainable level of 
contraction and torque is generally low, and neither recycling nor reprogramming has 
been demonstrated. 

Liquid crystal elastomers (LCEs) are particularly interesting materials for fabricating fiber 
actuators as they are capable of large and reversible deformations accompanied by 
considerable forces in response to a great variety of environmental triggers.[25–27] The 
external stimulus creates local disruption in the liquid crystalline (LC) order resulting in 
actuation of the material through local contraction and expansion. To date, LCE fiber 
actuators mostly based on chemically crosslinked networks, thermosets, have been 
reported, which are obtained by photocrosslinking a loosely crosslinked material after 
inducing alignment.[28–35] Among the LCE thermosets, rotating fiber actuators have rarely 
been reported.[36,37] Fabrication of LCE fibers requires an intricate two-step crosslinking 
process using a mold, prohibiting reshaping of the fiber actuator due to the permanently 
crosslinked network. In addition, the achievable fiber diameter is relatively small (i.e., 
micrometer-scale) due to the preparation methods and is further limited by the light 
penetration depth during photopolymerization. Thicker fiber actuators might enable 
generation of larger actuation forces, desirable for applications such as artificial muscles. 

What has been unavailable so far is combined control over the response and 
reprogramming/reprocessing of actuator fibers. One obvious alternative for chemically 
crosslinked thermosets is thermoplastic elastomers that are based on physical 
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crosslinks. It would be appealing to fabricate thermoplastic fibers, as they allow melt-
processing and thermal (re)programming, promising for developing soft fiber actuators. 
As shown in this thesis, we prepared thermoplastic polythiourethane LCE actuator films 
consisting of alternating thermally dynamic hydrogen-bonding (H-bonding) hard 
segments as physical crosslinks and temperature-responsive LC soft segments as 
actuation units (Figure 6.1a).[38,39] Given that the labile H-bond system affords well-
defined microphase-separated domains allowing processing capabilities and reversible 
actuation, we hypothesize that this material is well-suited for fabricating thermoplastic 
LCE rotating fiber actuators. 

In this chapter, we present the large-scale fabrication of thermoplastic ≈1.3 mm diameter 
fiber actuators through melt-extrusion and drawing of a polythiourethane LCE. This 
material combines straightforward melt-processing and easy-to-exploit freedom in 
programming with large, reversible deformations accompanied by high actuation forces. 
In the as-obtained fiber, the H-bonding, crystalline domains and generated molecular 
order allow reversible uniaxial thermal actuation of the LCE. The fiber may be 
reprogrammed into a spiral coil or twisted actuator, demonstrating reversible rotational 
actuation motions. It is shown that the synergistic rotational deformation and 
contraction with accompanying forces of the twisted fibers are controllable by altering 
the twisting density, allowing the actuation performance to be varied and optimized 
toward the desired function. We use the thermoplastic behavior to highlight the 
potential of this H-bonding LCE material by constructing a shape changing twisted rope 
object with enhanced actuation performance capable of reversibly opening and lifting a 
screw cap vial. Finally, the material may be completely reconfigured into different 
actuator shapes with self-healing capabilities. 

6.2 Results and Discussion 
6.2.1 Melt-Extrusion and Drawing of the Thermoplastic LCE 

To prepare the relatively large amount of material needed for melt-extrusion, the 
thermoplastic LCE is synthesized by simply scaling up the batch size of our previously 
reported one-pot synthesis method using commercially available building blocks (see 
Chapter 2), yielding ≈200 g crude polymer.[38] The material obtained, containing 10 wt% 
H-bonding hard segments, exhibits a high number-average molecular weight (Mn ≈ 77 kg 
mol−1) and low polydispersity index (Đ = 2.00). Absence of thiol (ṽ ≈ 2560 cm−1) and 
isocyanate (ṽ ≈ 2270 cm−1) vibrations from the monomeric precursors as opposed to the 
presence of amine (ṽ ≈ 3315–3340 cm-1) and carbonyl (ṽ ≈ 1638–1677 cm-1) vibrations of 
the polymer is confirmed with Fourier-transform infrared (FTIR) spectroscopy.[40] The 
melting temperature is Tm = 166 °C, well below the thermal degradation temperature of 



| CHAPTER 6 
 

104 
 

 
Figure 6.1: (a) Molecular representation of the thermoplastic LCE. (b) Schematic melt-extrusion and drawing 
process of the fibers. Photographs of the fiber obtained on a (c) coil (scale bar = 15 mm) and (d) magnified 
image of the fiber showing details of a segment of the strand (scale bar = 1.5 mm). (e) 2D X-ray diffractogram 
of the as-obtained fiber. The arrow denotes the alignment direction n. (f) DMA measurements of the storage 
modulus (gray line) and loss tangent profiles (red line) of the melt-extruded fiber. 

Td = 252 °C. As also described in this thesis, the synthesized LCE exhibits an isotropization 
temperature of Ti ≈ 80 °C, arising from the presence of liquid crystallinity. In addition, the 
material has typical thermoplastic elastomeric properties as it becomes melt-
processable at elevated temperatures and solidifies again upon cooling due to the 
thermoreversible H-bond network.[39,41] 

Using a capillary rheometer, the LCE (195 g) is extruded in the melt at Tbarrel = 190 °C, 
where the H-bonds are disrupted and the molecular order vastly diminished, after a wait 
time twait = 2 min to obtain the fiber actuators (Figure 6.1b). This temperature appeared 
to be crucial since at higher temperatures (Tbarrel = 200 °C) the viscosity of the polymer 
decreased such that it could no longer be drawn, whereas at lower temperatures (Tbarrel 

= 180 °C), viscosity was too high and extrusion impeded. Extrusion speed was optimized 
to vpiston = 0.8 mm s−1; the LCE was processed into a fiber with a relatively large nozzle 
diameter Dnozzle = 2 mm. After extrusion, the fibers are actively cooled with a fan, 
reforming the LC-ordered state and H-bond network, and drawn with pulling speed vhaul-

off = 50 mm s-1, yielding a 50 m long uniaxially aligned, transparent fiber with a ≈1.3 mm 
diameter collected on a coil (Figure 6.1c,d). Although drawing leads to a decreased fiber 
diameter than initially extruded, much thicker fibers with potentially larger actuation 
forces are obtained than reported before for photopolymerized thermoset LCEs. 

6.2.2 Characterization and Thermal Actuation of LCE Fibers 
The molecular and segmental orientation of the obtained thermoplastic LCE fiber were 
monitored by X-ray scattering spectroscopy.[40] In the wide-angle diffractogram (WAXS), 
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characteristic orientationally arranged diffraction patterns orthogonal to the drawing 
direction were observed for the fiber due to the scattering of short-range ordered LC 
and H-bonding moieties with corresponding order parameter S = 0.46 (Figure 6.1e). This 
contrasts with the crude polymer, which only shows a diffuse ring-shaped pattern arising 
from isotropic/random orientation of the material (S ≈ 0). The formation of well-defined, 
microphase-separated domains in the fiber is confirmed by medium-angle X-ray 
spectroscopy (MAXS), where two peaks are observed resulting from the interdomain 
spacing of distinct LC and H-bonding domains.[42,43] From this spectral data, it was found 
the domain spacings between the H-bonding moieties slightly increased upon stretching, 
and an additional peak appeared, originating from the scattering between LC moieties. 
The 2D medium-angle diffractogram of the fiber shows double two-point scattering 
patterns suggesting the orientation of both distinct domains is along the stretching 
direction. In case of the crude polymer, long-range correlation resulting from microphase 
separation with random orientation was observed, as revealed by the ring-shaped 
pattern. Microphase-separation was further confirmed by FTIR spectroscopy as 
described in Chapter 2: C═OH-bond (ṽ ≈ 1638 cm-1) and minor C═Ofree (ṽ ≈ 1677 cm-1) 
stretching bands were observed, reflected by a sharp N–HH-bond (ṽ ≈ 3315 cm-1) and weak 
N–Hfree (ṽ ≈ 3340 cm-1) vibration, indicating the formation of distinct H-bonded 
domains.[40,44,45] The interdomain spacing and strong hydrogen bonding interactions 
indicate the formation of well-defined microphase-separated domains, as observed for 
thermoplastic polythiourethane LCE actuator films.[38] These results suggest excellent 
uniaxial molecular alignment of the fiber due to shear and elongational flow associated 
with the extrusion and drawing process, as well as the presence of microphase-
separated H-bonding domains acting as physical crosslinks: both are required for 
reversible actuation. 

The dynamic viscoelastic behavior of the obtained fiber reveals that the H-bond network 
is stable up to 130 °C, as indicated by the rubbery plateau, after which the H-bonds start 
dissociating, and the thermoplastic enters the melt (Figure 6.1f).[46,47] Comparing the 
characterization results of fiber to the crude polymer shows nearly identical properties 
before and after processing, suggesting no apparent degradation during extrusion and 
drawing of the LCE (Figure 6.2a,b).[40] The mechanical properties of the LCE fibers show 
a larger elastic modulus and amplified strain hardening compared to an as-molded film: 
the increased stiffness the result of the uniaxial orientation (vide supra; Figure 6.2c).[48,49] 
When the fiber is heated to 110 °C, the LC soft segments in the material are disordered, 
and the stress-strain curve resembles the non-aligned film with decreased elastic 
modulus. Typically, however, the elongation at break is significantly lower at elevated 
temperatures arising from the thermoplastic elastomer character.[50,51] Strain rate- 
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Figure 6.2: (a) GPC data of the crude thermoplastic LCE (Mn = 76934 g mol-1 and Đ = 2.00) and as-obtained fiber 
(Mn = 71117 g mol-1 and Đ = 1.92). The flow marker (toluene) is observed around 19 min. (b) DSC thermograph of 
the crude thermoplastic LCE and as-obtained fiber showing the second heating and cooling run. (c) Stress-
strain curves of a compression-molded thermoplastic LCE film with random orientation at RT and the as-
obtained uniaxial oriented fiber at RT and 110 °C. 

dependent tensile tests of the uniaxial fiber show an increase in elastic modulus and 
overall stress response upon increasing the strain rate at room temperature (RT).[40] The 
tensile testing results also show that this thermoplastic LCE provides substantial 
toughness allowing utilization of the actuating capabilities entirely within the mechanical 
application limits. 

The thermal actuation behavior of the fiber obtained was monitored between 25 and 110 
°C (Figure 6.3a); the maximum contraction was 27% in length and expansion of 20% in 
width parallel and perpendicular to the alignment, respectively (Figure 6.3b). Increasing 
the temperature results in large deformation of the fiber, which levels off when the Ti is 
passed.[26,38] The fiber actuator demonstrates fully reversible actuation over at least 50 
heating/cooling cycles (Figure 6.3c). Interestingly, when the fiber is initially placed on a 
heated surface of 110 °C, it instantly bends and commences rolling in one direction, 
eventually straightening and slowing down but continuing to roll at reduced speed 
(vaverage = 1.68 mm s-1): such autonomous fiber rolling has been described earlier for LCE 
thermosets.[40,52,53] 

 
Figure 6.3: (a) Thermal actuation of the as-obtained thermoplastic LCE fiber (scale bar = 5 mm). (b) Width 
expansion (black squares) and length contraction (red dots) as a function of temperature. (c) Maximum length 
contraction of the as-obtained fiber actuator over 50 heating/cooling cycles between 25 and 110 °C. 
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Figure 6.4: (a) Schematic representation of reprogramming spiral coil actuators. (b) Photograph (scale bar = 2 
mm) and (c) SEM image of the single spiral coil actuator with bias angle α (scale bar = 0.2 mm). Thermal 
actuation of the (d) single-handed and (d) double-handed spiral fiber actuators (scale bar = 5 mm). 

6.2.3 Programming and Thermal Actuation of Rotating Fiber Actuators 
To demonstrate the reprogramming capabilities of this thermoplastic system, spiral coil 
actuators are fabricated that expand upon heating. First, a single coiled object is formed 
by wrapping the pliable fiber around a cylindrical support at 130 °C for 30 min, during 
which the H-bond system becomes dynamic and reorganizes, thereby fixing the coil 
conformation upon cooling (Figure 6.4a,b). As can be seen from scanning electron 
microscopy (SEM), the surface of the spiral coil exhibits a slightly slanted texture along 
the fiber axis (Figure 6.4c). The sample is heated to 110 °C and shows atypical actuation 
by expanding and uncoiling into a looser and longer spiral coil (Figure 6.4d). 
Interestingly, the total length of the fiber forming the coil actually decreased in the 
actuated state by 28%, matching the uniaxial fiber (Experimental section for calculation 
details). Similarly, a second spiral coil actuator with opposing handedness was formed to 
avoid overall rotational actuation by wrapping either end around a support in opposite 
directions while fixing the middle. The double-handed coil object responded by 
expanding and uncoiling upon heating as well, showing torsion-neutral deformations 
(Figure 6.4e). When the coiled objects are placed on a heated surface of 110 °C, it begins 
rolling, but the direction is less controlled. 

Twisted fiber actuators were obtained by rotating one end of the fiber while fixing the 
other, heating it to 130 °C for 30 min, and then left at RT overnight (Figure 6.5a). During 
cooling, the twisted fiber’s length increases due to the intrinsic anisotropic expansion of 
the LCs while the initial number of introduced twists is maintained, resulting in lower 
twisting densities in the eventual programmed twisted fiber (Table 1, Experimental 
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Figure 6.5: (a) Schematic preparation of twisted fiber actuators and the corresponding actuation behavior 
showing the accompanying deformations and forces. (b) SEM image of the programmed twisted LCE fiber with 
twisting density τ0 = 75.9° mm-1 (scale bar = 0.3 mm). (c) Thermal actuation of the programmed twisted LCE 
fiber (τ0 = 72.0° mm-1) by heating to 110 °C and cooling back to 30 °C (scale bar = 15 mm). (d) Rotation and length 
changes, and (e) torque and longitudinal force of a twisted fiber (τ0 = 75.9° mm-1) upon heating (filled symbols) 
and cooling (open symbols). Maximum (f) rotations and length changes, and (g) torque and longitudinal force 
of the fibers with different twisting densities at 110 °C. 

section). As apparent from SEM, the surface of the twisted fibers exhibits a slanted 
texture along the fiber axis arising from the programmed twists in the fiber (Figure 6.5b). 
Tensile tests revealed similar mechanical properties for the programmed twisted fiber 
actuator and the as-obtained fiber, although the strength and modulus are slightly 
reduced.[40] Now reprogrammed into a twisted configuration, the material acts as a 
reversible rotating actuator in response to temperature (Figure 6.5c). 

The actuation performance of the twisted fiber is systematically characterized by 
monitoring the shape change over a range of 30 to 110 °C. The rotations (untwisting) and 
contraction of the rotating fiber actuator both increase with heating up to the Ti, after 
which it gradually reaches its maximum (Figure 6.5d). The programmed LCE fiber with 
twisting density 𝜏𝜏0 = 75.9° mm-1 contracts up to 19.5% and reaches a rotational 
deformation of 48.1° mm-1 upon heating to 110 °C, for example. The thermal-responsive 
behavior closely resembles that of thermoset rotating fibers previously reported.[36] 
During cooling, the fiber reversibly recovers by retwisting and expanding into its initial 
configuration with negligible hysteresis. Accompanying the completely reversible shape 
changes, the fibers deliver rotational (torque) and longitudinal forces (Figure 6.5e). 
Upon increasing the temperature, the torque and longitudinal force increase as the 
fibers are untwisting and contracting, matching the behavior of the rotation and length 
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Figure 6.6: (a) Maximum shear and longitudinal stress of the fibers with different twisting densities at 110 °C. 

changes (Figure 6.5d). Cooling follows a similar trajectory, with fully reversible actuation 
and only a small thermal hysteresis, suggesting excellent elastic behavior and thermal 
stability of the twisted fibers when heated up to 110 °C. 

The twisting density may be controlled by selectively deforming the fibers with a specific 
number of twists followed by thermal reprogramming: a series of five twisted fibers are 
prepared with twisting densities τ0 = 0, 11.4, 27.2, 50.9, and 75.9° mm-1 (see Table 1, 
Experimental section, for additional details). Attempts to obtain even higher twisting 
densities resulted in the generation of coiled structures, minimizing the introduced strain 
energy.[54] SEM imaging confirms that a twisted configuration is obtained after 
programming, as apparent from the tilted surface texture compared to the uniaxial 
programmed fiber (Figure 6.5b). In addition, the angle of the twisted textures with 
respect to the drawing direction increases with the twisting density and resembles the 
theoretically calculated bias angle.[40] Furthermore, it is assumed that the azimuthal 
component of the director increases further from the center because the material 
experiences larger shear on the outside of the fiber during twisting.[55] 

The rotation and contraction both depend on the fibers’ programmed twisting density: 
all twisted fibers rotate and contract during heating, while the non-twisted fiber (τ0 = 0) 
only contracts without rotational deformation, as expected (Figure 6.5f). Untwisting 
causes the individual fibers to expand simultaneously, thereby partially counteracting 
the intrinsic contracting behavior of the LCE actuator. Hence, increasing the 
programmed twist density resulted in more significant rotating deformations since more 
twists are stored while the contraction is reduced. Juxtaposing the torque and 
longitudinal force of the prepared rotating fibers shows the clear twisting density 
dependence on the actuation performance (Figure 6.5g). The torque exhibits a clear 
trend as it greatly increases with the twisting density and then levels off, reaching 75.5 
µN m, resembling the actuation behavior of the rotational deformation (Figure 6.5f), 
whereas, in contrast, the longitudinal force generally decreases with a maximum of 0.42
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Figure 6.7: (a) Schematic preparation of the rope construct actuator and corresponding actuation behavior. 
(b) Photograph (scale bar = 2 mm) and (c) SEM image of the obtained twisted rope construct actuator with 
corresponding bias angle α (scale bar = 0.25 mm). (d) Torque and longitudinal force of the rope object (τ0 = 
72.0° mm-1) upon heating (filled symbols) and cooling (open symbols). (e) Rotations and contraction, and (f) 
shear and longitudinal stress of the rope construct (τ0 = 72.0° mm-1) upon heating (filled symbols) and cooling 
(open symbols). (g) Thermal actuation of the rope construct actuator opening and closing a screw cap and 
subsequently lifting the closed vial (scale bar = 15 mm). 

N. Following from this, shear and longitudinal stresses are calculated by the appropriate 
normalizations based on geometry as described in the “Experimental Section” (Figure 
6.6). These melt-extruded thermoplastic LCE fibers exceed the previously reported 
thermosets in terms of attainable torques and forces since we were able to obtain much 
thicker fibers.[15,19,36] 

Similarly, as discussed earlier for the coils, a double-handed twisted fiber (τ0 = 72.0° mm-

1) with both left- and right-handedness can be fabricated, showing torsion-neutral 
contraction upon actuation instead since both ends of the twisted fiber untwist in 
opposite direction due to the programmed counter-twists (a video of the single- and 
double-handed twisted fiber actuators can be seen in Video S1). 
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6.2.4 Demonstrators Fully Exploiting the Thermoplastic Behavior 
The programmability of the thermoplastic LCE system lends itself to realize more 
versatile and thicker fibers, and to demonstrate this, a three-ply twisted rope construct 
was fabricated, integrating all the functionalities of this material. In the first step, the 
fibers were formed by rotating them at 130 °C, forming three individual pre-programmed 
fibers (τ0 = 72.0° mm-1) with a right-handed twisted configuration (Figure 6.7a). Then, 
three of these fibers are bundled and intertwisted in the same direction at 130 °C to 
obtain a right-handed rope construct (τ0 = 72.0° mm-1) with complementary twists 
promoting the rotating behavior during actuation (Figure 6.7b). It should be noted that 
during programming, physical H-bonding crosslinks may form between the individual 
fibers in the construct, potentially affecting the actuation performance while at the same 
time preventing the bundle from loosening and maintaining its functionalities.  The angle 
of the slanted surface textures on the individual fibers increased upon fabricating the 
construct, as observed from SEM, indicating the twisting is slightly enhanced (Figure 
6.7c). Actuating the construct by heating led up to three times as great of a torque and 
longitudinal force compared to the individual rotating fibers (Figure 6.7d), while the 
shape changes remained similar, as expected (Figure 6.7e). Shear and longitudinal 
stresses are calculated by normalizing to the effective cross-sectional area of the rope 
construct (Figure 6.7f), which are comparable with thermoset rotating fibers reported 
before.[36] 

The combination of reversible torsional motion and contraction with the enhanced 
rotational and longitudinal forces obtained in the construct allows us to convert thermal 
energy into mechanical work, as demonstrated by opening/closing a vial screw cap and 
reversibly lifting the closed vial. Heating the rope construct to around 110 °C with a heat 
gun while the vial is fixed leads to unscrewing the cap that completely screws back on 
by itself when the rope construct is cooled (Figure 6.7g). Now, when the base of the 
closed vial is released, the construct lifts the vial and its cargo (12.3 g) upon heating and 
reversibly drops it afterward (a video of the thermal actuation cycle can be seen in Video 
S2). 

By making use of the thermoplastic behavior, it is possible to reprocess and reprogram 
this material in its entirety, generating a completely reconfigured and repurposed 
temperature-responsive LCE. To highlight this, the fiber actuator is cut into pieces, 
remolded into a film, and sequentially programmed into an oriented twisted ribbon that 
may then be used as an actuator or again turned into any other desired structure (Figure 
6.8). The second feature facilitated by the dynamic H-bond system is the self-
healing/welding ability enabling damage recovery of the material and formation of more
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Figure 6.8: Images of the entire reprocessing and reprogramming process (left; scale bar = 5 mm) and self-
healing process (right; scale bar = 2 mm) of the thermoplastic LCE. 

complex shapes. For the former, a molded film was cut into two pieces and then rejoined 
at 150 °C for 2 min recovering the initial seamless film, demonstrating the potential self-
healing capabilities of this material (Figure 6.8). The healed film shows similar mechanical 
properties as the pristine film, indicating excellent self-healing performance.[40] 

6.3 Conclusions 
We have demonstrated the scalable fabrication of a thermoplastic LCE fiber enabling 
soft actuators for reprocessable and programmable materials, retaining the intrinsic 
actuating properties with mechanical integrity, yet being completely reconfigurable. 
Fabrication of a 50 m long, 1.3 mm thick single fiber with a high level of molecular order 
and well-defined microphase-separated domains was achieved by extruding and 
drawing the material in the thermoplastic melt without photopolymerization being 
needed. Despite being physically crosslinked, the LCE fiber shows not only thermal 
relaxation of the H-bond network in the viscoelastic region at elevated temperatures, 
but also excellent thermal actuation and elasticity at the service temperature allowing 
for reversible deformation. We have shown that rotating fiber actuators can be 
fabricated by using this reprogrammable H-bond system, affording synergistically 
contracting and rotating actuators with large, controllable actuation performance. 
Finally, to highlight the adaptability of this thermoplastic LCE, the individual twisted 
fibers may be easily reconfigured by temperature into a shape morphing construct able 
to deliver greater forces, and completely reprocessed and reformed into any desired 
structure with potential self-healing capabilities. Our work lays a foundation for artificial 
muscles with larger diameters than LCE thermosets and the processability, scalability, 
and recyclability of thermoplastic elastomers.  
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6.4 Experimental Details 
Materials  
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (1, ≥97%) and 1,4-bis-[4-
(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (2, ≥97%) were purchased from 
Daken Chemical Ltd. 2,2’-(Ethylenedioxy)diethanethiol (3, ≥97%), hexamethylene 
diisocyanate (5, ≥98%), triethylamine (6, ≥99%), and 1,6-hexanedithiol (7, ≥97%) were 
obtained from Tokyo Chemical Industry (TCI). Dimethylphenylphosphine (4, 99%) and 
N,N-dimethylacetamide (DMAc, ≥99%) were obtained from Sigma-Aldrich. Diethyl ether 
(Et2O, ≥99.5%), chloroform (CHCl3, ≥99.5%), and 1,1,3,3,3-hexafluoro-2-propanol (HFIP, 
≥99.5%) were purchased from Biosolve. All reagents were used as received without 
additional purification. 
 
Synthetic Procedure 
The thermoplastic LCE was synthesized using the previously described method in 
Chapter 2 with minor adaptations.[38] A double jacketed reaction vessel (2 L) connected 
to a heated water circulator (Lauda M3) was charged with diacrylate mesogens 1 (71.06 
g, 105.62 mmol) and 2 (62.17 g, 105.62 mmol) in DMAc (300 mL). After completely 
dissolving the monomers, dithiol 3 (46.21 g, 253.49 mmol) and catalyst 4 (0.18 g, 1.30 
mmol, 0.1 wt%) in DMAc (59 mL) were added sequentially, and the reaction mixture was 
stirred under argon atmosphere at RT. After 2 h reaction time, diisocyanate 5 (14.21 g, 
84.50 mmol) and catalyst 6 (0.20 g, 1.98 mmol, 0.1 wt%) were added to the mixture in 
DMAc (29 mL) and stirred at RT for 15 min. Additional DMAc (387 mL) was added, and 
the reaction was continued by adding dithiol 7 (6.35 g, 42.25 mmol) in DMAc (25 mL) 
dropwise, after which the reaction mixture was allowed to stir at 60 °C overnight. The 
crude mixture was cooled to RT the next day, followed by precipitation into Et2O (16 L) 
under continuous stirring. Afterward, the product was transferred into fresh Et2O (4 L) 
and stirred overnight. The final product was obtained by decanting the solvent and 
drying the polymer under a vacuum at 40 °C for 24 h yielding a white solid (≥98.5% 
recovery). 
 
General Characterization 
Gel permeation chromatography (GPC) was carried out using a Waters HPLC system 
equipped with a PSS PFG (8 × 50 mm2, 7 µm) and two PFG linear XL columns (8 × 300 
mm2, 7 µm) in series, and a refractive index detector calibrated with poly(methyl 
methacrylate) standards. HFIP and potassium trifluoroacetate (0.02 м) were used as 
mobile phase with a flow rate of 0.8 mL min-1 at 35 °C, and the samples were prepared in 
HFIP with toluene (0.02 м) and potassium trifluoroacetate (0.02 м). Attenuated total 
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reflectance (ATR) FTIR spectra were recorded on a Varian 670 IR spectrometer equipped 
with an ATR sampling accessory. All spectra were taken over a range of 4000–650 cm-1 
with 50 scans and a spectral resolution of 4 cm-1 at RT and processed with Varian 
Resolutions. Differential scanning calorimetry (DSC) scans were collected using a TA 
Instruments Q2000 DSC instrument equipped with a cooling accessory between -50 to 
210 °C at 10 °C min-1 under nitrogen atmosphere and hermetic T-zero aluminum sample 
pans with 10 mg product. Transition temperatures were determined from the second 
cycle. Thermogravimetric analysis was performed on a TA instruments Q50 instrument 
between 28 to 800 °C at 5 °C min-1 with 5 mg product. The Td was determined by 1% weight 
loss. Dynamic mechanical analysis (DMA) was carried out using a TA Instruments Q800 
apparatus in vertical tension mode on as-obtained fibers (D = 1.3 mm). Thermographs 
were obtained between -50 and 200 °C at a heating rate of 5 °C min-1 with 0.01 N preload 
force, 20 µm amplitude, and a 1 Hz oscillating frequency. Tensile testing was performed 
using a Zwick Z010 universal testing machine equipped with a 100 N load cell and Zwick 
air-circulated oven on compression-molded dog-bone specimens (2 × 0.35 mm2) or as-
obtained fibers (D = 1.3 mm) with a 20 mm gauge length and 500 mm min-1 elongation 
rate until failure unless stated otherwise. The strain is defined as ε = (L−L0)/L0, where L0 
is the initial length and L at a certain time. WAXS and MAXS measurements were 
performed on a Ganesha lab instrument equipped with a Pilatus 300 K silicon pixel 
detector (487 × 619 pixels, 172 µm2 in size) and a Genix-Cu ultralow divergence source (Cu 
Kα, λ = 0.154 nm, Φ = 1 × 108 photons s-1). Diffraction patterns were collected with an 
exposure time of 30 min (WAXS) or 60 min (MAXS), placed at a sample-to-detector 
distance of 89 mm (WAXS) or 440 mm (MAXS), and analyzed using a custom Python 
script with the PyFAI software package. Silver behenate was used as the calibration 
standard, and the orientational order parameter S was determined using the Kratky 
method.[56] The order parameter is measured of the whole material because the 
observed signals of the LC and H-bonding domains are overlapping. SEM imaging was 
performed with an FEI Quanta 3D FEG instrument in secondary electron mode operating 
at 5 kV beam current on gold sputter-coated samples (T = 12.5 nm; Q150T, Quorum). 
Photographs and videos were taken with a camera (Olympus OM-D E-M10 Mark III) in 
manual mode, and LEDs in a photo box provided lighting. 
 
Extruding and Drawing of Thermoplastic LCE Fibers  
Extrusion and drawing of the thermoplastic LCE were done using a rheometer equipped 
with a capillary die (Lcapillary = 10 mm and Dcapillary = 2 mm). To extrude the material,  regions 
of the barrel were set to specific temperatures ranging from Tbarrel = 180–190 °C with a 
melting time of twait = 2 min and a constant piston speed vpiston = 0.8 mm s−1. After the 
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material left the capillary, it was actively cooled by a fan and drawn using a haul-off unit 
with a pulling speed vhaul-off = 50 mm s-1, after which it was collected and stored on a coil. 
 
Preparation of the Rotating Actuators and Rope Construct  
The single-handed coiled actuator was obtained by wrapping the fiber around a 
cylindrical support (D = 0.8 mm) and heating it to 130 °C for 30 min, after which the 
support was removed, and the sample was stored at RT overnight. A double-handed 
coiled object was prepared similarly by fixing the fiber in the middle and wrapping each 
side around the support in opposite direction. Twisted fiber actuators were obtained by 
rotating one end around the longitudinal axis while the other end was fixed and 
subsequently heating it to 130 °C for 30 min and left to cool at RT overnight. The twisting 
density τ0 was controlled during programming by introducing a certain amount of twists 
(0, 6, 12, 18, or 24), which is given by τ0 = ∆θ/L0, where ∆θ is the angle of rotation (360° × 
twists) and L0 the initial length of the fiber.[36] Subsequently, the theoretical bias angle 
can be calculated as α = tan-1(r0τ0), where r0 is the radius of the fiber. The rope construct 
was fabricated by first programming three individual right-handed twisted fibers (τ0 = 
72.0° mm-1) as discussed above. Next, these programmed fibers were bundled together 
along their longitudinal axis and intertwisted in the same direction by right-handed 
twisting one end of the fiber bundle while fixing the other side and heated to 130 °C for 
30 min, after which the obtained construct (τrope = 72.0° mm-1) was left at RT overnight. 
 
Table 1. Twists, length, width, twisting density 𝜏𝜏0, and bias angle α before and after programming. 

 
Fiber 

 Before programming  After programming 
Twists Length Width 𝜏𝜏0 α  Length Width 𝜏𝜏0 α 

 - mm mm ° mm-1 °  mm mm ° mm-1 ° 
1 24 61.75 1.29 139.92 59.6  92.51 1.08 75.88 41.4 
2 18 61.80 1.29 104.85 49.7  91.95 1.06 50.90 33.1 
3 12 61.74 1.30 69.97 38.4  92.59 1.10 27.22 24.1 
4 6 61.80 1.31 34.95 21.8  94.54 1.08 11.42 12.2 
5 0 61.80 1.30 0.00 0.00  95.94 1.08 0.00 0.00 

 
Thermal Actuation 
Actuation of the as-obtained fiber was monitored by heating and cooling the samples 
between 25 and 110 °C with temperature intervals of 10 °C (the first step being 5 °C) using 
a hotplate. The measured contraction and expansion as a function of temperature were 
averaged over seven different fibers. Autonomous rolling of the fiber was obtained by 
placing it on a preheated hotplate of 110 °C. The spiral coil actuators were placed on a 
hotplate and gradually heated from 25 to 110 °C with 10 °C intervals (the first step being 5 
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°C). Thermal actuation of the twisted fibers was obtained by vertically hanging the 
samples with a small load (11 g) and using a heat gun with a wide flare nozzle set to 110 
°C. For the rope construct, one side was fixed with a paper clamp while the other was 
connected to a screw eye attached to the vial’s cap containing a load (12.3 g) and heated 
using a heat gun with a wide flare nozzle set to 110 °C. The cargo in the vial was a 
fluorescent pigment (PF-38 tropical sunlight orange, Risk Reactor) in CHCl3 (1 mg ml-1). 
Prior to all the actuation measurements, the thermal history was erased by subjecting all 
samples to a full heating/cooling cycle. Images were analyzed using the open-source 
software ImageJ. 
 
Characterization of the Twisted Rotating Fibers 
The contraction and rotational deformation of the twisted fibers with different twisting 
densities were monitored between 30 and 110 °C with a temperature ramp of 5 °C min-1 
using a precision-controlled heating and cooling stage (Instec HCP204). Photographs 
were taken at 5 °C temperature intervals using a digital camera, and the resulting images 
were analyzed using the open-source software ImageJ. The length changes were 
measured from the end-to-end distance of the fiber. For the rotational deformations, a 
dot is drawn on the fiber’s base from which the change in angle of rotation was used to 
calculate rotations upon actuation: τ = ∆θ/L0. The torque and longitudinal force of the 
fibers were gauged by a rheometer (ARES, TA instruments) equipped with torsion DMA 
clamps in strain-controlled mode where both the rotational and longitudinal 
displacement are set to zero. The samples (L ≈ 25 mm) were heated and cooled between 
30 and 110 °C with a temperature ramp of 5 °C min-1 and a soak time of 3 min after each 
ramp. The shear stress was calculated by using a plate-plate geometry as given by τ = 
(2T)/(πr03), where T is the experimentally measured torque and r0 is the radius of the 
fiber, assuming linear elastic behavior and provides the maximum shear stress at the 
outer radius of the fiber. The longitudinal stress was calculated by σ = F / A, where F is the 
experimentally measured force, and A is the cross-sectional area of the fiber. Prior to all 
the measurements, the thermal history was erased by subjecting all samples to a full 
heating and cooling cycle. 
 
Reprocessing and Self-healing of the Thermoplastic LCE 
The as-obtained fiber was chopped into pieces and remolded at 200 °C and 0.5 bar for 2 
min (Tribotrak, DACA instruments) into a circular LCE film. Next, a twisted ribbon 
actuator was obtained by cutting a rectangular shape from the reprocessed film, 
stretching it to 200% elongation, twisting one end while the other end is fixed, heating it 
to 130 °C for 2 min, and cooling it to RT. Finally, the twisted ribbon actuator was cut into 
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small pieces. For self-healing, a pristine LCE film was prepared by compression molding 
the crude material at 200 °C and 0.5 bar for 2 min. Then, the pristine film was cut in the 
middle, rejoined at RT, and heated to 150 °C for 2 min, yielding a healed film. 
 
Spiral Coil Analysis: Calculating the Total Length of the Fiber Forming the Spiral Coil 
The total length of the fiber in the coil can be calculated from Equations 6.1–6.3:  
 

𝐿𝐿fiber = 𝑛𝑛�𝑐𝑐2 ∗ 𝑝𝑝2  (6.1) 
𝑐𝑐 =  𝜋𝜋 ∗ 𝐷𝐷  (6.2) 
𝑝𝑝 = 𝐿𝐿coil/𝑛𝑛  (6.3) 

 
In these equations, Lfiber is the length of the fiber, n is the number of rotations, c is the 
circumference of the coil object, p is the pitch of the spiral, D is the diameter of the coil, 
and Lcoil is the length of the coil. At 25 °C (RT), the length of the coil is Lcoil = 20.73 mm, the 
diameter of the coil is D = 2.98 mm, and the number of rotations is n = 18. Hence, the total 
length of the fiber at 25 °C is Lfiber = 170.72 mm. At 110 °C, the length of the coil is Lcoil = 
64.11 mm, the diameter of the coil is D = 2.23 mm, and the number of rotations is n = 15. 
Hence, the total length of the fiber at 110 °C is Lfiber = 123.21 mm, corresponding to 28% 
contraction of the fiber upon actuation. 
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6.5 Appendix 
Supporting information accompanying this chapter is available free of charge at Wiley 
Online Library: https://doi.org/10.1002/adfm.202306853. 

 

Video S1. Thermal actuation of the 
single- and double-handed twisted 
fiber actuator lifting a weight of 11 g 
(playback speed: 2x). 

 

Video S2. Thermal actuation of the 
three-ply twisted rope construct 
actuator opening and closing a vial 
screw cap and subsequently lifting 
the closed vial (playback speed: 2x). 
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Chapter 7 
Epilogue 

 

 

 

 

 

 

 

 

Abstract: In this last chapter, the research described in this thesis is put into perspective, 
some of the current challenges in the field of liquid crystal elastomers (LCEs) are 
evaluated, and future research directions are provided. In addition, a thermoforming 
method as industrial manufacturing process is highlighted, demonstrating the processa-
bility potential of this new class of thermoplastic liquid crystal-based materials. To 
achieve both industrially and societally relevant “smart” materials requires inexpensive, 
scalable chemistries and processes. It is envisioned that polymer materials need to be 
developed based on inexpensive commercial building blocks that may be produced on a 
large scale and recycled without property loss, thus capable of being reused in high 
value-added applications. Only then can LCEs become widely applicable in our society. 
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7.1 Introduction 
As can be concluded from this thesis, over the past decade a substantial amount of 
research has been devoted to fabricating so-called “smart” polymers with dynamic 
functional properties that respond to external stimuli, clearly distinguishable from their 
static predecessors. Polymer soft actuators are of interest in a wide variety of 
applications, including artificial muscles, soft robotics, smart textiles, and biomedical 
devices.[1] The scientific fascination for nature’s responsive actuating systems has fueled 
the development of synthetic liquid crystal elastomer (LCE) soft actuators exhibiting 
stimuli-responsive deformations triggered by, for example, light and heat.[2,3] 

The extraordinary stimuli-responsive properties of LCEs arise from a key component: 
reactive mesogens (RMs), usually containing acrylate polymerizable end groups.[4] While 
the price might be affordable in niche applications, such as in the biomedical field, RMs 
are expensive (€1000-2000/kg), hindering large-scale and widespread integration of 
LCEs, greatly limiting their application space.[5] The extensive use of RMs by chemists, 
physicists, and engineers in academic research is primarily due to their wide commercial 
availability, simple polymer chemistry, and processability.[6,7] However, as mentioned 
before in this thesis, LCEs are typically thermosets containing covalent crosslinks, 
therefore virtually unrecyclable and not moldable. In general, the price point, scalability, 
and (re)processability are enormous challenges making current LCEs unattractive for 
development by industry and restrict the widespread application of smart polymers in 
our society.[5] 

In this thesis, we reported thermoplastic polythiourethane LCEs to achieve a new class 
of recyclable and moldable liquid crystal (LC)-based materials. Polythiourethanes were 
synthesized through sequential thiol-acrylate and thiol-isocyanate reactions using RMs 
as building blocks. We circumvent permanently crosslinked networks and obtain melt- 
and re-processable, recyclable LCE actuators by introducing hydrogen bonding (H-
bonding) interactions as physical crosslinks. This type of material is compatible with 
conventional polymer melt-processing techniques on large scales and allows reshaping 
the LCE without requiring chemical reactions. Although these thermoplastic LCEs offer 
an innovative approach towards the next generation of smart polymers, the basic units 
still rely on expensive RMs as well, and there are some concerns regarding the 
thiourethane stability and dynamic character under certain conditions.[8–10] In Chapter 3, 
thermal degradation of the thermoplastic LCE material is observed during direct ink 
writing, where the actuation performance diminishes upon recycling, mainly arising from 
the prolonged heating required to extrude the material. Additionally, the azobenzene 
photoswitches that are commonly used to fabricate light-responsive LC-based materials 
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Figure 7.1: (a) Synthesis of conventional TPU using a polyol, diisocyanate, and chain extender. (b) Commonly 
used monomers for the synthesis of TPU. 

(see Chapter 4) might be prone to thermal degradation, restricting their recycling 
capabilities.[11,12] Throughout this thesis, mechanical recycling of the LC-based 
polythiourethane has been demonstrated, but chemical recycling methods still need to 
be explored to realize truly circular polymeric materials exhibiting the same quality and 
performance as its virgin analog.[13] Alongside these material properties that need to be 
addressed, alternative industrial-relevant processing methods are key to future 
applications of freestanding actuator objects and need to be explored. 

We argue that a fundamental chemistry must be developed employing inexpensive, 
scalable, processable, and totally recyclable features before widespread application of 
the materials is possible. To accomplish this, we need to take a step back to the drawing 
board and redesign LCEs to make the next step in the field of smart materials. This 
requires the use of inexpensive building blocks, industrial-relevant molding methods, 
and sustainable polymers. In this last chapter, we will reflect on possible research 
developments to meet the challenges of cost, scalability, and (re)processability to 
enable application and fulfill future demands for novel smart materials, and discuss 
promising manufacturing processes to produce 3D structures on large scales. 

7.2 Design of Thermoplastic Polyurethane LCE materials 
A more stable and versatile alternative for thermoplastic polythiourethane LCEs 
presented in this thesis are conventional thermoplastic polyurethanes (TPUs). Because 
of their modular synthetic strategy and by suitable choice of polyol, isocyanate, and 
chain extender precursors (Figure 7.1), the properties of TPUs can be readily tailored 
through variation of molecular structures to meet specific physical requirements for the 
desired applications.[14,15] In addition, regular polyurethanes exhibit enhanced thermal 
and dynamic stability of the urethane moieties, in contrast to the sulfur-containing  
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Figure 7.2: (a) Chemical structure of typical RMs commonly used. (b) Synthesis pathway for the LC polyol based 
on biphenyl LC diols and dicarboxylic acids. (c) Proposed chemical structure and alternative monomers for LC 
diols and polyols based on inexpensive, commercially available building blocks. 

thiourethane analogs, especially advantageous for melt-processing and recycling.[8,16] 
These features and the fact that conventional TPUs are well-integrated into today’s 
industry and commercial applications make them ideal candidates for the next 
generation of thermoplastic LCEs.[17,18] 

For the formation of H-bonding hard segments in the thermoplastic PTU, inexpensive 
diisocyanates and chain extenders are commercially available in large numbers with 
great variety. A small selection from the extensive range of commonly used monomers 
is given in Figure 7.1b. Stimuli-responsive LC polyols, however, are rarely reported and 
need to be designed and synthesized. Typically, LCs consist of rigid cores based on 
multiple aromatic or cyclohexyl rings and aliphatic flexible spacers on both sides with 
possible reactive end groups (Figure 7.2a).[4,19] The intermolecular interactions between 
the stiff central cores and flexible spacers control the Tg and LC phase of the polymer. To 
fabricate economical alternative LC polyols, inexpensive and commercially available 
monomers need to be used while still maintaining the mesogenic molecular features. 
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In the simplest case, a biphenyl core with aliphatic spacers on both ends can be used as 
LC diol. Subsequently, LC oligoester diols can be synthesized by reacting the biphenylic 
LC diol with dicarboxylic acids to obtain cheap, stimuli-responsive LC polyols (Figure 
7.2b).[20,21] To go even one step further, the length and chemical structures of the LC 
hydroxy end-capped oligomer may be varied to tune the mesogenic properties to the 
desired application. In addition, we propose a chemical structure and toolbox with 
inexpensive commercially available monomers resembling the structure and building 
blocks of commonly used LCs (Figure 7.2c). As an example, terephthalic acid (€40/kg), 4-
hydroxybenzoic acid (€45/kg), and tetraethylene glycol (€40/kg) may be interesting 
building blocks for LC polyol synthesis. Other inexpensive alternatives as mesogenic 
cores or flexible spacers are readily available as well (either as acid or ester derivatives), 
enabling the opportunity to optimize and tune the LC properties toward the desired 
application. In addition, this proposed design allows for control of the chain length by 
changing the molar ratio of the building blocks and so fabricating hydroxyl functionalized 
LC-based monomers or oligomers with specific lengths. The repeating units of the 
flexible spacer (indicated by k) and rigid mesogenic core (indicated by n and m) can also 
be altered to obtain the desired LC and material properties (Figure 7.2c). 

7.3 Industrially Relevant Melt-Processing Methods 
To expand the potential of melt-processable materials for freestanding objects with 
complex functionalities, alternative manufacturing processes such as melt-extrusion, 
injection molding, blow molding, and vacuum molding are interesting. These techniques 
have rarely been applied to LC-based materials due to their chemically crosslinked 
nature. Creating LC materials capable of being processed in a straightforward manner 
using industrial-relevant manufacturing methods would open new application spaces. 
Any arbitrary form that can be attained for traditional bulk plastics now becomes 
available for LC-based polymers with their corresponding advantages of molecular 
alignment and potential of actuation. 

Injection molding involves melting a material and injecting it into a mold cavity to form a 
specific shape, which is a popular manufacturing process for TPU because it allows for 
the production of complex parts with consistent quality and high efficiency.[22] For this 
melt-processing technique, the influence of injection speed, holding pressure, mold 
heating strategy (isothermal or variothermal), and barrel temperature are interesting 
parameters to explore on the shape, alignment, and response of the LCE polymers. 

Melt-extrusion is a process where a thermoplastic polymer is melted and then forced 
through a die creating continuous shapes such as fibers.[22] Using a spinneret, these 
fibers can then be spun into yarns and woven or knitted into textiles, offering a versatile
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Figure 7.3: (a) Photograph of the aluminum ring structure and hollow hemispherical mold that can be closed 
with screws. The mold contains a connection in the center for applying vacuum (scale bar = 1 cm). (b) 
Photograph of the polythiourethane LCE hemisphere after thermoforming (scale bar = 2 cm). (c) Optical 
microscopy images through crossed polarizers (p) with the alignment direction (i.e., molecular director n) 
parallel (left) and at 45° (right). The line textures originate from the mold (scale bar = 0.5 mm). 

and cost-effective solution for creating smart fabrics with responsive properties.[23] For 
example, thermoplastic LCE fibers can alter their shape in response to temperature 
changes which might be used in applications such as smart clothing, where the fabric can 
adapt to the wearer’s body temperature or movement.[24] 

One can also use pressure to either blow or suck the polymer into a mold.[22] Blow 
molding is a process for converting thermoplastics into intricate and complex hollow 
objects commonly used to produce bottles and containers, for example. The hollow 
plastic parts are produced by inflating a heated thermoplastic polymer inside a mold until 
it takes the desired shape. On the other hand, vacuum forming, also referred to as 
thermoforming, uses vacuum pressure and a mold to form the desired geometry by 
pulling the pliable material into place while heating. 

In a preliminary study, we have explored the potential of using thermoforming, where a 
plastic sheet is typically heated past its glass transition temperature and sequentially 
pulled into the mold upon applying a vacuum. We fabricated a spherical structure via 
thermoforming using the polythiourethane LCEs described in this thesis by heating it to 
above the dissociation onset temperature of the H-bonds, as described in Chapter 2. 

A 0.25 mm thick thermoplastic polythiourethane LCE film was placed between a ring and 
a hollow hemispherical mold that is tightly closed (Figure 7.3a). A vacuum was applied at 
room temperature until the film had fully formed to the hemisphere shape in the mold. 
The mold was then heated to 150 °C for 30 min and allowed to cool to room temperature, 
after which the formed material was removed, yielding an LCE hemisphere (Figure 7.3b). 
Interestingly, as a result of the thermoforming process, alignment in the stretched LCE 
material is obtained (Figure 7.3c). 

The results indicate that 3D objects based on thermoplastic LCEs can be fabricated by 
the standard, large-scale industrial thermoforming process. In principle, different objects
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Figure 7.4: Synthesis design of recyclable imine LC polyol using lignin-based building blocks. 

could be fused together by taking advantage of the H-bonding nature of the 
thermoplastic LCE, forming hollow actuator objects. By careful tuning of material 
properties and the vacuum forming process, a new application space might be 
generated wherein responsive LCEs could be produced with complex 3D structures and 
even hollow objects on large scales. 

7.4 A Sustainable Future for LC-Based Materials 
Synthetic polymeric materials are of vital importance to our modern society but have 
also been identified as a threat to our well-being over the past century.[25] Most polymers 
are based on fossil fuels, and the mass production of plastics might potentially lead to 12 
billion tons of waste in 2050.[26] The United Nations Sustainable Development Goals 
(SDGs) highlight the need to reduce single-use plastics and, therefore, the design of any 
new polymer material must include its sustainability.[27] As a basis, this requires the use 
of biomass-derived feedstocks and circular chemistry to achieve a closed-loop polymer 
economy.[28,29] 

Polyurethane precursors have already been generated from renewable resources like 
vegetable oil, algae oil, and polysaccharides.[30] In addition, polyurethane allows the 
possibility to be chemically recycled back into its original monomers (closed-loop 
recycling).[31] Hence, LC polyols based on smart monomers containing degradable groups 
that can be polymerized and depolymerized on demand using energy-efficient processes 
(e.g., acid- or base-catalyzed hydrolysis) might be developed and, where possible, based 
on inexpensive biobased building blocks. 

One possible pathway to synthesize these materials based on renewable polymer 
sources obtained from biomass is by reacting the widely available hydroxyethylated 
vanillin, a monofunctional aldehyde, into dialdehyde derivatives (Figure 7.4).[32] From the 
latter, difunctional amines may be obtained through reductive amination. These three 
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monomers can then be reacted in a one-pot approach to synthesize the hydroxyl end-
capped LC oligomers with rigid imine units composed of two (or more) aromatic units 
and flexible tails generating the mesogenic properties. 

Biobased LC diol oligomers can potentially be synthesized from lignin, found in the cell 
walls of many plants and trees, which is the second most abundant natural polymer in 
the world after cellulose.[33] It is a sustainable and environmentally friendly source of 
aromatic phenolic compounds such as vanillin that can be used to synthesize LC 
oligoimines with alcohol end groups and subsequently be reacted with diisocyanates and 
chain extenders to prepare LCE TPUs. Interestingly, the imine bonds may be cleaved 
selectively under acidic conditions, enabling closed-loop recycling of the LC oligomers.[34] 

7.5 Conclusions 
This thesis builds upon a new class of thermoplastic LCEs based on polythiourethane in 
an attempt to achieve recyclable and moldable smart polymers. This type of material 
demonstrates both stimuli-driven deformations and dynamic properties, affording truly 
sustainable soft actuators exhibiting melt-processable and recyclable functionalities 
compatible with large-scale industrial processing methods. We believe that these 
materials will serve as starting point for industrially relevant smart materials that are 
widely applicable in our society for a myriad of applications such as soft robotics, smart 
textiles, artificial muscles, and deployable soft actuating devices.  
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Summary  THERMOPLASTIC LIQUID CRYSTAL ELASTOMER SOFT ACTUATORS 
Over the past decade, a substantial amount of research has been devoted to fabricating 
stimuli-responsive liquid crystal elastomers (LCEs) with large, reversible deformations. 
The scientific fascination for nature’s responsive actuating systems has fueled the 
development of soft actuators that are readily applied in real-world applications, 
including artificial muscles, soft robotics, smart textiles, and devices exhibiting stimuli-
triggered deformations triggered by changes in humidity, temperature, and light, for 
example (Chapter 1). Although these developments are promising, LCEs are typically 
thermosets containing covalent crosslinks, thus virtually unrecyclable and not moldable. 
This thesis focuses on developing thermoplastic LCE soft actuators with hydrogen-
bonding (H-bonding) crosslinks to endow smart materials with recyclable and moldable 
features, affording sustainable soft actuators with a staggering variety of functionalities. 

The basis of the work described in this thesis is initially presented in Chapter 2, where 
melt-processable thermoplastic soft actuators are introduced based on segmented 
copolymers containing thiourethane and liquid crystal (LC) segments generated via 
sequential thiol addition reactions in a one-pot approach using commercially available 
building blocks. Polythiourethane LCEs with different lengths of the soft LC oligomer 
segments have been synthesized to evaluate the effect of the segmented copolymer 
composition on structure, mechanical properties, and actuation performances. The 
actuators obtained demonstrated immediate, reversible responses and weightlifting 
capabilities with large deformations of up to 32%, similar to the thermoset analogs. In 
contrast, by exploiting the dynamic H-bonding crosslinks, the thermoplastic material 
could be recycled, reprogrammed into 3D actuators, and welded into an actuator 
assembly with different deformation modes. 

Industrial-relevant processing methods are key to future applications of freestanding 
actuators and will open new application spaces. In Chapter 3, using the melt-processable 
features of the polythiourethane LCE developed in Chapter 2, a direct ink writing (DIW) 
approach is developed for depositing the thermoplastic polymer without needing post-
printing (photo)polymerization. 3D-printed objects are fabricated by exploiting the 
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thermoreversible interplay of the H-bonding physical crosslinks required for extrusion 
and formation of the network. After printing, the actuators demonstrated a reversible 
contraction of 12.7% or bending and curling motions when printed on a passive substrate. 
Furthermore, the thermoplastic ink enables recyclability, as shown by cutting and 
printing the actuators five times, albeit with diminishing actuation performance. 

Given the 3D printing results, in Chapter 4, we prepared light-responsive thermoplastic 
LCEs for generating untethered light- and temperature-responsive soft actuators by 
mechanical programming and DIW without photocrosslinking, showing reversible 
contracting and bending deformations. Through the combined photothermal and 
photochemical contributions of the incorporated azobenzene photoswitches, the 
resulting LCE actuators can be addressed in both air and underwater, proving capable of 
performing mechanical work in response to light. The freedom provided by DIW allowed 
for printing re-entrant honeycomb and spiral director structures, demonstrating 
complex and reversible deformations. 

To expand versatility, Chapter 5 explores light-driven soft actuators with fully 
reprogrammable, pre-designed rest states and shape deformations from the same LCE 
film. For this, a charge-transfer complex (CTC) is embedded in the H-bonded 
polythiourethane LCE, acting as a moldable host and gate, directing the self-assembly of 
the CTC through H-bonding interactions. When H-bonding is present, the CTC acts as 
near-infrared (NIR) dye enabling photothermal actuation of the LCE. In contrast, when 
dissociated in specific regions of the LCE film by disrupting the H-bond interactions, the 
CTC allows selective heating and localized actuation of the films upon exposure to NIR 
light. The metastable separated state may persist for weeks or can be recovered on 
demand by heat treatment. The capability of completely reforming the shape, color, and 
actuation mode of the LCE provides a smart material with unprecedented application 
versatility. 

Chapter 6 revisits the melt-processing approach of the third Chapter to further push the 
applicability of thermoplastic LCE soft actuators to standard industrial processes. Melt-
extrusion and drawing of thermoplastic LCE fibers of the polythiourethane on a large 
scale are shown. The thermoplastic behavior enables the fabrication of controllable 
rotating fiber actuators exhibiting large, reversible rotational deformations and torque. 
To illustrate scalability, plied fibers are fabricated as a triple helical twisted rope which 
delivers up to three times as great rotational and longitudinal forces as the individual 
rotating fibers, and capable of reversibly opening and lifting a screw cap vial. Besides the 
programmability, the thermoplastic material employed lends itself to self-healing and 
complete reprocessing into other configurations in contrast to thermosets. 
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In the concluding Chapter 7, the research described in this thesis is put into perspective, 
some challenges in the field of LCE soft actuators are evaluated, and future research 
directions are provided. In addition, a thermoforming method as an industrial 
manufacturing process is demonstrated, highlighting the processability potential of this 
new class of thermoplastic LC-based materials. 

Overall, the findings outlined in this thesis establish a new class of thermoplastic LCEs 
achieving more sustainable soft actuators with melt-processable properties and 
recyclable, reusable capabilities. It is envisioned that these materials will serve as starting 
point for industrially-relevant smart materials that are widely applicable in our society for 
a myriad of applications such as soft robotics, smart textiles, artificial muscles, and 
deployable soft actuating devices.
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