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Summary 
Bioinspired Soft Robots:  
Shining Light on Liquid Crystal Polymers 
 

Nature sparks inspiration, fueling the persuit for man-made materials and devices that 
emulate functionality and adptability of living organisms. The implementation of light-
responsive materials in soft robotics has demonstrated the opportunity to free devices from 
external controllers, advancing the persuit for autonomous, multi-tasking devices with 
promising applications in microfluidics and biomedical field. The successful development of 
bioinspired light-driven soft robots challenges the current functionality of light-responsive 
polymers and calls for advancements in three main research areas: 1) fundamental 
understanding and optimization of individual stimuli-responsive polymers, 2) design of novel 
materials and 3) coordination of motion in actuator assemblies. With a focus on light-
responsive liquid crystal polymers (LCPs), this thesis explores these three research areas 
to advance the state-of-the-art of bioinspired light-driven soft robots. 
 
Light responsivity is integrated into LCPs through the inclusion of photoresponsive 
molecules, popularly azobenzene derivatives, which undergo geometrical changes through 
isomerization, triggered by specific wavelengths of light. Chapters 2 and 4 investigate the 
effect of the nature of the azobenzene dye, considering both the chromophore’s connection 
to the network either as a crosslinker or as a side-chain, and the isomer lifetime. The 
influence of azobenzene chemistry on the actuation mechanism of LCPs is elucidated by 
connecting mechanical properties and temperature effects. With this knowledge, guidelines 
are created to aid the choice of azobenzene derivative most appropriate for specific 
applications. These studies establish the dominant mechanisms involved in the actuation of 
crosslinker vs side-chain chromophores, with the latter being fully photothermally driven 
whereas the former containing both photothermal as well as photomechanical 
contributions, showing the promise of crosslinker azobenzenes as appropriate 
chromophores for aquatic or amphibian devices. 
 
The functionality of soft robots is directly connected to the potential of the actuators 
comprising the device. To expand on actuator versatility, chapter 3, 5 and 6 explore 
advancements including: integration of multiple stimuli-responses in light-triggered liquid 
crystal network (LCN) films, oscillatory motion capability and shape (re)programmability. A 
dual, light- and magnetic- responsive bilayer actuator is demonstrated in chapter 3 and 
utilized for the creation of an untethered gripper showing light-triggered grasping ability and 
freedom in movement in an enclosed environment through magnetic guidance. The 
incorporation of an additional stimuli-driven response in single actuators grants expansion 



of possible modes of motion attainable in individual films, increasing from simple bending to 
rotation for example. The poor mechanical robustness of light-driven actuators is a 
hinderance to the success of liquid crystal (LC)-based soft robots, with most LCN films 
being brittle. Chapter 5 addresses this challenge through the fabrication of a robust light-
responsive bilayer actuator composed of LCs coated onto a thermoplastic polymer. The 
resulting bilayer is ductile and due to the thermoplastic nature of the substrate, it allows for 
shape (re)programming so that actuators can be shaped into desired starting geometries 
and subsequently actuated by light. Such developments not only permit control over the 
actuator geometry, being advantageous for the design of soft robots, but also allow for the 
same actuator film to be re-shaped and reused. Moreover, in order to free soft robots from 
on/off switching of light sources, continuous oscillatory motion of light-driven actuators 
upon constant illumination will bring devices closer to autonomy. Chapter 6 demonstrates 
a triangular LC film that undergoes constant oscillatory motion upon contact with a hot 
surface. The rocking motion is continuous and sustained by a feedback loop between shape 
asymmetry, heat gradients and thermal expansions of the polymer network. 
 
In nature, orchestrated motion of individually addressed limbs allows animals to 
generate constructive movement and execute different tasks, such as walking for 
example. To translate simple actuation modes, such as bending of LC films, into useful 
action nature illustrates the essential role of harnessing orchestrated motion from 
actuator assemblies. Chapter 7 presents a fully light-driven soft transporter robot 
composed on an ensemble of LCN films which through orchestrated motion of the 
independent device segments can be made to move in multiple directions as well as 
pick up and deliver cargos. Furthermore, chapter 8 demonstrates the potential of 
actuator assemblies composed of different stimuli-responsive materials in which 
orthogonal addressability of different components allows for parallel modes of 
motions. Inspired by the design of coral polyps, this aquatic actuator assembly is 
composed of a magnetic-driven stem and light-driven arms. The surface-attached 
artificial polyp induces fluid flow through the motion of its magnetic stem and attracts 
objects to its center. Computational simulations are presented to shed light on the 
fluid flow dynamics and provide instructions on how the device’s design can be altered 
to control fluid stirring. Light-driven actuation of the LC arms allows for grasping of 
targets suspended in the liquid. The potential of LC polymers in aquatic environments 
is illustrated by the film’s fast photoresponse as well as the ability to program 
temporarily stable deformation states. The actuator assemblies presented in these 
two chapters show that devices based on actuator ensembles can bring untethered 
soft robots a step closer to life-like motion and adaptivity, allowing for the wireless 
completion of tasks not possible for single component devices. Finally, chapter 9 
discusses the challenges and presents an outlook on the main topics of this thesis: 
fundamental understanding, novel materials and actuator assemblies. Additionally, it 



discloses a novel hierarchical actuator composed of a centimeter-scale, light-
responsive, shape programmable actuator containing areas with micropillar arrays 
showing heat- and light-driven bending.  
 
In this thesis, LCNs employing azobenzene moieties as photoswitches are investigated and 
explored as building blocks for bioinspired soft robots. The guidelines elucidated in the 
thesis concerning the use of azobenzene chromophores as well as the advacements made 
to the functionality of single light-driven actuators will aid future developments. By 
demonstrating the potential as well as the opportunities available when multiple stimuli-
responsive materials are integrated, this thesis shows the potential of untethered soft robots 
as functional devices with bioinspired properties.  
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Chapter 1 
 

General Introduction 
 

 

 

 

Abstract. Nature is a constant source of inspiration, fueling the dream of mimicking life-
like motion and tasks in untethered, man-made devices. Liquid crystalline polymers 
programmed to undergo three-dimensional shape changes in response to light are promising 
materials for fulfilling this dream. The successful development of autonomous, highly 
controlled light-driven soft robots requires an understanding of light-driven actuation, 
advancing material functionalities as well as progress in engineering principles for 
transforming actuation into life-like motion, from simple bending to walking for example. 
This chapter includes an introduction to liquid crystal (LC)-based soft robots, developments 
in LC materials with multi-stimuli response, shape programmability and sustained motions 
to finally achieve bioinspired untethered soft robots able to perform locomotion and tasks.   

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: 
‘Bioinspired light-driven soft robots based on liquid crystal polymers’, M. Pilz da Cunha, M. G. Debije, 
A. P. H. J. Schenning, Chemical Society Reviews, 2020.   
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1.1 General introduction 

Admiration for nature has fueled the dream of developing man-made materials and 
machines that mimic the abilities and adaptability of animals.[1–3] Through evolution, 
animals have become highly functional and efficient, utilizing environmental stimuli to 
trigger behaviors that enhances their survival rate. As examples, consider the multi-
tasking abilities of locomotion and transportation by ants, amphibians adapting to 
both dry and aquatic environments and soft marine organisms with their versatility 
of motions, Figure 1.1.  
 
Soft robotics help us to achieve this dream. In contrast to conventional ‘hard’ robots, 
in which stiff segments limit the adaptability and versatility of devices, soft robots are 
fully comprised of compliant polymers. Thus, better emulate living, soft bodied 
organisms and are more suitable for human interaction.[4,5] To free soft robots from 
tethering to external or heavy on-board control units, stimuli-responsive polymers 
which undergo macroscopic deformations in response to remote triggers are of great 
interest.[3,6] The versatility offered by stimuli-responsive materials will make 
untethered soft robots promising for applications in microfluidics and biomedical 
fields for example. In the research described in this thesis, light is used as the central 
stimulus to trigger motion, offering a remote, non-destructive and a highly tunable 
approach to control actuation in soft robots.[7–10]  
 

 
 
Figure 1.1 Organisms in nature that present inspiration for the creation of untethered bioinspired soft robots 
with multi-modal motion and adaptivity. Terrestrial animals show multi-tasking ability, including locomotion and 
transportation of cargos. Amphibians adapt to water and land, being mobile in both environments, while soft marine 
organisms show adaptive abilities and versatility in motion, exemplified by coral polyps, which are able to induce 
self-made currents to aid their survival. Photographs reproduced with permission from photographers: Deborah 
Bifulco, Carmen Brüggler and Robin Jeffries. 
 
Even though light-driven soft robots have been reported, the majority of examples 
are single component devices comprised of a single film, only active in either a dry or 
an aqueous environment and able to complete only a single task, such as 
unidirectional locomotion. Expansion towards multi-tasking systems, with 
locomotion as well as cargo transportation in a single device, and adaptability to 
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diverse environments are current pursuits. Realizing multi-tasking, light-driven soft 
robots challenges the current status of light-responsive polymers. It calls for a 
fundamental understanding of light-driven actuation as well as researching materials 
with advanced properties and functions, such as ability to respond to multiple stimuli, 
mechanical robustness and (re)programmable light-triggered motion. In order to 
transform simple actuation modes such as bending into useful actions like walking, 
nature demonstrates the essential role of harnessing orchestrated motion from 
actuator assemblies. Such actuator ensembles will bring soft robots a step closer to 
life-like motion and adaptivity, allowing for the wireless completion of tasks not 
possible for single component devices. The knowledge obtained from the three areas: 
1) fundamental understanding, 2) construction of assemblies and 3) design of novel 
advanced materials, will be necessary for producing successful bioinspired light-driven 
soft robots, Figure 1.2.  

 
 
Figure 1.2 Schematic diagram representing complementary areas of development which are of importance for 
the fabrication of bioinspired light-driven soft robots. 

1.2 On light-responsive liquid crystal actuators  

Stimuli-responsivity helps in the survival of organisms; think of heliotropism, in which 
plants mechanically deform to track sunlight. Polymers with tunable molecular 
organization based on liquid crystals (LCs) have been used to fabricate materials 
showing macroscopic deformation to remote triggers.[10] Liquid crystal polymers 
(LCPs) are ideal materials for actuators designed to emulate natural creatures. LCPs 
can be actuated in dry environment and their molecular alignment can be engineered 
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to allow a wide range of motions and the largest light-induced actuation possible. The 
following section provides an overview of the main properties of liquid crystals and 
how light-responsive behavior is realized in these materials.  

1.2.1 Liquid crystal-based polymers 

LC materials have physical properties between that of ordered crystalline solids and 
isotropic liquids. When in the LC state, these materials maintain the fluid-like ability 
to flow while preserving a degree of molecular order. Typical geometries of LC 
molecules include rod-like, disc or bent-core. For stimuli-responsive materials, 
thermotropic LC molecules with anisotropic rod-like shapes are preferred, owing to 
the ease of using temperature to tune the degree of molecular order in the polymer, 
Figure 1.3, and the easy control of molecular alignments. At high temperatures, such 
thermotropic LCs have a reduced molecular order, and are in the isotropic, liquid 
phase; lowering the temperature leads to molecularly ordered phases such as the 
smectic (Sm) or nematic (N). In the smectic phase, the rod-like molecules are aligned 
in layered structures, with the long axis of the molecules, the molecular director, 
pointing in a common direction. In the nematic phase, molecules lose their positional 
order and only retain a common orientational order.  

 

Figure 1.3 Different states of matter. Crystalline solids, different LC phases (smectic and nematic) and 
isotropic liquids. Transition between the phases is observed through temperature changes.  

Application of electric or magnetic fields or surface alignment layers allows control 
over the orientation of the molecular director in LC phases. Such induced alignments 
can be fixed by photopolymerization if the rod-like LC molecules contain 
polymerizable end-groups, allowing for the designed molecular orientation to be 
frozen in a polymeric network. Polymerization results in a polymeric network 
freestanding film. Depending on the crosslink density of the polymer, LC elastomers 
(LCEs) or networks (LCNs) are obtained. LCEs have low crosslink densities, hence 
glass transition temperatures (Tg) typically below room temperature, and so behaving 
as rubbers, while LCNs have a Tg above room temperature and behave as glassy solids 
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at ambient conditions.[11] LCNs typically consist of (meth)acrylate-based monomers, 
crosslinked through one-step photopolymerization popularly carried out in a cell, 
which allows for the use of alignment layers to direct the molecular organization. 
LCEs, however, can have a flexible backbone, such as siloxane units, giving the 
material viscous properties at ambient conditions which impedes the use of cell 
setups so that LCEs are usually aligned through mechanical strain (stretching). LCEs 
are generally fabricated through a two-step crosslinking technique developed by 
Finkelman,[12] in which the LC mesogens are first slightly crosslinked, allowing for the 
application of mechanical strain to induce molecular orientation, followed by a final 
crosslinking step to form the rubber-like material. 

Whereas LCEs often have a continuous alignment, i.e. along the stretching direction, 
LCN polymers may have uniform or non-uniform alignments through the thickness 
of the film, Figure 1.4A. Two common uniform alignments are planar and 
homeotropic: the LC molecules are uniformly oriented either parallel or 
perpendicular to the top and bottom polymer film surfaces respectively. Non-uniform 
alignments include splay or twisted nematic, with splay being a gradual transition 
between planar and homeotropic through the sample depth, while twisted nematic 
in which the molecular planes are rotated through the sample thickness. The resulting 
polymers display anisotropic properties, and of special interest for actuators is the 
mechanical and thermal expansion anisotropy of LC polymers. A direct effect of 
molecular and orientational anisotropy can be observed when heating planar aligned 
LCNs or LCEs: due to a slight decrease in the molecular order, contraction takes 
place along the long axis of the molecules and expansion perpendicular. For LCNs 
with continuous planar or homeotropic alignments, such thermally driven 
deformations will not be obvious at the macroscopic scale, with shrinkage and 
expansions of typically less than 1%.[13] However, thermally driven deformations can 
be amplified by utilizing the non-uniform alignments such as splay,[14] in which the 
different molecular orientation of the two sides of the film amplify the anisotropic 
volume expansions and lead to larger macroscopic deformations, Figure 1.4B. The 
mechanism for actuation in ordered LCE materials might differ from LCNs, in that 
the polymer network does not maintain its orientation and alignment when heated: 
instead, it undergoes a transition to the isotropic phase, disrupting the anisotropy of 
the polymer network. The phase transition into a disordered isotropic state leads to 
a large uniaxial contraction up to 400% along the nematic director; subsequent 
cooling reverses the deformation and the film may return to its initial shape.[15] Even 
though LCEs also actuate below the TNI due anisotropic expansion coefficients, the 
dominant actuation mechanism follows from the large disorder brought by the phase 
transition. 
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Figure 1.4A. Different molecular alignment of nematic LCs over the material’s thickness: (i) planar, (ii) 
homeotropic, (iii) twisted nematic and (iv) splay. B. Macroscopic, reversible deformation of a splay aligned 
LCN upon heating and cooling as a result of the anisotropic thermal expansion coefficients whose effects 
are amplified by the discontinuous splay alignment. 

1.2.2 Light-driven LCPs with macroscopic motion 
 
Incorporation of molecular photoswitches into a polymer network allows for the 
translation of absorbed light energy into mechanical work.[16] Photosensitive 
molecules including spiropyrans, hydrazones, and azobenzene derivatives have been 
explored in LCPs, with the latter being the most popular due to easy integration into 
the network without extensive disruption of the molecular alignment.[17,18] 
Additionally, dopants such as graphene and carbon nanotubes (CNTs) have also been 
utilized to drive motion in polymer actuators; through absorption of light, such 
dopants indirectly cause the polymer to heat up. Dyes or dopants that trigger 
actuation by indirectly heating the polymer network through light absorption are 
termed photothermal agents,[19] and are usually not crosslinked within the polymer 
network, differently from photomechanical dopants which are covalently linked to 
the network. 
 
Azobenzene derivatives undergo isomerization from the thermodynamically stable 
rod-like shaped trans isomer, into its unstable, bent cis state by absorption of light, 
Figure 1.5. Accompanying the isomer conformational change which reduces the 
length of azobenzene’s long axis from 9 to 5.5 Å,[20] a shift in the absorbance spectrum 
is also observed. The chemical nature of the azobenzene structure dictates the 
stability of the cis isomer and its steady-state isomer population ratio after prolonged 
illumination (defined as the photo-stationary state), which is in turn temperature 
dependent.[21,22] The reverse isomerization, from cis to trans, can be triggered 
thermally or by light, usually of a different wavelength. Current literature suggests 
that the photoactuation of azobenzene-containing LCNs stems from combined 
photothermal and photomechanical effects. Photothermal effects include 
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isomerization-driven heating and network photo-softening[23–25] which are 
responsible for the large light-induced storage modulus decrease which is significantly 
larger than the thermal-softening of glassy polymers.[26] Photomechanical effects are 
due to molecular dimensional changes upon isomerization, from the rod-like trans to 
the bent cis state, these effects include molecular order disruption[27,28], free-volume 
formation[29,30] and network stress (pull-effects).[31] 
 

 
 
Figure 1.5A. Light-induced isomerization of an azobenzene derivative. Upon irradiation, the molecule 
undergoes isomerization from its stable, rod-like trans state into its thermodynamically unstable cis bent-
geometry. Return to the trans state is triggered by heat or light (usually of another wavelength than that 
of trans-cis isomerization). B. Schematic depiction of the light-induced deformation of a planar LCN 
containing azobenzenes, light directed from the right. The gray rods represent the light-responsive 
azobenzene molecules. UV light leads to film bending, towards the light source. Return to the original 
shape of the film is triggered by heat or light of a different wavelength. 
 
It is of crucial importance to understand the factors influencing light-driven actuation 
of LCPs; such knowledge will aid new developments and ensure future materials and 
devices will be operated in optimal conditions. Current literature presents 
investigations on the effect of network crosslink density,[32] concentration of 
photosensitive dopant,[33] light irradiation intensity,[34] network alignment[14,35] and 
polarization of the light stimulus.[36] However, the growing library of azobenzene 
chromophores raises an additional question: how does the mechanism for 
photoinduced deformation in LCNs differ between photoswitches of different 
chemical natures? 
 
1.3 Light-driven soft robots based on LCPs 

Inspired by the locomotive ability of animals, initial developments in LCP light-driven 
soft robots have concentrated in the realization of devices capable of walking. Single 
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component LC-soft robots with locomotive ability in dry environment include works 
in which the motion emulates animals such as caterpillars,[37–39] snails,[40] and 
inchworms,[41] Figure 1.6A. Most of these actuators use photothermal dyes, which 
upon light absorption heat the LCE above the nematic to isotropic transition 
temperature, triggering fast and local contraction. The anisotropic contraction can 
then be utilized to power locomotion, Figure 1.6A, B, D, E. Other examples utilize 
local alignment patterns to induce area selective motion without requiring localized 
illumination, Figure 1.6F. Soft robots containing photomechanical chromophores 
require illumination with two different wavelengths to activate unbending and bending 
action in an inchworm design for example, Figure 1.6C. However, the locomotion 
freedom of such devices remains limited, being either only in the forwards direction, 
or forwards and backwards. An example of single component LC device displays the 
ability to turn, yet even this approach remains a slow process requiring precise 
illumination to trigger the lateral area of the inchworm design, Figure 1.6B. Further 
locomotion examples demonstrate other modes, including rolling[42,43] or wave-like 
motion.[44] Further research has focused on mimicking the object handing ability of 
natural organisms by fabricating soft grippers.[45]  

 

Figure 1.6 LCP soft robots active in dry environments. The locomotion modes take inspiration from animals such 
as snails (A), caterpillars (D, E, F) and inchworms (B, C). (A: Reproduced with permission,[37] Copyright 2016, 
Wiley VCH.  B: Reproduced with permission,[46] Copyright 2018, Wiley VCH. C: Reproduced with permission,[41] 
Copyright 2009, Royal society of Chemistry. D:  Reproduced with permission, [37] Copyright 2016, Wiley VCH. E: 
Reproduced with permission,[47] Copyright 2019, Wiley VCH.  F. Reproduced with permission, [38] Copyright 2017, 
Wiley VCH. 
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Light-driven soft robots are not restricted to dry environments, although those 
operating underwater are rarely reported, Figure 1.7. Initial studies demonstrate 
LCE microrobots able to swim, powered by a scanning light source.[48] Actuators 
operating at the water-air interface include single LCE films that swim into the dark[49] 
and a polyimide/LCN bilayer that moves with motion that mimics a dolphin,[50] 
Figure 1.7B and C, respectively. Near infrared (NIR)-driven swimming near the 
water-air interface driven by reversible bending and unbending motion is also shown 
with a polydopamine-coated LCE.[51] Recent developments report on a LC gel which 
operates solely underwater and demonstrates light-driven locomotion and swimming 
upon irradiation with high intensity lasers, Figure 1.7A.[52]  

 
 

Figure 1.7 Examples of light-responsive LC-based soft robots active in aqueous environments (A) or at the air-
liquid interface (B, C), mimicking a variety of locomotion modes observed in nature. A. A liquid crystal gel 
operating in aqueous environment. Upon irradiation with a laser, the film shows locomotion on a ratchet surface 
or jellyfish-like swimming. Reproduced with permission,[52] Copyright 2020, National Academy of Sciences. B. An 
LCN film is made to move on the water surface upon irradiation, the motion mimics a dolphin. Reproduced with 
permission,[50] Copyright 2019, Wiley VCH. C. An LCE film that moves into the dark on the air/liquid interface. 
Reproduced with permission,[49] Copyright 2004, Nature Publishing Group.  
 
1.4 Advanced functionalities in light-responsive LCPs 
 
Progress in LC-based soft robots is dependent on the development of 
photoresponsive LC actuators with advanced functionality, such as broadened 
actuation modes, as well as versatility and accuracy in the control of the 
deformations. This section presents advancements in three functionalities of light-
responsive LCPs: multi-stimuli responsive behavior, continuous motion upon using a 
constant stimulus and programmed actuator geometries and deformations. 
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1.4.1 Multi stimuli-response  

One goal in the development of stimuli-responsive actuators is the integration of 
multiple stimuli-responses in a single actuator. Such actuators will be beneficial for 
the design of soft robots, so that a single segment in the device can be orthogonally 
triggered by different stimuli to undergo distinct modes of motion. The combination 
of two stimuli-responses in single actuators has been shown by Yu et al, in which an 
LCN bent in orthogonal directions when triggered by humidity or light, Figure 
1.8A.[53] Temperature and humidity response have been combined in bending LC-
based bilayer actuators in which each layer independently responds to one stimulus, 
Figure 1.8B.[54] Other works have explored variations of the same stimulus, namely 
light of different wavelengths, to activate different sections of the actuators, hence 
realizing bending at different ‘hinges’ in the polymer.[55,56] Additionally, interplay 
between different stimuli has been utilized for humidity-gated photoactuation in LCN 
films, Figure 1.8C.[57] In the latter study, a humidity-sensitive, splay aligned LCN 
containing photothermal dyes, which cause network heating through light absorption, 
responds to light only when environmental humidity is high, showing how a secondary 
trigger can serve as a pre-requisite for photoactuation to occur. Of further interest 
is the development of LCPs in which different stimuli trigger different modes of 
motion, such as bending with one and turning/twisting with another, hence expanding 
the modes of motion possible in single actuators. 

 
Figure 1.8 Multi stimuli-responsive LCN actuators. A. Orthogonal bending deformations in an LCN: 
humidity-triggered swelling perpendicular to the molecular alignment in the film and light-driven bending 
along the director. Reproduced with permission,[53] Copyright 2016, Wiley VCH. B. An LCN/PA6 
(polyamide) bilayer is shown to deform upon temperature increase at constant humidity of (5%RH), while 
at higher relative humidity the bilayer demonstrates different bending behavior at increasing temperatures, 
termed ‘humidity-gated actuation’. Reproduced with permission,[54] Copyright 2020, Royal Society of 
Chemistry. C. A splay aligned LCN film with a photothermal azobenzene dye and humidity sensitive LC 
mesogens. Humidity is utilized as a pre-requisite for light-driven actuation. Reproduced with permission,[57] 
Copyright 2019, Wiley VC. 
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1.4.2 Shape and motion programmability in light-responsive LCPs 
 
Unlike natural systems which have complex geometrical shapes and multiple 
actuation modes, synthetic light-driven soft actuators are often limited in their 
starting geometry, due to the generally used fabrication method employing flat glass 
cells. The resulting LCP films usually start flat with a fixed molecular alignment, and 
are restricted to just one mode of actuation, such as simple bending. Developments 
exploring shape and motion programmability would greatly increase freedom in the 
design of LC-based soft robots. A challenge in shape programmability of LC-based 
actuators is the covalent crosslinking nature of the networks which prevents 
recyclability of the polymer into different starting geometries. Through shape 
memory or by using dynamic covalent bonds,[58–65] temperature-driven actuators can 
be shape fixed and subsequently actuated. However, light-responsive LCPs, whose 
starting geometry can be programmed and subsequently reversibly deformed by light, 
remain largely unexplored. One approach to achieve motion programmability utilizes 
light of specific wavelengths to encode the type of deformation in LCNs containing 
two types of chromophores, achieving photo-rewritable programming of light-driven 
actuators, Figure 1.9A.[66] Another work utilizes light to configure the stimuli-
triggered deformation of an anthracene-dimer crosslinked LCN, Figure 1.9B.[47] By 
photodecrosslinking (possible through photocleavage of the anthracene dimers), the 
actuator can be selectively patterned with crosslinked (active) and uncrosslinked 
(inert) regions. Upon heating the polymer or illumination with near infra-red light 
(NIR) which is absorbed by the photothermal dyes in the network, the material 
undergoes reversible actuation dictated by the photopatterned crosslink density 
regions. Additionally, LCNs containing azomerocyanine photoswitches have been 
presented as rewritable, dual light-responsive actuators.[56] By locally changing the 
absorbance of the chromophore through acid treatments, the films can be designed 
to have area-specific ‘hinges’, with each area responding to specific wavelengths of 
light depending to the chromophore species at that location, Figure 1.9C. Yet, even 
such innovative developments do not alleviate the restrictions of the flat starting 
geometry of the actuators. Ikeda and co-workers demonstrated an LC-based 
photoactuator using dynamic covalent bonds whose initial geometry could be 
designed and subsequently actuated by light, Figure 1.9D, yet recyclable shape 
programming was not demonstrated.[67] The photoactuator uses a polysiloxane 
backbone-LCE doped with azobenzene moieties; shape fixing is possible through 
exchange links between the ester crosslinks and hydroxy groups in the network.  
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Figure 1.9 Examples of shape programming in LCPs. A. An actuator doped with two types of azobenzene 
chromophores shows different deformations to the same applied stimulus. The shape deformation is 
dependent on a programming step which uses light to convert crosslinker-azobenzene dyes in the network 
from the trans to cis states. Reproduced with permission,[66] Copyright 2018, Nature Publishing Group. B. 
A reconfigurable LC actuator. Through selective decrosslinking, the polymer film can be patterned with 
active and inert regions. Actuation is then possible by heating the material or by exposure to NIR light, 
which is absorbed by photothermal dyes in the network. Reproduced with permission,[47] Copyright 2020, 
Wiley VCH C. A rewritable LCN actuator in which the active areas can be designed with an acid 
programming step of the azobenzene, changing its light absorption peak. The independent sections on the 
actuator respond to different wavelengths of light. Reproduced with permission,[56] Copyright 2017, Wiley 
VCH. D. A light-responsive actuator with programmable shape geometries. The actuator can be 
programmed into a specific shape through a thermal shaping process and subsequently actuated by light. 
Reproduced with permission,[67] Copyright 2016, Wiley VCH.  
 
1.4.3 Sustained motion in light-responsive LCPs 
 
Continual motions, like the heartbeat, are inspirations for the development of soft 
materials with sustained actuation. Continuous sustained motion in polymers could 
free devices from depending on on/off switching of external stimuli and could 
dramatically expand the range of applications towards autonomous motors and 
artificial muscles. Sustained motions in polymer actuators are often a result of 
feedback loops that couple material properties and external stimuli in 
synchronization. Light-driven oscillation of liquid crystal cantilevers upon exposure 
to constant high intensity light has been demonstrated.[46,68–73] The mechanism for 
such oscillations commonly relies of the photothermal deformation of the LCP to 
move the material into and out of the light beam, with a feedback loop sustaining the 
motion. Such work has pioneered the development of devices displaying continual 
locomotion[42,44] or rotational, mill-like motion,[74] Figure 1.10. Investigation into 
other stimuli that can trigger oscillatory motion in LC-based polymers will be 
meaningful for expansion of the actuator toolbox available for the development of 
untethered soft robots. 
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Figure 1.10 Sustained motion in LCN cantilevers have been utilized in a variety of devices. A. Photo 
motility in a spiral LCP. Constant illumination causes the strip to roll, the mechanism of the motion being 
based on self-shadowing. Reproduced with permission,[42] Copyright 2016, Nature Publishing Group. B. 
An LCN is fixed to a plastic frame. Upon illumination from an angle, the polymer film undergoes a wave-
like motion, based on self-shadowing, and causes the whole device to move. Reproduced with 
permission,[44]  Copyright 2017, Nature Publishing Group. C. LCN films fixed to a small tube can be made 
to turn. The motion of each film unbalances the device and causes it to rotate, placing another film in 
light’s focus, initiating a feedback loop that sets the device into  motion that resembles a mill. Reproduced 
with permission,[74] Copyright 2017, Elsevier.  
 
1.5 From single actuators to bioinspired actuator assemblies 
 
Animals utilize constructive actuation of individual muscles to achieve macroscopic 
motion and to complete tasks. The vast majority of light-driven soft robots have 
focused on devices based on single actuators: complex multi-functionality or multi-
tasking is rarely presented. The realization of orchestrated motion in multi-actuator 
systems will increase the number of tasks which stimuli-responsive devices are able 
to perform. Such assemblies will utilize integrated actuators working in concert to 
perform tasks, such as locomotion and object handling. Actuator assemblies can be 
composed of a collection of actuators that respond to the same stimulus, or a variety 
of soft actuators composed of different materials that respond to different stimuli. 
Assemblies may also refer to devices taking inspiration from organisms displaying 
motion at different length scales, including macroscopic motion as well as individual 
motion of microstructures located on the larger actuator. Even though several works 
report microscale actuation of LCP materials,[75] the demonstration of hierarchical 
materials with both responsive microstructures, such as pillars, on an active 
substrate, remains unreported for light-driven liquid crystalline systems. Such an 
example of a complex actuator demonstrating motion of both its microstructure as 
well as the actuator body has been realized with a magnetically-driven PDMS rubber 
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actuator (Figure 1.11A),[76] but is still unreported in light-driven LCPs. The main 
research in LC micro-pillar arrays remains in the area of control of surface wetting 
properties or adhesive properties, [77–79] and not in attaining communicating motion 
between independent pillars.  
 
The potential of actuator assemblies has already been demonstrated; see Figure 
1.11. Actuator assemblies have been utilized to create arm-like motion, with 
independent actuators functioning as muscle groups in a human arm, Figure 1.11B 
and D.[39,80] By actuating the different section in the device an object can be grasped 
and lifted (Figure 1.11B) or displaced transversely (Figure 1.11D). Other 
examples successfully integrate locomotion with object handling ability. A light-
powered LCN based soft swimmer inspired by flagella-like motion shows how 
actuator assemblies can realize underwater devices capable of multi-tasking, 
combining a swimming locomotion mode with object handing, Figure 1.11C.[81] 
Another approach to actuator assemblies are arrays of pillar actuators[82–84] (in the 
micron-scale) or cilia/fibers[55,85,86] (centimeter-scale).  

 

Figure 1.11 Actuator assemblies. A. Magnetically-driven PDMS rubber actuator demonstrating motion on two 
length scales, is shown to navigate over obstacles. Reproduced with permission,[76] Copyright 2018, Nature 
Publishing Group. B. An actuator assembly of two NIR-responsive LCEs mimicking a human arm. Reproduced with 
permission,[39] Copyright 2018, Wiley VCH. C. An LCN-based swimmer composed of a responsive gripper and 
tail. Reproduced with permission,[81] Copyright 2015, Nature Publishing Group. D. A three-component light-driven 
assembly resembling an arm. Reproduced with permission,[80] Copyright 2010, Royal society of Chemistry. 
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1.6 Research aim and thesis outline 
 
Since the first report on azobenzene-doped LCPs showing light-driven macroscopic 
contraction of LCEs, by Finkelmann in 2001[87] and bending of LCNs, by Ikeda in 
2003,[88] the functionality of light-driven LCP-based actuators and soft robots has 
progressed significantly. However, there still remain several aspects to be addressed 
before the potential of LCP devices can be fully realized. The aim of this thesis is to 
develop bioinspired light-driven soft robots and to achieve this goal, the fundamental 
mechanistic understanding of light-driven actuation in LCNs, the fabrication of 
advanced photoresponsive actuators, as well their integration into multi-functional, 
untethered devices is investigated.  
 
Chapter 2 explores a remotely controlled dual magneto- and photoresponsive soft 
robotic gripper. The untethered soft actuator consists of a magneto-responsive 
polydimethylsiloxane layer doped with magnetic iron powder coated onto the central 
region of a light-responsive LCP. Through combined video, mechanical and thermal 
analyses, the actuation mechanism of the light-responsive LCN is investigated, 
revealing the decisive role of temperature evolution in governing both rate of motion 
and deformation amplitude of the soft actuator. In the quest for multi-stimuli 
responsive actuators, a bilayer design composed of a light-responsive LCN and a 
magneto-responsive PDMS composite is explored in Chapter 3. This design is 
simple to fabricate with ample design freedom, using no additional adhesion layers. 
Untethered control of the bilayer permits motions including bending and rotation, 
steered individually or in synchronization. Through a systematic study, the direct 
impact of the PDMS layer on the light-triggered rate of actuation and maximum 
deformation amplitude of the LCN film was elucidated.  
 
Understanding the underlying actuation mechanism of azobenzene chromophores in 
aqueous and dry environments is crucial for the control of photoactuation and the 
expansion towards amphibian-like actuators. Chapter 4 presents a systematic study 
that clarifies the outstanding uncertainty in the mechanistic contributions of 
azobenzene-powered actuation. The photothermal and photomechanical 
contributions in the mechanism are elucidated and the mechanistic dependence on 
azobenzene chemistry is demonstrated.   
 
To address the lack of shape programming and control over the initial shape of LCN 
actuators, Chapter 5 presents a strategy that demonstrates fabrication of 
mechanically robust, recyclable, photoresponsive actuators with highly tunable 
geometries and actuation modes.  
 



16 

Multi-modal motion of an LCN film triggered by both light and heat is reported in 
Chapter 6. The triangular film is shown to undergo a continual rocking chair-like 
chaotic motion upon exposure to a surface of a constant temperature. Incorporation 
of an azobenzene into the network induces light-response, which causes a rolling 
motion of the film. The actuator demonstrated shows extended actuation freedom, 
being able to perform rocking and rolling motion. 
 
Untethered soft robotic devices based on actuator assemblies are explored in 
Chapter 7 and 8. Chapter 7 integrates multiple light-driven LCNs into a single soft 
robotic device. Orchestrated motion of the individual segments allows the soft robot 
to have locomotion freedom in any direction as well as the ability to handle cargo. 
The resulting device is the first fully untethered centimeter-size soft robot 
transporter powered solely by light. Inspired by marine organisms with multiple 
degrees of freedom in the motion of their soft bodies, Chapter 8 explores an 
assembly of two different stimuli-responsive materials active via magnetic field or 
light. The material assembly presents a surface anchored artificial coral polyp with 
magnetic-driven stirring motion leading to the controlled attraction of suspended 
targets in an aqueous solution and light-responsive capture or release. The light-
responsive LCN gripper has fast response to low intensity light as well as 
programmable deformation states.  
 
In Chapter 9, the challenges of bioinspired light-driven soft robots are examined 
and future opportunities are discussed. In addition, this chapter investigates the 
integration of micro- and macro-scale actuators in single devices, in which the same 
or two parallel stimuli can be used to drive motion on two length scales. Future 
possibilities for such materials and assemblies are addressed as well as future 
challenges involved in their development.  
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Chapter 2 

 

Shedding Light on Photoresponsive Liquid Crystal 
Actuators: an Untethered Magneto- and Light-Responsive 
Rotary Gripper 

 

 

 

Abstract. This chapter reports on a remotely controlled dual magneto- and photo-
responsive soft robotic gripper, capable of loading, transporting, rotating, and releasing 
cargo. The untethered device consists of a magnetically-responsive polydimethylsiloxane 
layer containing magnetic iron powder coated onto the central region of a light-responsive 
liquid crystal polymer film hosting azobenzene dyes. Detailed analysis shows the decisive 
role of the temperature evolution in governing both rate of motion and deformation 
amplitude of the light-responsive soft actuator. 

 

 

This chapter is largely reproduced from: 
‘An untethered magnetic- and light-responsive rotary gripper: shedding light on photoresponsive liquid 
crystal actuators’, M. Pilz da Cunha, Y. Foelen, R. J. H. van Raak, J. N. Murphy, T. A. P. Engels, M. G. 
Debije, A. P. H. J. Schenning, Advanced Optical Materials, 2019, 7, 1801643,
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2.1 Introduction 
 
The use of azobenzene-doped liquid crystal networks (LCNs) in soft robotic devices has 
become increasingly popular and the successful operation of such devices calls for detailed 
understanding on the factors influencing both the rate and amplitude of actuation. Although 
several works in the literature distinguish and describe mechanisms underlying photo-
induced actuation of azobenzene doped LCNs,[1–7] the connection between the macroscopic 
deformation and isomerization, photo-softening as well as heating timescales remains 
concealed. Understanding the interplay of molecular processes, mechanical actions and 
actuating properties of these responsive films will be crucial in controlling the response 
amplitudes and speed of the programmed photo-induced shape changes. Of further interest 
is the integration of multi-triggered responsive actuation into single systems, allowing single 
actuators to perform multiple modes of motion. However, a facile approach to combining 
multi-stimulus response into one device without imposing dramatic mechanical or chemical 
changes to the system remains a challenge.  

This chapter presents a detailed analysis on the actuation of a photoresponsive LCN as well 
as a method to incorporate an additional stimulus response to a single actuator. Both the 
understanding obtained from the analysis as well as the multi-stimuli response, are utilized 
to construct a completely untethered grasping device inspired by the macroscopic design of 
a chameleon’s grasping feet,[8] which are not only soft in nature, but allow the animal to 
grasp objects in a pincer-like manner. The gripper can be magnetically controlled, via the 
device’s central section, to move freely in an enclosed environment and controlled by light, 
through activation of the pincer-like azobenzene-containing LCN, to pick up or release 
objects, Figure 2.1A and B. This compartmentalized design does not disrupt liquid 
crystalline ordering or fabrication and allows for the untethered motion, rotation and 
transport of the gripper. The device presented here is different to other LCN-based 
grasping systems,[9–15] which often require an external tether to bring the device to the 
targeted object. 

2.2 Soft robotic gripper design 

The photoresponsive component of the soft robotic gripper is a splay aligned liquid 
crystalline (LC) network consisting of two monomers 1 and 2, and a photoresponsive azo-
benzene derivative, MR, with fast cis-to-trans thermal relaxation (Figure 2.1C).[16] The LC 
monomers are polymerized at 80 °C in glass cells coated with rubbed planar and unrubbed 
homeotropic polyimide alignment layers glued together using 20 µm spacers; the resulting 
freestanding LCN films have a glass transition temperature (Tg)at around 80-85 oC, and 
storage modulus (in the direction parallel to the planar alignment) of 1.5 GPa at room 
temperature; detailed preparation procedures are found in the experimental section at the 
end of this chapter. Due to the elevated polymerization temperature, anisotropic molar 
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volume shrinkage occurs upon cooling the LCN sample to room temperature due to an 
increase of molecular order; therefore, the films have a bent shape at room temperature, 
with the homeotropic surface found on the inside of the curvature. The magnetically 
functionalized PDMS composite is obtained through manual mixing of a two-component 
PDMS polymer with carbonyl iron powder in a 1:1 weight ratio. PDMS is chosen as the soft 
polymer matrix for the magnetic composite due to its low storage modulus, commercial 
availability and ease of mixing with other functional particles. After degassing the mixture, 
PDMS(Fe)/LCN bilayers are fabricated by blade coating the uncured PDMS composite onto 
the photopolymerized LCN film; curing of the PDMS is performed at 80 °C for 2 hours. 
The coating procedure results in adhered layers, with no signs of delamination after several 
actuation cycles. The magnetic PDMS is coated on the central area of the homeotropic 
surface of the splay aligned LC film and is 120 µm in thickness, Figure 2.1A and B. As the 
magnetic PDMS is coated solely on the middle section of the LCN, it is not directly exposed 
to incident light used for opening\closing of the soft robot and hence does not influence the 
light-responsive behavior. 

 

Figure 2.1A. Magneto- and light-responsive actuator design, with localized PDMS/Fe composite layer coated on 
the central section of the homeotropic side of the splay aligned LCN. B. Chemical structures of monomers used 
in making the LCN, with azobenzene derivative MR (the naming stands for Monoacrylate Red azobenzene) as the 
light-responsive dye. C. Photograph of the LCN soft gripper (16 mm in length by 9 mm in width: the PDMS/iron 
layer is 120 µm thick) in the closed state and open state.  

2.3 Light-responsive actuation of the LCN films  

Firstly, the light-responsive behavior of the freestanding LCN films were studied in detail to 
further understand the underlying causes of photoactuation and to determine the degree of 
bending and bending rates. The tip position of the film was tracked over time at different 
illumination intensities. Concurrent with the tip displacement, the temperature evolution of 
the film was recorded with a high-speed thermal camera. The actuation analysis was carried 
out with film deformation and temperature tracking on the sub-second timescale. This time-
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resolution displacement tracking was achieved by analyzing the film’s respective position in 
all image frames from the actuation videos.  

Upon illumination with light emitting at 455 nm (corresponding to the azobenzene 
derivative’s absorption peak), the LCN actuator uncurls and deforms, eventually bending 
towards the light source, Figure 2.1A and B. Changing the light energy incident on the 
LCN results in clear changes in the physical displacement during the initial seconds of 
actuation, providing information on the rate of actuation and on the differing maximum 
equilibrium displacements at different incident light energies, Figure 2.2C. Both rate and 
maximum equilibrium displacements increase with exposure to higher light intensities. Once 
the lamp is turned off, the LCN relaxes back to its equilibrium shape, showing reversible 
actuation.  

Figure 2.2A. Image stack for one LCN actuation. Light is coming from the left and is incident on the planar side 
of the polymer film (16 mm in length).  B. Video snapshots recording different moments of actuation during 
maximum intensity illumination. Snapshot 1 is the state of rest. C. Endpoint displacement evolution plot for liquid 
crystalline film as a response to light of varied energy intensities: the numbers refer to the corresponding images 
in B. D. Time evolution of displacement and temperature increase of the LCN when illuminated with a light intensity 
of 225 mW/cm2. 

2.3.1 Rate of actuation 

Upon illumination, the azobenzene derivative in the LCN absorbs incident light which leads 
to the fast isomerization of the azobenzene derivative and, subsequently, also to heat 
generation as the cis azo isomer immediately returns to its trans configuration.[16] At first, a 
steady increase of the maximum film temperature with exposure time is recorded and, due 
to the balance between heat generation by the cis-to-trans isomerization of the azobenzene 
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molecule and radiation of heat to the environment, the temperature eventually levels off, as 
seen in Figure 2.2D. The same time progression observations are evident in the 
displacement evolution of the LCN, with a clear correlation between increase of film 
temperature and displacement time-scales: one such evolution for 225 mW/cm2 light 
illumination is shown in Figure 2.2D. Further investigation of interrelated time-scales 
between heating and displacement rates for multiple incident light intensities results in an 
overall direct correlation between the sample heating rate and the initial actuation rate of 
the liquid crystal film; see Figure 2.3A. This direct correlation between temperature and 
displacement highlights the explicit impact of constructive thermal expansions on the 
opposing surfaces of the splay aligned LC film on the macroscopic deformation of the 
system, revealing that the thermal effect arising from light-responsive behavior in LCNs is 
the decisive factor in the rate of actuation. 

2.3.2 Maximum endpoint displacement 

The magnitude of maximum deformation at equilibrium caused by illumination is dependent 
on the incident light energy (Figure 2.2D and Figure 2.3B) and a direct relationship 
between incident energy and maximum temperature of the actuator is observed. The 
measured maximum surface temperature of the LCN increases linearly with increasing 
incident light energy, Figure 2.3B. The relationship between maximum sample temperature 
at equilibrium and the incident energy can also be represented by a heat balance. 
Considering 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 to be the total heat absorbed by the LCN and 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐  the convective 
heat loss to the surroundings, the following simplified heat balance can be set up: 

𝑃𝑃ℎ𝑒𝑒𝑎𝑎𝑒𝑒 = 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐       
 (2.1) 

In equilibrium, no more heating takes place, so: 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐        
 (2.2) 

considering the convective heat loss as 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐 = 2ℎ𝐴𝐴(𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑇𝑇0), with A being the surface 
area of the film (assuming the heat loss along the edges of the film to be negligible), 𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚 
and 𝑇𝑇0 the maximum and initial film temperatures, respectively, and h the convective heat 
transfer coefficient. The equilibrium balance (2.2) can be rewritten: 

         𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑇𝑇0 +  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ∙2𝐴𝐴

        

  (2.3) 
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Here, note that 𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚 depends only on the total absorbed energy and the heat lost through 
the surface of the system; and is independent of thickness, if thickness << width and length. 
Therefore, a direct relationship between absorbed energy and maximum temperature is 
attained. In contrast, when the maximum displacement amplitude is plotted against the 
illumination energy, a bi-linear relationship is observed with an inflection point around 
200mW/cm2 (Figure 2.3B). Plotting the displacement against surface temperature of the 
film more clearly illustrates the two regions: see Figure 2.3C. The point at which the 
linearity changes slope is found to be at around 70 °C. The origin for this double linearity in 
the displacement behavior can be related to the difference in thermal expansion coefficients 
(𝛥𝛥𝛥𝛥) at the opposing homeotropic and planar aligned surfaces ( 𝛥𝛥𝛥𝛥 = 𝛥𝛥⊥ − 𝛥𝛥∥). Plotting 𝛥𝛥𝛥𝛥 
as a function of temperature, reveals the bi-linearity in the thermal expansion behavior of 
the polymer, in which the material’s Tg corresponds to the temperature at which the change 
in slope is found.[17,18] The mismatch between the inflection point in the displacement plot 
(Figure 2.3C) and the Tg, is about 15 °C. That the apparent Tg shifts when a sample is 
illuminated has been previously described as the ‘photo-softening’ effect; that is, the light-
induced isomerization of the azobenzene and its corresponding molecular motion is causing 
softening of the polymer film.[2,3] The photo-softening effect is visualized by performing 
dynamic mechanical analysis (DMA) while the sample is illuminated (455nm) at different light 
intensities. At each light intensity the film temperature is recorded with an infra-red camera 
and the storage modulus is measured. The storage modulus curves for the illuminated 
sample as well as a regular mechanical analysis with a temperature sweep of the LCN in an 
unlit oven are compared in Figure 2.3D. The modulus profile for the illuminated sample 
does not overlap with a thermal sweep of an unlit sample. The plot for an illuminated sample 
is shifted towards lower temperatures, the mismatch in the curves is of approximately 15 
°C and is consistently observed for several films analyzed. Therefore, congruently with the 
mismatch observed for the inflection point in the displacement plot and the coefficients of 
thermal expansion (CTE) graph of around 15 °C, the mechanical analysis curves (Figure 
2.3D) also display a 15 °C shift.  

Based on this detailed analysis, it can be concluded that the actuation of the light-responsive 
LCN appears to be the consequence of photothermal effects: the photoexcitation of the 
azobenzene dyes, resulting in heat release. Temperature appears to be the prevailing factor 
in the deformation of the LCN, both in setting the rate for actuation as well as the maximum 
displacement. The photo-softening effect causes a shift in the apparent Tg of the system, 
impacting the maximum deformation behavior of the film. With this knowledge the 
amplitudes and speed of the photo-induced bending of the soft actuator can be accurately 
controlled.  
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Figure 2.3A. Displacement and heating rates for the light-triggered actuation of the LCN at different light 
intensities. B. Maximum tip displacement and maximum temperature of the LCN at equilibrium displacement for 
varying illumination intensities. C. Maximum endpoint displacement of the LC film over the maximum surface 
temperature of the film during light-triggered actuation. Individual points are generated through actuation with 
varying light intensities. D. Dynamic mechanical analysis of the LCN while heated in an oven in the dark (black line) 
and while illuminated with 455nm light. For the experiments conducted with illumination, individual points are 
obtained through exposure of the film to different light intensities.  

2.4 Remotely controlled pick up, transport, rotation and release of cargo  

With a detailed understanding of the LCN actuator system, the applicability of stimuli-
responsive actuators as a gripper design soft robot is demonstrated. The gripper employs 
the photothermal responsive LCN with a PDMS layer doped with iron powder applied solely 
in the middle section of the film to achieve localized magnetic response (Figure 2.1A, vide 
supra). The magnetic PDMS is not exposed to light, therefore the photothermal effect 
leading to opening/closing actuation is solely due to the light-responsive liquid crystal 
network. This design allows for the addition of an independent stimulus response 
(magnetic), while leaving the photoresponse of the device largely free of impediment. Light 
is used to open the gripper, while a simple refrigerator magnet is used to obtain untethered, 
remote transport and rotation. This remotely controlled cargo pick up, transport, rotation 
and release task, performed by the  untethered soft-robotic gripper is depicted in Figure 
2.4A.  
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In a confined environment, manipulation of the position of the actuator can be remotely 
controlled within a glass (1 mm thick) compartment through magnetic guidance via the 
PDMS/Iron layer, Figure 2.4B. Once the actuator is brought to the vicinity of a cargo, 
opening of the device’s ‘arms’ is possible with through illumination (λ= 455 nm). In the 
demonstration, the cargo is an asymmetric foam object (5,8 mg) 1.1 times heavier than the 
gripper device itself. During repetitive cargo pick up and transport tasks, no effects of fatigue 
of the device were observed. The extent of actuation caused by illumination is directly 
influenced by the light energy supplied to the sample. This way, the “opening” or pick up 
mechanism of the soft robot, step i in Figure 2.4A and step ii in B, can be remotely steered 
depending on the size of the cargo to be handled by controlling the intensity of the light 
stimulus. Furthermore, the rate at which the gripper opens is also influenced by the light 
energy supplied to the device, with higher incident energies resulting in faster actuation. 
Once the device is in its opened state above the cargo, switching off the light results in the 
closing mechanism. Next, locomotion and rotational freedom of the loaded device is 
possible through magnetic guidance to its destination, step ii in Figure 2.4A. Finally, release 
of cargo is triggered by illumination which causes the opening of the gripper, step iii in 
Figure 2.4A and iv in B. After release, the device can be transported elsewhere through 
magnetic guidance. Alternatively, the soft robot could be used to be directly actuated by 
temperature rather than light, if desired. The gripper can be autonomously opened by 
changes in local environmental temperature, driving release of the cargo. An additional 
versatility of the soft robot gripper is its ability to rotate, allowing for expanded degree of 
freedom in the gripper’s transport movement. This ability allows the soft robot to be used 
in tasks that require the additional freedom of moving around corners, through restricted 
openings and positioning asymmetric objects in specific orientations, Figure 2.4C. 
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Figure 2.4A. Schematic illustration of the cargo pick up, transport, rotation and release of the untethered 
rotational soft robotic gripper. B. Snapshots of the untethered pick up, transport and release of a cargo, performed 
by the dual responsive gripper within an enclosed space. C. Snapshots of the soft robot gripper performing the 

transport of an asymmetric cargo through an opening, which requires rotational motion. 
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2.5 Conclusion  

This chapter provides a thorough analysis on the photothermal response of an azobenzene 
doped liquid crystal actuator by conducting a video and thermal analysis with detail into 
temporal temperature effects. These actuators are fully controlled by photoexcitation of 
the azobenzene dyes, resulting in thermal energy governing evolution of both rate of 
actuation and deformation amplitude, connecting these evolutions with mechanical 
properties and thermal expansion coefficients. Photo-softening of the network is also 
observed and its direct impact on the LCNs actuation performance is demonstrated. Such 
findings are crucial for making light-responsive soft actuator with programmed photo-
induced shape changes. 

Additionally, this chapter also demonstrates a novel approach to combining multi-responsive 
behavior into one device. The device presented is composed of a photothermal responsive 
LCN  and magnetically functionalized PDMS composite which orchestrates locomotion and 
rotation via magnetic guidance, allowing for positional control of the actuator even in 
enclosed spaces and light-driven appendage deformation for manipulation of the soft gripper. 
Such untethered rotational soft robotic grippers can be used to perform remotely 
controlled tasks such as cargo pick up, transport and release and differentiates them from 
other soft robotic grasping devices which typically rely on manual manipulation to perform 
locomotion.  

2.6 Experimental section 

Fabrication of LCN actuator 

The liquid crystal polymer network was produced by the photopolymerization of two liquid 
crystalline monomers (Figure 2.1B), a monoacrylate, 1, (RM 23; 40,5mol%, Merck) and a 
diacrylate, 2, (RM82; 56,5mol%, Merck), and initiated by a photoinitiator (Irgacure 819, 
1mol%, Ciba). Light responsivity was achieved with the addition of a commercially available 
azobenzene chromophore with a fast cis-trans isomerization, DR1A, MR, (Figure 2.1B, 
2mol%, Sigma Aldrich). Prior to polymerization, the monomers were dissolved in 
dichloromethane (DCM) to obtain a homogeneous mixture; subsequently the solvent was 
evaporated. Polymerization was carried out in a custom-made glass cell. The glass cells were 
prepared by gluing together two glass slides, 20 µm diameter glass bead spacers were 
incorporated into the glue to achieve controlled cell thickness. Prior to cell fabrication the 
independent class slides were coated with polyimide alignment layers; for a splay alignment 
one slide contained planar and the other homeotropic alignment layers, Optimer AL 1051 
(JSR Micro) and 5661 polyimide (Sunever), respectively. The cells were filled at 95 ℃ with 
the LC mixture in the isotropic phase through capillary action. The filled cell was cooled to 
80 ℃, at which temperature the LC mixture is nematic. Photopolymerization of the reactive 
mesogens was done at this temperature with an Exfo Omnicure S2000 lamp, then  a thermal 
treatment at 120 ℃ for 10 minutes released thermal stresses arising from polymer shrinkage 
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during polymerization. After polymerization, the cell was opened, and the films are peeled 
from the glass with razor blades and cut into long strips, in which the alignment direction of 
the planar side is parallel to the long side of the film. 

Fabrication of magnetic PDMS composite 

The magnetically functionalized PDMS composite is obtained through manual mixing of a 
two-component PDMS polymer (Dow Corning) with carbonyl iron powder (Sigma Aldrich) 
in a 1:1 weight ratio. After degassing the mixture, PDMS composite/LCN bilayers were 
fabricated by blade coating the uncured PDMS composite onto the photopolymerized LCN 
film; curing of the PDMS was performed at 80 ℃ for 1 hours. The PDMS was coated on the 
homeotropic surface of the splay aligned LC film and was 120 µm in thickness.  

Actuation analysis  

Surface temperature analysis was performed using a Gobi camera from Xenics. Illumination 
of the film was performed with a Thorlabs LED lamp, emitting 455 nm light. The set-up 
included the blue light of 455 nm (Thorlabs M455L3-C2) with collimation adapter to actuate 
the samples.  Every sample was placed at 9 cm distance from the collimator adapter. A red 
LED light of 617 nm (Thorlabs LED4D100) at a constant low intensity was used to illuminate 
the sample in the dark for optimal contrast: this wavelength is outside of the absorption 
spectrum of the LC films. An LED driver (Thorlabs DC4104) allowed for alteration of the 
light energy output. All samples were placed in such a way that both lights irradiated the 
sample from the same side (planar surface).  

Mechanical analysis of the LCN during illumination 

The mechanical properties of the film were tested with dynamic mechanical analysis, DMA, 
(Q800 Dynamic Mechanical Analyzer from TA instruments). The analysis was performed to 
investigate the difference in the material properties of the LCN when heated in an oven or 
indirectly heated through illumination; similar work has been performed in literature.[3] For 
both illuminated and unlit experiments, the film was clamped at both ends in DMA clamps 
and characterization was performed with a strain-controlled mode. For the unlit 
measurement, the sample was characterized during a temperature sweep in a closed oven. 
For the illuminated experiment we have recorded the sample temperature at different 
incident light intensities with an infra-red camera (Gobi from Xenics). At each light intensity, 
the storage modulus was measured and correlated to the sample temperature measured by 
the infra-red camera. 
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Chapter 3 

 

On Dual Magnetic‐ and Light-responsive Bilayers  

 

 

 

Abstract. The integration of multiple stimuli-responses into soft actuators is a goal in the 
development of ‘smart’ materials. In this chapter, a dual stimuli-responsive bilayer actuator 
is reported, consisting of a light-responsive liquid crystal network (LCN) and a magnetic-
responsive polydimethylsiloxane (PDMS) composite. Through a systematic study the direct 
impact of the PDMS layer on the light triggered rate of actuation and maximum deformation 
amplitude of the LCN film is elucidated. The results provide straightforward design rules to 
fabricate bilayer actuators with programmed multi-responsive properties. 

 
 
 
 
 
 
 
 
This chapter is largely reproduced from: 
‘On Untethered, Dual Magneto‐ and Photoresponsive Liquid Crystal Bilayer Actuators Showing 
Bending and Rotating Motion’, M. Pilz da Cunha, Y. Foelen, T. A. P. Engels, K. Papamichou, M. 
Hagenbeek, M. G. Debije, A. P. H. J. Schenning, Advanced Optical Materials, 2019, 7, 1801604. 
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3.1 Introduction 
 
A common approach to stimuli-responsive, ‘smart’ materials is to employ bilayers in which 
deformations such as bending are caused by the different physical properties of the two 
constituent materials.[1] By combining a passive and a responsive material, macroscopic 
deformations can be triggered via exposure to a stimulus that causes expansion/shrinkage 
of the active material layer. The passive material acts as a resistance to the volumetric 
changes, leading to reversible actuation upon removal of the stimulus.[2] Responsive 
materials in such bilayer designs include hydrogels and liquid crystalline polymers (LCPs).[3] 
Present works demonstrate possible combination of responsive liquid crystal (LC) films with 
passive polymer materials such as polyethylene (PE),[4,5] polypropylene (PP),[6] polyamide-6 
(PA6)[7,8] and polystyrene (PS).[9] These bi/multi-layered smart materials will present altered 
stimuli-responsive behavior when compared to single layer LCP actuators due to different 
mechanical and thermal properties. Studies of thermally triggered deformations of bimetal 
bilayers have  been documented in detail,[10] yet no detailed study is available that illustrates 
the effect the additional layer has on the actuation rate of stimuli-responsive liquid crystal-
based bilayers. Detailed analysis and understanding of the effects that additional layers have 
on the triggered deformation is vital for the design of bi/multi-layer actuator devices with 
programmed responsive properties. Additionally, bilayer designs offer the possibility for the 
integration of different stimuli-responsive behaviors into single devices. By functionalizing 
the otherwise passive layer, multi-responsive materials can be developed. Untethered, 
multiple stimuli-responses in soft robotics can allow for controlled actuation that involve 
independent stimuli triggering different motions, such as bending and rotating, expanding 
the versatility of the soft micro-robotic device.  

In previous work (chapter 2), the mechanism for the light-triggered response of a liquid 
crystal network (LCN) doped with a fast isomerizing azobenzene was explained.[11] The films 
studied display unbending actuation upon illumination, from a pre-curled shape into an 
extended film, in which the motion is independent from the illumination direction and fully 
controlled by photothermal effects. In this chapter, a novel, easily fabricated multi-stimuli-
responsive bilayer consisting of the same photothermal LCN and magnetic 
polydimethylsiloxane (PDMS) is prepared, requiring no additional adhesion layers and with 
ample design freedom (Figure 3.1A). The magnetic- and light-triggered responses of the 
bilayer can individually lead to different mechanical motions, with light triggering unbending, 
and magnets allowing for rotational freedom through magnetic guidance (Figure 3.1B).[12] 
With two different, independent stimuli-triggered motions, the bilayer can perform two 
actuation mechanisms in synchronization. Furthermore, it is demonstrated that exposing 
the bilayer to a sufficiently strong magnetic field allows for induction heating to activate 
bending of the bilayer directly (Figure 3.2).  
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Figure 3.1A. Schematic of the bilayer design, composed of a splay aligned azobenzene doped LCN and a magnetic 
PDMS coated onto the homeotropic surface of the LCN and the photoresponsive azobenzene derivative (MR). B. 
Schematic representation and images of the bilayer during actuation as a response to two different stimuli: light 
and a magnetic field. Without illumination, the bilayer has a bent shape. Upon illumination (455 nm) the material 
unbends and becomes flat. A simple refrigerator magnet is employed to address the film either subsequent to or 
during the light exposure. The magnetic response allows for rotation or positional freedom of the bilayer. 
 

3.2 Stimuli-responsive behavior  

The dual stimuli-responsive actuator consists of a light-responsive LCN (20 µm thick) and 
a magnetic-responsive PDMS (35 µm thick) made through incorporation of iron particles 
into the PDMS layer (Figure 3.1A), for fabrication detail see experimental section. 
Creation of the composite material (PDMS/Iron) with a 1:1 weight ratio is possible without 
significant increase of the composite’s modulus.[13] The dual response of the device allows 
for two modes of motion: light-triggered or magnetic field induced bending, and rotational 
freedom through magnetic response (Figure 3.1B and Figure 3.2).  

3.2.1 Magnetic field induced unbending actuation 

Exposure of the bilayer to sufficiently strong magnetic fields resulted in unbending actuation 
(Figure 3.2). The actuation is a result of temperature increase in the device due to 
induction heating of the magnetic PDMS. Upon heating, the LCN in the bilayer shows 
anisotropic thermal expansion due to its splay molecular alignment. The anisotropic 
expansion results in the macroscopic unbending of the device. Upon application of the 
magnetic field (800 Oe, 0.08T) the bilayer reached close to 55 oC within a few seconds and 
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the corresponding unbending actuation was observed (details found in experimental 
section). 

 

Figure 3.2 Bilayer film composed of an LCN and a PDMS layer, containing iron fillers in 1:1 weight ratio (35 
µm), shows response to strong magnetic fields. Unbending motion is observed upon application of the stimulus 
due to induction heating of the bilayer caused by the magnetic particles in the PDMS.  

3.2.2 Dual magnetic- and light-responsive behavior  

With two independent stimuli-triggered motions, the bilayer can perform two actuation 
mechanisms in synchronization. Unbending and rotational motion of the bilayer, as shown 
in Figure 3.1B, can be addressed by light and magnetic guidance, respectively. Prior to 
illumination, the bilayer has a bent shape with the magnetic PDMS found on the inside of 
the curvature. Upon illumination, the liquid crystal layer actuates, leading to bilayer 
unbending. Magnetic-triggered rotational motion of the bilayer can be addressed subsequent 
to or in synchronization with the illumination. Whereas the magnetic response of the bilayer 
is simply employed through magnetic guidance with another magnet, the light-responsive 
behavior is more complex, with strong variations depending on the design construction and 
bilayer thickness.  
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3.3 Photoresponsive actuation analysis of LCN/PDMS bilayers 

To study the photoactuation of the bilayer, the actuation of films coated with PDMS on 
either the planar or on the homeotropic surfaces of the splay aligned LCN were first 
compared. The bilayer response is independent of the illumination direction, but for 
consistency, all samples were positioned so that the planar side of the LCN is facing the 
light. As demonstrated by Figure 3.3, the LCN surface (planar or homeotropic) onto which 
PDMS is coated has a dramatic effect on the actuation of the bilayer. When coated onto the 
planar surface of the LCN, PDMS dramatically inhibits deformation, causing significant 
reduction in the pre-bending of the bilayer prior to illumination. However, when placed on 
the homeotropic surface, the film responds to light by unbending from its pre-curled shape 
to an extended film, similarly to the actuation seen for a bare LCN. The importance of the 
surface onto which PDMS should be coated is a result of the effective volumetric changes 
occurring at the two different sides of the LCN; contraction at planar surface and expansion 
on the homeotropic side. At elevated temperatures, the planar side of the LCN contracts 
whereas PDMS expands,[13] resulting in opposing forces at the layer interface. This is also 
the reason for the reduced prebend: cooling down from polymerization temperature to 
room temperature results in expansion of the planar side of the splay LC film while the 
PDMS contracts.  

The effect of PDMS layer thickness on the photoactuation was studied through analysis of 
50, 130 and 210 µm thick PDMS bilayer films coated on the homeotropic side of the splay 
LCN. The image stacks (top of Figure 3.4) show that the addition of PDMS layers result 
in a different initial pre-bend of the bilayer in its non-illuminated state. The change in pre-
bend is a result of the greater stiffness of the thicker PDMS layer, which resists the initial 
curling of the LCN normally seen at room temperature when the system is cooled after 
being polymerized at high temperature. This effect plays a role in the design of such bilayer 
devices, as the range of physical motions can be affected by the presence of the PDMS layer, 
in terms of both thickness of the attached layer and the area covered by the PDMS.  
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Figure 3.3 Upon illumination, a bare LCN actuates by unbending from a pre-bent shape into an extended film. 
The samples are illuminated from the left with the planar side of the splay facing the light: the film bends towards 
the light source. Once PDMS (130 µm) is coated onto one of the LCN surfaces (homeotropic or planar), actuation 
is altered with coating on the planar side showing the largest resistance to actuation. Images are generated by 
overlaying individual frames of a video taken during the illumination. 

The actuation rate of the bilayers is depicted as displacement plots, in which the movement 
of the tip of the bilayer is tracked over time; see Figure 3.4. Congruent to the deformation 
analysis, the temperature evolution of the bilayers during actuation was recorded. This 
systematic study combines deformation with thermal analysis, shedding light on the impact 
of bilayer thickness on the device’s rate of deformation and maximum displacement 
amplitude. Comparing the actuation rate of the bilayers, Figure 3.4, and the bare LCN film 
(chapter 2), a clear change in actuation rate is observed. The presence of a PDMS layer 
slows the actuation of the device; increase of the PDMS thickness from 50 to 210 µm further 
reduces the deformation rate. Furthermore, the impact of PDMS on the actuation of the 
bilayer is also clearly seen in terms of maximum deformation amplitude, decreasing 
substantially upon increase of PDMS layer thickness from 50 to 130 µm, Figure 3.4A and 
B.  
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Figure 3.4 Tip displacement evolution plot for bilayers of LCN/PDMS with PDMS thickness 50 µm (A),130 µm 
(B) and 210 µm (C) in response to 455 nm light of varied light intensities. Top figures show stacked images of the 
actuation of the bilayers at highest light intensity (with illumination coming from the left).  

3.4 Bilayer effect on the rate of deformation 

Just as previously established for the single LCN system, chapter 2, the rate at which the 
bilayers deform upon illumination is also directly connected to the rate at which the device 
heats up, Figure 3.5A. When comparing the heating rate of the bilayer to the single LCN 
in Figure 3.5A, it can be observed that even though the two systems reach similar 
temperatures after extended illumination time, the rate at which the two systems heat is 
very different. The heating of the bilayer is slowed as the PDMS acts as a heat sink, increasing 
the volume over which the heat generated by the azobenzene molecule in the LCN is 
distributed. Figure 3.5B shows that a change in the PDMS thickness, from 50 to 130 µm 
or 130 to 210 µm, results in a large decrease in the rate of deformation of the system; the 
heating rate decrease is consistent over several illumination energy intensities.  

A simplified heat balance for the system can be written as: 

𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑃𝑃𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐       
 (3.1) 

in which 𝑃𝑃𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the total heat absorbed by the LCN and 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐 the convective heat loss 
to the surroundings. 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐 = 2ℎ𝐴𝐴(𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚 − 𝑇𝑇0) and 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑐𝑐𝑝𝑝 ∙ 𝑚𝑚 ∙ �̇�𝑇, with A being the 

surface area of the film (assuming the heat loss along the thin edges of the film to be 
negligible), 𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚 and 𝑇𝑇0 the maximum and initial film temperatures, respectively, h the 
convective heat transfer coefficient, and 𝑐𝑐𝑝𝑝 the specific heat and 𝑚𝑚 the mass of the system. 

Rewriting equation (3.1): 

            𝑐𝑐𝑝𝑝 ∙ 𝑚𝑚 ∙ �̇�𝑇 = 𝑃𝑃𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − ℎ ∙ 2𝐴𝐴 ∙ (𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚 − 𝑇𝑇0)                     

(3.2) 
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Equation (3.2) can be recast as a standard first order inhomogeneous differential equation: 

 �̇�𝑇 = 𝐵𝐵𝑇𝑇 + 𝐶𝐶         
                 (3.3) 

where 𝐵𝐵 = −ℎ
𝑐𝑐𝑝𝑝∙𝑑𝑑∙𝜌𝜌

,  𝐶𝐶 = 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+ℎ∙2𝐴𝐴∙𝑇𝑇0
𝑐𝑐𝑝𝑝∙𝐴𝐴∙𝑑𝑑∙𝜌𝜌

, and m = 𝑑𝑑 ∙ 𝐴𝐴 ∙ 𝜌𝜌, where ρ is the material density and 

d the film thickness. 

The solution of the differential equation with the boundary condition at 𝑡𝑡 = 0;𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 is: 

 𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ∙2𝐴𝐴

�1 − 𝑒𝑒
−2ℎ
𝑐𝑐𝑝𝑝∙𝑑𝑑∙𝜌𝜌

∙𝑒𝑒
�                    

(3.4) 

Thus, as the thickness, 𝑑𝑑, of the system increases, the exponential term decreases and the 
heating time, T(t), increases. This expression supports the experimental observation of 
increasing heating times when adding PDMS to a bare LCN. 

When the temperature of the system reaches equilibrium, 

           𝑃𝑃𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐        
  (3.5) 

The equilibrium balance (3.5) can be rewritten, taking 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐 = 2ℎ𝐴𝐴(𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚 − 𝑇𝑇0). 

        𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚 = 𝑇𝑇0 +  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ∙2𝐴𝐴

                                        

(3.6) 

For simplicity, in the heat balance constructions it is assumed that the specific heat capacity 
of the LCN and PDMS to be equal: small deviations in the specific heat capacities would 
result in small systematic differences in the final temperature at equilibrium. Therefore, for 
long illumination times, both bilayers and bare LCNs should reach similar equilibrium 
temperatures when exposed to the same illumination intensity, as the maximum 
temperature at equilibrium is independent of thickness, just as observed experimentally 
(Figure 3.5A). 

3.5 Bilayer effect on the maximum deformation amplitude 

The decreased maximum deformation amplitude for thicker bilayers, Figure 3.5C, is a 
result of the increased stiffness of the system.[10] It is observed that a thin (50 µm) PDMS 
layer coated onto the light-responsive 20 µm LCN shows minimal hinderance of the 
maximum amplitude attained. However, further increasing the PDMS thickness (to 130 or 
210 µm) results in similar deformation amplitudes but require increasingly higher light 
energy inputs. 
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Considering the LCN as a cantilever, the actuation force is directly dependent on the 
bending modulus,𝐸𝐸𝐸𝐸, with 𝐸𝐸 the moment of inertia and 𝐸𝐸 Young’s modulus. The displacement 
of the end point of a beam scales inversely with the bending modulus.   

∆𝑥𝑥~ 1
𝐸𝐸𝐸𝐸�

          

  (3.7) 

with 𝐸𝐸𝐸𝐸� being the effective bending modulus, which for the bilayer both a PDMS and an LCN 
layer are considered, including individual thicknesses (𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ,𝑑𝑑𝐿𝐿𝐿𝐿) and moduli (𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃,𝐸𝐸𝐿𝐿𝐿𝐿): 

𝐸𝐸𝐸𝐸� = 𝑤𝑤𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
3 𝑑𝑑𝐿𝐿𝐿𝐿𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐿𝐿𝐿𝐿

12(𝑑𝑑𝐿𝐿𝐿𝐿𝐸𝐸𝐿𝐿𝐿𝐿+𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)
𝐾𝐾       

  (3.8) 

where 

 𝐾𝐾 = 4 + 6 𝑑𝑑𝐿𝐿𝐿𝐿
𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

+ 4 � 𝑑𝑑𝐿𝐿𝐿𝐿
𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

�
2

+ 𝐸𝐸𝐿𝐿𝐿𝐿
𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

� 𝑑𝑑𝐿𝐿𝐿𝐿
𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

�
3

+ 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐸𝐸𝐿𝐿𝐿𝐿

𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑑𝑑𝐿𝐿𝐿𝐿

  

  (3.9) 

The layer thickness has an important impact on the effective bending modulus, and the tip 
displacement of the bilayer cantilever is expected to be approximately proportional to the 
layer thickness cubed (𝑑𝑑3).  

As a toolbox for future bilayer designs, it is hereby suggested that estimations of photo-
actuated displacement of bilayers can be made with prior knowledge of the bilayer’s bending 
modulus. A display of the linear scalability between bending modulus and bilayer 
displacement is shown in Figure 3.4D for three different bilayers at similar incident 
energies. Thin layers of PDMS are observed to cause almost no inhibition of actuation, while 
thicker layers dramatically reduce the maximum deformation due to increased material 
stiffness. A careful selection of PDMS thickness is required to adequately balance strength 
and desired bending characteristics in LCN/PDMS bilayer actuators.  

The additional weight from the iron fillers in a thin bilayer (35 µm PDMS) does not result in 
a decrease of maximum amplitude of actuation. When exposed to light, the dual responsive 
bilayer shows little impediment in the photoactuation amplitude when compared to a thin 
PDMS/LCN bilayer (50 µm), Figure 3.5C, or to the bare LCN. These findings show that 
additional layers with low stiffness do not pose limitations to the functioning of a 
photoresponsive liquid crystal actuator, and yet can be designed to add a stimuli response 
to the device. 
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Figure 3.5A. Variations in the timescale of deformation for the 130 µm bilayer when compared a single LC film 
(illumination at 260 mW/cm2), displaying a clear connection between sample heating and displacement. B. 
Displacement rate ratio of the different bilayers during the initial seconds of deformation at varied light energies 
when compared to the bare LCN prior to bilayer coating. C. Maximum tip displacement for four bilayers with 
differing PDMS thicknesses, as a function of the light intensity. D. Scaling between displacement and inverse of 
bending modulus (1/IE) at 3 different illumination energies for the three different bilayers. The linearity between 
displacement and the value of 1/IE further supports the scaling guidelines, highlighting the impact material stiffness 
has on the final deformation. 

3.6 Conclusions  

This chapter presents a systematic study of bilayers composed of a splay aligned 
photoresponsive LC film coupled with flexible PDMS layers of three different thicknesses. 
The impact of the PDMS layer on the light-responsive actuation of the bilayer is elucidated, 
considering both rates of displacement and maximum amplitude of deformation. In 
connection to previous studies, this work establishes a direct correlation between heating 
rates and displacement rates, which are decreased in the presence of a PDMS layer, due to 
the PDMS acting as a heat sink. The maximum amplitude of displacement is tied to the 
stiffness of the bilayer, being inversely correlated to the thickness to the third power. It is 
shown that a thin PDMS layer (50µm) displays almost no hinderance of actuation whereas 
thicker PDMS layers (130µm and 210 µm) show decreased actuation. Additionally, it is also 
demonstrated that the surface of the splay LCN onto which the PDMS is coated 
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(homeotropic or planar) has a profound effect on the resulting actuation, with coating on 
the homeotropic surface showing highest actuation potential.   

Furthermore, this work highlights the advantage of combining a PDMS layer with light-
responsive LCN actuators as an approach to incorporate additional stimuli-triggered 
responses. Through incorporation of magnetic fillers in the PDMS layer, a bilayer system 
with untethered photothermal and magnetic-response is fabricated. The bilayer shows 
increased flexibility in actuation motions, with light-triggered bending and magnetic-
triggered rotational motion. Additionally, bending motion can also be triggered through 
magnetic stimulus by exposing the bilayer to a strong magnetic field, through induction 
heating due to the magnetic PDMS layer. Magnetically-triggered bending can be important 
in applications in which light is not a viable stimulus, such as in enclosed spaces when light 
penetration is poor.  

3.7 Experimental section 
 
Bilayer preparation 
 
The bilayer actuator consists of a light-responsive LCN (20 µm in thickness) and a poly-
dimethylsiloxane (PDMS) layer of varying thicknesses (50, 130 and 210 µm). The liquid 
crystal polymer is a splay aligned network, composed of an LC crosslinker (56.5 mol%), a 
side-chain (40.5 mol%), a photoresponsive azobenzene dopant ( 2 mol%) and a 
photoinitiator (1 mol%), for film preparation methods see chapter 2.  

The magnetic PDMS (Dow Corning) composite is fabricated through manual mixing of 
carbonyl iron particles (Sigma Aldrich) with uncured PDMS at a 1:1 weight ratio. Subsequent 
degassing of PDMS or PDMS composite releases air bubbles trapped during mixing. The 
bilayer is constructed by applying the PDMS or PDMS composite onto the LCN by either 
blade coating (thicknesses 50, 130 and 210 µm), or spin coating (35 µm) of the uncured 
PDMS layer directly onto the LCN. Subsequent curing of the PDMS is performed at 80 oC 
for 1 hour and the resulting bilayer shows no delamination issues. 

Induction heating experiments 
 
The induction heating experiment was conducted using a high frequency generator (Sinus 
51, 5 kW, 1 MHz) equipped with a 3-turn pancake coil with a radius of 30 mm. The coil and 
specimen were separated by Teflon foil and the coupling distance was fixed at 1 mm. The 
strength of the magnetic field applied was of 800 Oe. Sample temperature was monitored 
with an infrared camera.  
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Chapter 4 

 

Unravelling the Mechanism for Actuation of Azobenzene-
Doped Liquid Crystal Polymers in Air and Water  

 

 
 

Abstract. Liquid crystal networks doped with azobenzene molecular photoswitches have 
been commonly used as responsive polymers in untethered soft robots. Understanding the 
underlying actuation mechanism of azobenzene chromophores in aqueous and ambient 
environments is crucial for the control of actuation speed and amplitude. This chapter, 
presents a systematic study that clarifies the outstanding uncertainty in the mechanistic 
contributions of azobenzene powered actuation. The photothermal and photomechanical 
contributions in the mechanism are elucidated and the mechanistic dependence on 
azobenzene chemistry is demonstrated. By connecting mechanical, thermal, isomerization 
and actuation analysis in both dry and aqueous environments, this study reveals design 
guidelines towards photoswitch requirements for amphibious soft robots. 

 

This chapter is largely reproduced from: 
‘Unravelling the photothermal and photomechanical contributions to actuation of azobenzene-doped 
liquid crystal polymers in air and water’, M. Pilz da Cunha, E. A. J. van Thoor, M. G. Debije, D. J. Broer, 
A. P. H. J. Schenning, Journal of Material Chemistry C, 2019, 7, 13502-13509.
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4.1 Introduction 

A common choice of photoswitch in light-responsive liquid crystal polymers (LCPs) are 
azobenzene derivatives, due to their easy incorporation into the network without disruption 
of molecular alignments.[1] Photoresponse is achieved through the reversible isomerization 
of the rod-like, stable trans azobenzene isomer into the bent cis isomer, accompanied by a 
shift in absorbance. Elucidation of the complex mechanisms for photoinduced mechanical 
deformations observed in azobenzene-based liquid crystal networks (LCNs) has been 
extensively pursued in the literature, but an expanding library of azobenzene derivatives has 
left large uncertainties in uncovering mechanistic guidelines as to which azobenzene moiety 
to select for specific applications.  

Current literature suggests that the light-triggered actuation of LCNs containing azobenzene 
chromophores is rooted in both photomechanical and photothermal effects. 
Photomechanical[2] factors are derived from isomerization-induced effects which include 
molecular order disruption[3,4] and  free-volume formation[5,6] as a result of the cis isomer 
bent conformation. Additionally, the diminished molecular length of the azobenzene moiety 
from 9 to 5.5 Å,[7] corresponding to trans and cis isomers respectively, can cause an effective 
isomer-generated network stress (pull-effects).[8] Photothermal effects include 
isomerization-driven heating and network photo-softening,[9–11] which are responsible for 
the large light-induced storage modulus decrease that significantly surpasses the commonly 
observed thermal-softening of glassy polymers.[12] Understanding the interplay of molecular 
processes, mechanical and actuating properties will be crucial in advancing the field of soft 
robotics. An ambiguity remains in understanding how the mechanism for photoinduced 
deformation differs between photoswitches of different chemical natures. Additionally, the 
molecular requirements for a photoswitch to induce actuation in both dry and aqueous 
environments is still largely concealed. Creation of such guidelines will be of great 
importance for the development of amphibious actuators. To date, no study has connected 
isomerization kinetics data, mechano-thermal tests with actuation amplitudes and rates to 
investigate which photomechanical or photothermal effects become dominant in the 
deformation mechanism of photoswitches of differing chemical natures in either air or 
aqueous environments (see also chapter 2 and 3).  

In this chapter, a systematic study is presented which highlights how the chemical nature of 
the azobenzene photoswitch impacts the actuation mechanism of the light-responsive LCP. 
The networks investigated are splay aligned, containing low (2 mol%) concentrations of 
different photo-active azobenzene derivatives. Actuation is achieved through illumination 
using a collimated light source, leading the polymer films to undergo an uncurling motion, 
Figure 4.1A and B. The choice of azobenzene moieties include two of the most popularly 
used derivatives for actuator fabrication, photoswitches DY and MR, Figure 4.1C. The 
effect of fully and partially attaching the chromophore to the network is explored, by 
comparing diacrylate and monoacrylate azobenzene moieties, and the effect of cis isomer 
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lifetime on actuation is also investigated. Furthermore, this study is expanded to include 
actuation in aqueous environments. This chapter provides essential guidelines for future 
designs of light-responsive actuators by aiding the choice of azobenzene derivative most 
appropriate for each application.  

 

Figure 4.1A. The splay LCNs have a pre-bent shape at room temperature, with the homeotropic surface on the 
inside of the curl. Upon illumination, the films show unbending into a flattened geometry: the actuation is reversible. 
B. The molecular structure of the liquid crystalline mesogens composing the LCN. C. Photograph of the three 
different azobenzene-doped films investigated; MY and DY both have a yellow color and MR has an overall red 
appearance. Before illumination and at room temperature, all films have a pre-bent shape. D. Absorption spectra 
of the three splay networks before light exposure; all films contain 2 mol% of the azobenzene derivative. 

4.2 Preparation of the liquid crystal networks  

The photoresponsive acrylate-based LCNs are composed of two liquid crystal (LC) 
mesogens (1 and 2, Figure 4.1B), 2 mol% of an azobenzene derivative and are fabricated 
according to the procedure described in chapter 2. The azobenzene naming is based on 
the crosslink nature of the molecule: mono- (M) or di- (D) acrylate and on the color of the 
film, either yellow (Y) or red (R). The azobenzenes used were MY (monoacrylate 
azobenzene with an hours long cis lifetime; the films have a yellow color), DY (diacrylate 
azobenzene with an hours long cis lifetime; the films have a yellow color), see Figure 4.2A 
or MR (monoacrylate azobenzene with short cis lifetime; the films have a red color),[13] 
Figure 4.1C. Crosslink density is equal in all mixtures, adjusted by altering the content of 
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crosslinker 1 in the film containing diacrylate azobenzene (mixture compositions in the table 
in Figure 4.2B). Polymerization is carried out at 80 ˚C in the nematic LC phase and for 
films containing azobenzene derivatives MY and DY, a filter was used to block wavelengths 
below 400 nm, preventing excessive trans-cis isomerization during polymerization.  

 

Figure 4.2A. Evolution of the 365 nm absorbance peak of an LCN doped with either DY or MY azobenzene after 
3 minutes exposure to 365 nm light. The plot shows the cis-trans isomerization over time. B. Table with the LCN 
monomer compositions.  

After opening the glass cells, the polymer films are cut into 5 × 20 mm strips, with the 
molecular director of the LC molecules parallel to the strip length. At room temperature, 
the splay films have a pre-curled shape, with the homeotropic side of the splay on the inside 
of the curl. The pre-curl is due to an increased molecular order at lower temperatures: 
cooling from the elevated polymerization temperature (80 °C) causes anisotropic molecular 
volume contraction and expansion, parallel and perpendicular to the molecular director, 
respectively. The splay aligned networks all show storage moduli (direction parallel to the 
planar aligned molecules) in the range of 1.2-1.8 GPa and glass transition temperatures (Tg) 
around 80 oC.[14]  
 
LCNs doped with MR-azo show a single intense absorption peak centered around 450 nm, 
Figure 4.1D. The absence of a secondary peak corresponding to a cis absorption band is 
due to the derivative’s very short cis lifetime. The other two azobenzene moieties, MY and 
DY, show equivalent extinction coefficients, seen by equal absorbance profiles (Figure 
4.1C), and have cis isomers with longer lifetimes, see Figure 4.2A. The shorter cis lifetime 
of DY in the dark is likely due to the crosslinker nature of the moiety, facilitating the return 
to the stable trans state by the overall network. The trans state absorbance of both DY and 
MY is dominated by the π-π* absorption peak centered around 365 nm and a lower n-π* 
absorption at around 450 nm. Isomer trans-cis conversion is visualized by a decrease in the 
absorption at 365 nm and an increase at 450 nm.[15]   
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4.3 Photoresponsive actuation in air 

Splay aligned LCNs are commonly used as stimuli-responsive cantilevers due to large 
macroscopic actuation in which the amplitude is directly controlled by the stimulus intensity 
and motion reversibility can be achieved upon removal of the stimulus.[16,17] Actuation can 
be triggered through illumination with wavelengths absorbed by either the trans or cis states 
of the photoswitch. In this study, actuation of MR-azo containing films is studied through 
illumination with 455 nm light. For MY- and DY-azo films, illumination with either 455 or 
365 nm light is investigated due to the relatively stable cis state, which results in two distinct 
absorption bands centered around 365 (trans state) and 450 (cis state). Upon illumination, 
the three films show fast unbending actuation, demonstrated by the overlay of figures during 
the motion of forward actuation, Figure 4.3A. All films remain in the unbent state until 
removal of light. Once the light is turned off, films containing side-chain chromophores, MR 
and MY, immediately return to the initial pre-curled position, Figure 4.3B. The timeline 
for the actuation of the films upon illumination with 455 nm (at 310 mW/cm2) and 365 nm 
(170 mW/cm2) are presented in Figure 4.3C.  
 
The reverse actuation for crosslinker azobenzene-DY follows a very different timescale after 
illumination with 365 nm light. Immediately upon removal of the 365 nm light, the film shows 
only minor re-curling (Figure 4.3B and C), with full return to the pre-bent state observed 
only after hours. The timescale for the macroscopic recovery to the pre-bent state does 
not match the trans isomer population recovery, Figure 4.4. The mismatch between 
macroscopic shape recovery and isomerization kinetics has been previously reported for 
dynamic surfaces.[5]  
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Figure 4.3A. Stacked images of the forward actuation of splay LCNs containing azobenzene MR, DY or MY, in 
air upon exposure to either 455 nm (310 mW/ cm2) or 365 nm (170 mW/cm2) light, incident from the left. The 
samples are illuminated after a long period of storage in the dark. Arrows indicate the direction of actuation. B. 
Stacked images of the reverse actuation during the first 30 seconds after removal of light. C. Timescale of the tip 
displacement of the films upon illumination and upon removal of the light stimulus, either 365 nm (170 mW/cm2) 
or 455 nm (310 mW/cm2) light. 

On the other hand, after illumination with 455 nm, the films containing crosslinked 
azobenzenes show complete re-curling on a timescale similar to the side-chain 
photoswitches. From Figure 4.3C a curious difference is seen in the actuation potential 
between the two yellow films (MY and DY) when illuminated with 365 nm light. The 
actuation dependence of the films on the light intensity and wavelength of illumination is 
investigated through a systematic analysis that combines thermal and displacement tracking 
during actuation, Figure 4.5. 

Figure 4.4 Timescale mismatch between isomerization kinetics (trans isomer population recovery) and the 
macroscopic return to the pre-curled shape of the LCN film (DY azo) after 365 nm illumination in dry environment. 
A. Macroscopic recovery of the pre-curled film after illumination with 365 nm. The first image stack shows the 
deformation recovery between 0 and 30 s after 365 nm illumination is removed. The second stack shows the 
recovery between 15 minutes up to 16 hours. B. Plot displaying the displacement recovery and the recovery of 
the 365 nm peak, corresponding to the trans azobenzene isomer absorption. 
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The extent of actuation of the LCNs is observed to be heavily dependent on the light 
intensity used for actuation. Additionally, at equal light intensities, films containing different 
azobenzene moieties show strikingly different deformation amplitudes. The actuation 
efficiency for the individual films is illustrated as the maximum film tip displacement at varied 
illumination intensities of 365 or 455 nm light, Figure 4.5A. Splay films doped with 
chromophore DY clearly display superior actuation efficiency upon illumination with         
365 nm light: exposure of the same film to 455 nm light results in a slightly lowered actuation 
efficiency. On the other hand, actuation of MY-azo films shows nearly no wavelength 
dependence, with both 365 and 455 nm illumination resulting in similar displacements. All 
films show a temperature increase when illuminated, the increase being linearly correlated 
to the incident light energy, Figure 453B. The temperature increase caused by illumination 
of DY and MY films are identical, with a maximum temperature of 65 °C at 455 nm,            
310 mW/cm2. This correlation is likely due to the equivalent absorption spectra of the two 
chromophores (Figure 4.1C). The temperature increase observed is connected to the 
percentage light energy absorbed by the chromophore. In this way, one could expect        
365 nm to lead to a higher film temperature as the trans state shows large spectrum 
absorption of the 365 nm LED (reaching above 80% absorption). However, upon 365 nm 
illumination, fast trans-cis conversion results in a dominant cis population, which absorbs only 
60% of incident light. This absorption is similar to the 50% absorbed by the trans state at 
455 nm, leading to a near wavelength independence of energy absorbed. The higher film 
temperatures reached for MR-azobenzene (73 °C at 110 mW/cm2) is a consequence of the 
dye’s greater light absorbance, i.e. higher extinction coefficient (Figure 4.1C). Plotting the 
amplitude of displacement of the MR doped film against film temperature also shows a linear 
relationship, Figure 4.5C. This plot demonstrates the near equivalent behavior of MY and 
MR doped films, suggesting that thermal effects play the governing role in the actuation 
mechanism of monoacrylate azobenzene chromophores. 
 

 
 
Figure 4.5A. Maximum amplitude of actuation of the film’s tip at varying light intensities for all azobenzene-doped 
films. B. Maximum measured surface temperature of the films when illuminated with varying intensities of light.  
C. Maximum amplitude of actuation of the film’s tip as a function of the maximum measured surface temperature. 
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4.4 Photoresponsive actuation in water  

The most remarkable difference between the actuation potential of the three investigated 
azobenzene derivatives is observed in underwater actuation of the LCN containing 
crosslinker DY-azo. MY-azo films show very limited and MR-azo films show no actuation 
underwater at all. Starting from a non-illuminated, curled resting state, illumination of the 
submerged DY film (water at 18 °C) with 365 nm light, causes significant unbending towards 
the light source. Illumination with 455 nm results in very limited unbending actuation, 
Figure 4.6A, contrasting with observations in dry environments (Figure 4.3A). Removal 
of the light does not result in the return to the film’s initial curled shape (shown by the 
yellow striped curve in Figure 4.6B): recovery of the pre-bent state after 365 nm 
illumination only takes place after a few hours in the dark. Alternatively, illumination with 
455 nm light causes a rapid return to a bent state, Figure 4.6C: however, the curl is not 
as pronounced as the initial pre-bend, which can only be recovered after relaxation in dark.  
 

 
Figure 4.6A. Stacked images of underwater actuation of a splay LCN containing DY azobenzene with 365 or      
455 nm light after storage in dark; light incident from left. B. Removal of light results in no reverse actuation, but 
a retention of the actuated state. C. Timescale of underwater actuation of DY-azo film upon illumination with    
140 mW/cm2 365 nm light, switching off the light and 230 mW/cm2 455 nm light. D. Maximum displacement for 
splay DY-azo LCN film in water and in dry environment upon illumination with 365 nm light at different intensities, 
illumination time is 30 s for air actuation and 3 minutes for underwater actuation. The light intensity incident on 
the LCN underwater is diminished when compared to actuation in air. This is due to water absorption and has 
been measured and considered. 
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The speed of underwater actuation with 365 nm is considerably slower than for actuation 
in air with similar light intensities (Figure 4.6C). Underwater, the cantilever takes around 
30 seconds to reach maximum unbending deformation, whereas in air maximum uncurling 
is achieved in the first 2 seconds of illumination. Likewise, the amplitude of underwater 
deformation of DY-azo films is significantly smaller than in air and appears to only slightly 
increase at intensities beyond 40 mW/cm2, Figure 4.6D. This behavior is remarkably 
different than actuation in air, which appears to increase with incident light energies, 
reaching a maximum flattening geometry at around 150 mW/cm2.  

4.5 Mechanical, isomerization and thermal analysis 

Upon illumination, azo-doped LCNs experience alterations in photoswitch isomer 
population, film temperature and mechanical properties.[10,11] To study the inter-relation of 
these factors during illumination of films in a dry environment, the films are first irradiated 
with 455 nm for 3 minutes to ensure the same trans state population at the beginning of 
every experiment, which is denoted as a relative population of 100% trans. Equivalently, 0% 
trans is noted as the resulting absorbance profile after 3 min high intensity 365 nm 
illumination. Figure 4.7 displays the effect of illumination of the splay films doped with MY 
and DY azobenzene derivatives with both 365 and 455 nm, considering sample temperature, 
storage modulus and isomer population. Figure 4.7 illustrates that illumination with 365 
nm light promotes trans-cis isomerization and a rapid decrease in the trans population is 
observed for both azobenzene moieties (Figure 4.7A and B). The isomer population is 
observed to remain constant when the light is turned off, as both chromophores show 
relatively long-lived cis isomers (Figure 4.2). Accompanying the light-triggered trans-cis 
isomerization, an immediate increase in the film’s surface temperature is observed. Even 
though a constant trans population is established within the first few seconds of illumination, 
the film’s temperature remains constant during illumination, as both cis and trans states show 
absorbance at 455 and 365 nm. Ceasing illumination results in rapid cooling of the films. 
These observations suggest that film heating is independent of the population ratio between 
cis and trans isomers. 
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Figure 4.7 Overlay of variations in azobenzene isomer population, film temperature and storage modulus during 
illumination of splay aligned LCNs with either side-chain MY (A) or crosslinker azobenzene DY (B). The films are 
first illuminated with 365 nm light (170-180 mW/cm2) promoting trans-cis isomerization; upon removal of the light 
stimulus, both films return to their initial storage modulus. Subsequent illumination with 455 nm (310 mW/cm2 for 
side-chain MY azobenzene and 160 mW/cm2 for crosslinker DY) promotes cis-trans isomerization, again 
demonstrating a reduction of storage modulus in both polymer films.  
 
Connection between molecular processes and macroscopic properties is observed by 
tracking the storage moduli of the films during the illumination process. Upon illumination, 
the polymer films show a decrease in storage modulus concurrent with the temperature 
increase; higher light intensities result in greater modulus decreases. The plasticization of 
the network by excitation of the photoswitches has been described as the photo-softening 
effect. The three azobenzene derivatives investigated in this work show similar degrees of 
softening, with no obvious wavelength dependency, Figure 4.8. For both mono- and 
diacrylate chromophores, the storage modulus recovery upon turning off the excitation light 
correlates to the rapid temperature decrease of the film and not to the much slower isomer 
population reversion. Thus, these results disconnect the network’s mechanical properties 
from specific isomer populations and relate the material softening to the isomerization 
kinetics via temperature evolution. These observations suggest that photothermal effects 
such as network softening through isomerization of the azobenzene moieties are present in 
both mono- and diacrylate photoswitches.  
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Figure 4.8 Comparison between thermal-softening and photo-softening of the polymer networks. Thermal-
softening caused by temperature increase in the oven. Photo-softening caused by heating through sample 
illumination either 365 or 455 nm light. A. Film containing MY-azo. B. Film containing MR-azo. C. Film containing 
DY-azo. 

4.6 Mechanisms for light-triggered actuation  

The mechanism for light-triggered actuation of LCNs containing azobenzene chromophores 
has roots in both photothermal and photomechanical factors. The contribution from each 
effect appears to be dependent on the nature of the photoswitch, considering its connection 
to the network (as crosslinker or as a side-chain) and the lifetime of the cis isomer. In 
Figure 4.9 a roadmap is presented to assist the distinction of the dominant factors in the 
actuation of mono- and diacrylate chromophores in both dry and aqueous environments. 
Azobenzene chromophores attached to the network as side-chains with short lived cis 
isomers have been classified as fully photothermal-driven photoswitches, with the heat 
released by light absorption and isomerization fueling actuation.[18,19] The photothermal 
nature of splay MR-azo films is confirmed by the lack of actuation underwater upon 
exposure to light, as submersion in water suppresses film heating.  
 
The lack of large in-water actuation of the other monoacrylate azobenzene moiety (MY), 
suggests its actuation mechanism is also dominantly photothermally driven. The actuation 
of films doped with MY-azo show negligible wavelength dependency in actuation, further 
supporting a photothermal mechanism, showing that the manner in which light is converted 
to heat (either through absorption of 365 or 455 nm light) has little impact. The reduced 
actuation in air for MY when compared to MR is due to its reduced light absorption: less 
energy is absorbed in the system resulting in lower film temperatures for comparable 
incident energies (Figure 4.5B). The negligible underwater deformation of films containing 
side-chain chromophores suggests that the molecular disorder brought by the cis isomer 
configuration is not sufficient to generate large macroscopic actuation.  
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Figure 4.9 Schematic roadmap for the fabrication of azobenzene-doped liquid crystal actuators and to assist the 
distinction between the dominant factors influencing the actuation mechanism. In aqueous environments, an 
isothermal situation is assumed. The contributions involve photothermal and/or photomechanical factors 
depending on the nature of the azobenzene moiety and the environment of actuation. 

 
The remarkable underwater actuation of films doped with DY-azobenzene moieties 
(unbending with trans-cis promoting 365 nm light exposure, and subsequent reversal with 
cis-trans promoting 455 nm light exposure, seen in Figure 4.6C), suggests that crosslinking 
the chromophore to the network results in a more complex actuation mechanism. We 
propose aqueous actuation to be fully controlled by photomechanical deformation derived 
from the cis isomer populations, which generate an exerted network stress (pull-effect): this 
also explains the negligible light intensity dependence of deformation of DY films 
underwater. Isomerization kinetics show that low 365 nm intensity irradiation (20 mW/cm2) 
already converts 80% of trans states into the cis configuration, with increasing light intensities 
showing only slightly higher trans-cis conversion, Figure 4.10. By converting the abundant 
cis population into the trans isomer via exposure to 455 nm, the films return to their initial 
curled state.  
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Figure 4.10 Evolution of 365 nm absorbance peak for splay film doped with DY-azo upon exposure to 365 nm 
light of different intensities in dry environment. High trans-cis conversions are already attained at low incident light 
energies. 

 
The same DY-azo film exposed to light in air presents a significantly different picture, with 
greater actuation amplitudes at higher light intensities. The possible explanation for this and 
the greater actuation efficiency of diacrylate moieties (Figure 4.5A) is that the in-air 
actuation mechanism for DY films is likely a constructive combination of photomechanical 
and photothermal contributions. The observed higher in-air actuation efficiency for 
diacrylate azobenzene moieties is in accordance with previous studies that observe higher 
photo-generated stresses from crosslinker azobenzene compared to side-chain 
moieties.[8,20] In contrast to the MY chromophore with long cis lifetime, films doped with 
DY-azo show wavelength dependent behavior when actuated in-air, with 365 nm 
illumination showing higher actuation efficiency than 455 nm. We propose that this 
wavelength dependent actuation derives from photomechanical network stress (pull-effect) 
contributions in diacrylate chromophores. The contribution of the pull-effect is illustrated 
by the difference in the amplitude of actuation comparing 455 nm and 365 nm illumination 
in air and by the underwater actuation through 365 nm illumination.  
 
However, network pull-effects are not the only contribution leading to higher deformation 
amplitudes in diacrylate chromophores; 455 nm illumination of DY films show larger 
deformations than MY films with identical absorbance profile. This observation suggests that 
additional photomechanical contributions are present in crosslinked azobenzene moieties, 
and such contributions are manifested during both illumination modes (455 or 365 nm). We 
suggest that this additional contribution is the consequence of effective molecular 
oscillations of the crosslinked chromophore between the two isomer configurations during 
illumination.[5,21] This oscillation can create dynamic free volume by continuous trans-cis and 
cis-trans excitation, as both illumination wavelengths are absorbed by both isomeric forms. 
We speculate that a macroscopic manifestation of these molecular oscillations is only 
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observable in combination with a thermal component, as no macroscopic manifestation of 
this effect is seen when the films are submerged in water. The importance of temperature 
in this photomechanical event is further illustrated by the increasing difference in the 
deformation amplitudes of the DY and MY azos at increasing light intensities (Figure 4.5A), 
suggesting the contribution of this oscillation effect is more pronounced when the films heat 
up.  
 
4.7 Conclusion 
 
In this chapter, the actuation efficiency of splay aligned LCN films doped with three 
commonly used azobenzene chromophores has been explored in both air and water. 
Monoacrylate azobenzene moieties show actuation dominated by photothermal 
mechanisms independent of isomer kinetics, making them excellent choices for dry 
environment applications with fast and reversible actuation in non-homogeneous aligned 
networks (such as splay) due to their relatively wavelength-independent behavior, fast 
reversibility and high actuation amplitude controlled through the regulation of the incident 
light intensity. On the other hand, applications targeted for aqueous or dual aqueous and 
non-aqueous application will require the use of diacrylate chromophores, since actuation in 
water is dominated by photomechanical effects which are minimal in the side-chain 
azobenzenes. It is concluded that the actuation derived from diacrylate azobenzene moieties 
is rooted in both photothermal and photomechanical effects, leading to a higher actuation 
efficiency of crosslinker azobenzenes when compared to side-chain chromophores. 
Wavelength dependence is initiated by the mechanistic contribution of network pull-effects, 
directly controlled by isomer population, whereas photomechanical contributions from 
constant molecular oscillation between cis and trans states is independent of isomer 
population and is directly connected to the system’s temperature. This comprehensive study 
reveals essential design rules for selecting the proper azobenzene chromophore for different 
applications.  
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4.8 Experimental section 

Thermo-mechanical analysis 

Mechanical properties are studied through dynamic mechanical analysis (DMA Q800 from 
TA instruments); the environmental temperature is measured with a thermocouple. For the 
determination of storage modulus at different illumination intensities, a high-speed thermal 
camera (Gobi from Xenics) tracks the film’s surface temperature during exposure to one 
or two light emitting diodes (LEDS) from ThorLabs, emitting at 365 or 455 nm. 

Isomerization kinetics 

The isomerization kinetics of the azobenzene-doped LCN films are investigated using a 
setup installed inside a UV/Vis spectrophotometer (Shimadzu UV-3102). The setup allows 
for the absorbance of the films to be measured directly after illumination, minimizing delays 
between illumination and measurement.  

Actuation analysis 

The light-responsive actuation of the films is investigated in both air and water environments 
after the films have been stored in the dark. During light actuation, the film unbends towards 
the light source and the position of the tip of the film is tracked over time to monitor the 
degree of actuation with varying light intensity. Congruent with the light actuation in dry 
environment, the film’s surface temperature is tracked with a high-speed thermal camera. 
To ensure that the initial isomer concentrations in the films of longer cis lifetimes (DY-and 
MY-azo films) are similar, we perform a pre-illumination step in which the films are 
illuminated with 455 nm light (250 mW/cm2) for 3 minutes. For in-water actuation (water 
at 18 °C) an isothermal environment is assumed, as any temperature increase of the film 
during illumination would immediately be lost to the aqueous surrounding. The water 
temperature in the vicinity of the film was tracked during illumination and a maximum 1-2 
°C increase was observed. For in-water actuation analysis we correct for any light absorbed 
by the water before reaching the sample: for blue light 14% of the light is absorbed before 
reaching the sample and for UV light this is 24%.  
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Chapter 5 

 

Reprogramming and Shape Fixing Light-Responsive Liquid 
Crystal Actuators 

 

 
 

Abstract. This chapter shows reprogrammable light-responsive thermoplastic actuators 
with arbitrary initial shapes, composed of spray-coated polyethylene terephthalate (PET) 
with an azobenzene-doped light-responsive liquid crystal network (LCN). The initial 
geometry of the actuator is controlled by thermally shaping and fixing the thermoplastic 
PET, allowing for arbitrary shapes, including origami-like folds and left and right handed 
helicity within a single sample. The thermally fixed geometries can be reversibly actuated 
through light exposure, with fast, reversible area-specific actuation, such as winding, 
unwinding and unfolding. By shape reprogramming, the same sample can be redesigned and 
actuated by light again.  

 

 
 
 
This chapter is largely reproduced from: 
‘Liquid crystal networks on thermoplastics: reprogrammable photoresponsive actuators’, R. C. P. 
Verpaalen, M. Pilz da Cunha, T. A. P. Engels, M. G. Debije, A. P. H. J. Schenning, Angew. Chem. Int. Ed., 
2020, 59, 4532.   
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5.1 Introduction 

Through actuation, light-responsive polymers can change their three-dimensional shape. 
However, reprogramming the type of deformation, from bending to twisting, or changing 
the initial design of the actuator, from flat to curled, is a challenge (see chapter 1). Shape 
fixing and programmability could greatly benefit the development of soft robots composed 
of light-responsive components, enabling complex starting geometries and accurate 
programming of deformations. Unlike thermoplastic polymers which can be molded and 
remolded when heated, allowing the preparation of any desired permanent shape, the 
covalent, high density crosslinking of liquid crystal networks (LCNs) prevents recyclable 
shape programming.[1] Even though shape fixing and subsequent thermally triggered 
reversible deformation through shape memory or through the use of dynamic covalent 
bonds[2–9] has been demonstrated in temperature-driven actuators, similar systems utilizing 
light for reversible actuation remain largely unexplored. Developing actuators that allow for 
shape molding to any desired initial shape (shape A in Figure 5.1A), followed by reversible 
light-triggered actuations, shape morphing (shape A to B), with possible reprogrammability 
(shape A to A’) and multi-modal movement, will alleviate present restrictions in actuation 
design. The material closest to achieving such objectives is reported by Ikeda and co-
workers, who demonstrated a liquid crystal (LC)-based photoactuator with tuneable 
control of the initial geometry as well as reversible light-driven actuation; however, 
recyclable shape programming was not demonstrated.[10] This chapter expands on such 
developments by exploring an alternative strategy for creating mechanically robust, 
recyclable shape programmable light-driven LC actuators with pre-designed initial 
geometries which can rapidly actuate upon exposure to light with multi-modal motion. 

The actuator presented in this chapter has a bilayer architecture, consisting of a 
polyethylene terephthalate (PET) film spray-coated with a light-responsive LCN, Figure 
5.1B and C. The PET film has multiple roles: acting as an aligning layer for the spray-coated 
LCN,[11,12] giving the actuator mechanical robustness and ductility, and acting as a shape 
programming thermoplastic polymer to create a pre-designed initial geometry. The bilayer 
can be triggered by light to perform shape-dependent actuation in which the motion is 
encoded in the geometrical design. Through recyclable shape programming, the same sample 
can be redesigned (shape A to A’, Figure 5.1A) from origami-like folded geometries into 
more classical bent or helical actuators, for example. In this method, shape fixing and 
actuation are decoupled by using independent stimuli, allowing for greater design versatility 
and control over the initial geometry of the photoactuator.  
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Figure 5.1A. Mechanism for reconfigurable shape fixing for shape morphing actuators. The fixing of the 
thermoplastic polymer enables the programming of an arbitrary molded initial shape (shape A). Application of light 
causes reversible shape morphing of the programmed geometry (between shape A and shape B). Reprogramming 
of the initial shape allows for any new shape morphing (between shape A’ and shape B’) B. Schematic depiction of 
the PET/LCN bilayer, with PET serving as the thermoplastic polymer and the spray-coated LCN (doped with 19.5 
mol% azobenzene). C. Photograph of a light-responsive thermoplastic actuator with dimensions 20 x 3 x 0.016 
mm3. The actuator has a pre-bent shape immediately after fabrication with the LCN coating always on the inside 
of the slight curl. 

 
5.2 Light-responsive PET/LCN bilayer  
 
5.2.1 Bilayer preparation 
 
The thermoplastic actuator was fabricated using a scalable spray-coating method, depositing 
the light-responsive LCs from xylene on a biaxially stretched 12 µm thick PET polymer 
film.[13] The LC mixture contains a crosslinker azobenzene (19.5 mol%), having two 
absorbance peaks at 365 and 455 nm, see chapter 4. The sprayed nematic LC mixture 
(Figure 5.2B) self-aligned in a splay molecular alignment on the PET.[13,14] The LC mixture 
was photopolymerized in the nematic phase at 85 °C for 10 minutes in an inert nitrogen 
atmosphere. To eliminate polymerization-induced stresses at the PET-LCN interface, the 
bilayer strip was post-cured at 130 °C (T > Tg PET, Tg PET ~ 120 °C) and cooled to room 
temperature: further preparation details are found in the experimental section. The bilayers 
were cut with the LC molecular director parallel to the strip’s long axis (20 × 3 × 0.016 
mm). The expansion of both the 4 μm thick LCN and 12 μm thick PET layers coupled with 
an overall increase in LCN order upon cooling from the polymerization temperature give 
rise to a small pre-bend of the bilayer strip (Figure 5.1C).  
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5.2.2 Light-responsive behavior of the bilayer actuator 
 
The reversible light-responsive actuation of the bilayer is depicted in Figure 5.2A. The 
macroscopic bending deformation of the bilayer is driven by the photoisomer’s dimensional 
change from the extended trans configuration to the unstable, more compact cis isomer. 
Under UV illumination the azobenzene chromophores in the LCN isomerize, leading to an 
anisotropic contraction along the molecular axis, which causes the actuator to bend rapidly 
(exceeding 5 mm/s: see Figure 5.2B); for more details on the actuation mechanism, refer 
to chapter 4. It is remarkable to observe that by depositing a 4 µm thick LCN, a 12 µm 
PET substrate was bent so easily, attaining bending speeds similar to single layer >20 μm 
thick LCN films. Upon removal of the UV irradiation, the bilayer retains its bent state; this 
shape persists due to the slow (hours) back isomerization of the cis azobenzene isomer. The 
macroscopic bending deformation of the bilayer is independent of the incident UV 
illumination direction, always resulting in the LCN on the interior of the bent strip 
curvature. Mechanical relaxation can be immediately triggered by exposure to blue light, 
which promotes the azobenzene cis-trans isomerization (Figure 5.2B). Photoactuation 
cycles were repeated dozens of times without any visible fatigue of the bilayer. Illumination 
of an uncoated PET layer does not cause such macroscopic motion.  
 
Tracking of the bilayer temperature during irradiation revealed that the surface remains 
around 33 °C under 170 mW/cm2 UV irradiation. Hence, the actuation is primarily 
photomechanical in nature, driven by the exerted network pull-effect derived from forming 
cis isomers, leading to an anisotropic contraction along the molecular axis; see chapter 4. 
When the actuator is submerged in water, the bilayer displays bending similar to what is 
observed in dry environment, Figure 5.2B. Since the thermal contribution to the back 
isomerization of the azobenzene moieties (cis-trans) is absent, as water acts as a heat sink, 
this results in an overall higher cis isomer population, hence, in a marginally larger actuation 
upon irradiation underwater.   
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Figure 5.2 Light-driven actuation of the LCN-PET actuator with dimensions 20 x 3 x 0.016 mm A. Snapshots of 
actuation in air: (i) the pre-bent strip at room temperature prior any illumination; (ii) actuator exposed to UV light 
(170 mW/cm2); (iii) actuator after removal of UV irradiation; (iv) blue light (300 mW/cm2) triggers return to 
straighter geometry; (v) turning off the blue light results in no noticeable shape changes. The collimated light source 
is incident from the left. B. Plot depicting tip displacement of the actuator in both water and in air as a function of 
time, during UV and blue light exposure, shown by the violet and blue boxes, respectively, and upon switching off 
the lights. The numbered insets in the plot refer to the corresponding figures in A.  

5.3 Thermal shape fixing and light-driven shape morphing    
 
Dynamic mechanical analysis (DMA) reveals that freestanding LCN and PET films have glass 
transition temperatures of approximately 90 and 120 °C respectively,[14] providing a 
temperature window in which easy shape fixing may be executed. For shape fixing, the 
bilayers were wrapped in aluminium foil to retain the desired shape, manually deformed and 
placed in an oven at T ~ 100 °C (i.e. PET’s glass transition regime) for 15 minutes, Figure 
5.3A. At this temperature, the individual polymers operate in or close to their rubbery 
state. Removing the samples from the heat source and cooling to room temperature (T = 
TRT) results in thermal quenching, immediately fixing the programmed shape. Short thermal 
treatment (i.e. less than 30 seconds) have been found to be sufficient to fix the actuator into 
a desired shape. The mechanical robustness of the PET is crucial in the shape fixing step, 
increasing the ductility of the material when compared to single layer brittle LCN actuators, 
allowing for origami-like shapes to be made, such as accordion-like structures with sharp 
folds, Figure 5.3B. This programmed shape can then be actuated by light and demonstrates 
reversible shape morphing from the accordion-like geometry (Figure 5.3B i) into a flower-
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like folded shape (Figure 5.3B ii) after UV light irradiation. As with the non-molded sample 
in Figure 5.2A, the actuated shape persists after removal of UV irradiation, Figure 5.3B 
iii. Subsequent blue light exposure reverts the deformed film into the shape programmed 
accordion geometry seen in Figure 5.3B v and not the original straight strip, (Figure 5.2A 
i). The ease of shape fixing allows for the fabrication of actuators with that are origami-like, 
such as a bird-like shape which actuates its wings as response to light, Figure 5.3C. 
 

 
 
Figure 5.3 Actuator shape fixing. A. Thermal shape fixing of LCN-PET bilayer actuators. Bilayer strips are wrapped 
in aluminium foil, manually deformed and heated to the PET’s glass transition region (T ~ 100 °C). Upon removal 
from the oven, the strips retain the deformed shape. B. Photographic stills taken from the shape programmed 
bilayer actuator while being exposed to UV and blue light from the left. C. Shape fixing allows for the fabrication 
of actuators with origami-like designs, such as bird-like shapes that move the wings as a response to light. 

 
Shape reconfiguration allows for more complex shape designs: two identical helical shaped 
strips can be made to actuate in contrasting manners, Figure 5.4A. By manually twisting 
the same bilayer strip with the LCN coating on either the inside Figure 5.4A i, or on the 
outside Figure 5.4A ii of the helix, one helix winds upon UV light illumination while the 
other helix unwinds. In both cases, blue light reversed the macroscopic deformation of the 
helices. The shape design method can also be used to attain multi-modal motion in single 
actuators by local light exposure. As an example, a single actuator is fabricated having two 
opposite-handed helices in the same strip, resulting in opposing actuation modes, Figure 
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5.4B. Multiple intermediately shaped morphing geometries are possible: selectively 
addressing the top of the two regions straightens the top curl (I) by trans-to-cis 
isomerization, while the lower spiral preserves its helical shape, Figure 5.4B i, and 
subsequent selective UV light exposure tightens the lower spiral (II), with the LCN on the 
inside of the helix, Figure 5.4B ii. Both actuation modes could be reversed together or 
independently using blue light.  

 

Figure 5.4 Reprogramming the actuation mode by shape configuration. A. Light-triggered actuation of spiral 
bilayers with the LCN (i) on the inside of the helix and (ii) on the outside of the helix. In (i), UV light exposure 
results in helical winding and in (ii) in helical unwinding. Both deformations are reversible after sufficient time or 
through illumination with blue light. B. Selective light-response using a dual-mode actuator composed of two 
sections. Section I has the LCN on the outside of the bilayer and section II on the inside. 

 
The shape programmability of the bilayer is further demonstrated in Figure 5.5. Here, the 
bilayer strip is thermally molded into an accordion-like shape with sharp folds and is 
subsequently reconfigured into a completely different geometry such as a spiral. Light-driven 
actuation shows the accordion-like shape performing origami-like bending (ii to iii) in Figure 
5.5) and the spiral helical region unwinding, (v to vi in Figure 5.5). The shape design and 
redesign allows for versatility and adds significant functional advantages, allowing the same 
polymer film to be reused for the execution of diverse motions, distinguishing this material 
from previously reported light-driven actuators. 
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Figure 5.5 Demonstration of shape programming/reprogramming and shape morphing possibilities using a single 
actuator strip. Through thermal programming, a bilayer strip is shown to be molded in two different geometrical 
shapes. Subsequent light-triggered actuation of the shapes results in diverse actuation in all different cases. The 
accordion-like region performs origami-like bending while the spiral region unwinds. 

 
5.4 Conclusions 
 
This chapter presents the development of a novel, light-responsive thermoplastic actuator 
with versatility in shape design, reprogrammability, and multi-modal actuation. Composed 
of a spray-coated LCN on a stretched PET template, the bilayer shows rapid, reversible 
responses to light, offering excellent shape morphing capabilities. Compared to single LCN 
actuators, this bilayer approach offers the practical advantage of utilizing a scalable spray-
coating method, eliminating alignment layers, and requiring only thin 4 μm LCN coatings to 
achieve similar actuation to >20 μm thick films commonly employed. Thermoplastics can be 
used to shape fix any arbitrary starting geometry via a thermal treatment. More complex 
liquid crystalline alignments or selective patterning of the LCN onto the PET can be 
explored to expand on the range of light-triggered actuation. Underwater actuation shows 
the bilayer’s potential use in aqueous applications. This new generation of moldable 
actuators offers endless possibilities for fabricating actuators with pre-designed geometries 
in which the actuation mode can be engineered through a shape programming step, without 
the need for complex cutting or chemical patterning. The exceptional versatility and ease of 
fabrication of the light-responsive thermoplastic actuators establishes a new toolbox for the 
future of recyclable soft robotic devices that require mechanical robustness, fast and 
reversible actuation as well as freedom in starting geometries. 
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5.5 Experimental section 
 
Bilayer fabrication: 
 
The light-responsive layer of the actuators was prepared by mixing 77.5 mol% of covalent 
crosslinker 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (Synthon), 
19.5 mol% of 4,4`-Bis[6-(acryloyloxy)hexyloxy]azobenzene (Synthon) and 3 mol% of photo-
initiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Merck). Tetoron® G2 
Poly(ethylene terephthalate) (PET) substrates, were provided by Teijin, having storage 
modulus of 4 GPa.  Oriented PET substrates were rinsed by ultra-sonication in isopropanol, 
dried with compressed air, and heated to 120 °C to release remaining stresses. The PET 
substrates were taped to a glass slide, ensuring a flat surface and subsequently treated with 
UV-ozone for 60 minutes. Immediately after, the LC mixture was spray applied from xylene 
(1:5 by weight) employing an AMI 200 airbrush. Using nitrogen as carrier gas at 1 bar, a ~ 4 
µm LCN coating was applied onto 12 µm PET substrates. The bilayers were then placed in 
an oven at 105 °C for 60 minutes and subsequently UV photopolymerized in a nitrogen 
atmosphere, at 85 °C at which the LC mixture was in the nematic phase. During 
polymerization a cutoff filter (<400 nm) is used to prevent excessive isomerization of the 
chromophore. The polymerized samples were then given a thermal treatment by putting 
them on a hotplate at 130 °C for 20 minutes. 
 
Characterization: 
 
Anisotropic mechanical properties of freestanding polymer films were measured on a TA 
instruments Q800 dynamic mechanical analyzer (DMA). Elastic moduli (E’) and tan δ values 
were determined for 10 x 5.3 mm films at a 1 Hz single frequency and 10 µm amplitude. 
Photoresponsive behavior was triggered through exposure to collimated light sources 
emitting 365 nm or 455 nm (from Thorlabs M365L2 and M455L3). 
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Chapter 6 

 

Continuous Motion in Liquid Crystal Networks: Towards 
Polymers that Rock and Roll  

 

 

 

Abstract. Continuous motion in polymers, triggered by untethered stimuli, will free 
actuation from dependence of on/off switching of external controls. Such developments 
could dramatically impact the evolution of soft robots based on stimuli-responsive materials, 
bringing devices closer to autonomy. In this chapter, a liquid crystalline network (LCN) is 
shown to undergo a continual, rocking chair-like oscillatory motion upon exposure to a 
surface of constant temperature. 

 

 

 

 

 

This chapter is largely reproduced from: 
‘A self-sustained soft actuator able to rock and roll ’, M. Pilz da Cunha, A. R. Peeketi, K. Mehta, D. J. 
Broer, R. K. Annabattula, A. P. H. J. Schenning and M. G. Debije, Chemical Communications, 2019, 55, 
11029-11032.   
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6.1 Introduction 
 
Materials that undergo stimuli-triggered cnotinuous oscillatory motion are pursued for 
applications in soft robotics.[1,2] Autonomous motions in polymers have been realized by 
utilizing variations in ambient humidity,[3,4] light,[5] chemo-mechano-chemical effects[6] and 
oscillating chemical reactions in gels such as the Belousov Zhabotinsky (BZ) reaction.[7,8] The 
continuous self-sustained motion in polymers frees the devices from the dependence of 
switching on/off of external stimuli, and could dramatically expand the range of applications 
for soft actuators, see chapter 1. These sustained motions are often a result of feedback 
loops that synchronize material properties and external stimuli.   
 
In liquid crystalline networks (LCNs), feedback loops arising from humidity variations[9] or 
light-triggered deformation and self-shadowing have been exploited to generate oscillatory 
motion upon exposure to a constant high intensity light[5,10–13] and have led to the design of 
continuous walkers/rollers.[14] Even though the reported light-triggered oscillations in LCN 
cantilevers are rooted in photothermal deformations and self-shadowing, uniquely 
thermally-fueled continuous motion is still undocumented for LCN actuators. Fully 
temperature-triggered continuous actuation was documented for a semi-crystalline random 
copolymer upon exposure to a heated surface.[15] Upon partial phase transition, a thermo-
mechano feedback loop is generated which results in the sustained motion of the material. 
More recently, a thermo-mechano electrical bilayer system was reported consisting of a 
three-dimensionally aligned ferroelectric polyvinylidene fluoride (PVDF) and polydopamine 
modified reduced graphene oxide-carbon nanotube layer capable of autonomous motion 
driven by heat.[16] Other recent works include a carbon nanotube and silicon elastomer 
bimorph actuator displaying a rocking motion when illuminated from an oblique angle; due 
to photothermal heating which triggers the deformation of the bimorph, the actuator rocks 
back and forth.[17]   

 
In this chapter, a free-standing LCN actuator is presented, showing an unexpected sustained 
oscillatory motion initiated by contact with a heated surface as the only stimulus, Figure 
6.1. Geometry-specific motions for the polymer film are investigated, with triangular and 
parallelepiped shapes exhibiting continual rocking chair-like motion, as the polymer film 
oscillates between two extreme states, rocking from tip to base in an irregular fashion. By 
example of the triangular film and through a finite element analysis, a mechanism is proposed 
for the self-oscillation of the material with an insight into factors affecting the movement. 
Furthermore, with the addition of an azobenzene chromophore in the LCN, dual light/heat 
response is achieved, extending the actuation freedom of the material towards polymer 
films that show rocking and rolling motions. 
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Figure 6.1A. Schematic of the splay aligned LCN with equilateral triangular shape (sides of 30 mm) on a heated 
surface at 70°C. B. Chemical structures of reactive mesogens (1, 2) and the azobenzene derivative (MR) in the 
LCN. C. Schematic depiction of the feedback loop for the rocking motion on a heated surface. Deformations i and 
ii are initial deformations before the feedback loop commences. 
 
6.2 Sustained oscillations of the LCN  
 
6.2.1 LCN actuator details 
 
The anisotropic shape of liquid crystal (LC) molecules can be utilized to create macroscopic 
deformations in polymer films through controlled molecular alignments.[18] For the actuator 
presented here, a self-assembling, splay aligned, triangle-shaped LCN film is used. The LCN 
is produced by photopolymerization of two LC monomers, a monoacrylate, 2, (40,5 mol%) 
and a diacrylate, 1, (56.5 mol%). Light responsivity was achieved with the addition of a 
commercially available photothermal azobenzene chromophore with a fast cis-trans 
isomerization, MR (Figure 6.1B), see chapter 2 for fabrication procedures. The elevated 
polymerization temperature (80°C) gives the films a pre-bent shape at room temperature 
due to increased molecular order at lower temperature: upon cooling to room temperature 
from the more disordered state, the molecular order increase leads to contraction 
perpendicular to the molecular director and expansion parallel to the molecular director, 
causing the homeotropic side of the splay to be on the inside of the pre-bent film.  
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6.2.2 Chaotic, sustained motion of a triangular-shaped LCN 
 
Curiously, when the equilateral triangle splay film is placed with its homeotropic surface in 
contact with a hot plate set between 70-80°C, a thermally fueled oscillatory rocking motion 
is observed. Upon contact with the heated surface, the film’s extremities are lifted off the 
heated surface, creating a curved geometry in which a localized contact line is established 
between the film and the hot plate, Figure 6.1C i-ii. Subsequently, the rapid back-and-forth 
rocking motion commences and is sustained, Figure 6.1C iii – vi. Further increasing the 
temperature to the material’s glass transition temperature (83°C) stops the continual 
motion as the material undergoes plastic deformation. No rocking motion is observed when 
the heated surface is below 70°C; at a temperature between 45-70°C the extremities of 
the film raise above the surface, but no oscillatory motion is initiated and when the 
temperature is below 45°C, no consequential motion is observed. When placed with its 
planar side contacting the hot plate (between 70-80°C), the film uncurls and flattens onto 
the surface, showing no further motion. More information on the nature of thermally 
induced oscillations is obtained by tracking the displacement of one of the film’s extremities 
in time. Tracking of the triangular film’s tip displacement when the film initiates oscillatory 
motion, (Figure 6.2) shows that the rocking does not follow an obvious harmonic motion; 
instead displaying a semi-random displacement. During rocking, the film oscillates from two 
extreme positions and the triangular shape shows different degrees of curvature at each 
extreme. Irregularities in the displacement are more commonly observed during the reverse 
motion. The forward motion, from point i to ii in Figure 6.2B, is more consistent with an 
average tip speed of 7.2 cm/s (± 17%).  
 

 
 
Figure 6.2A. Plot tracking the triangle’s tip displacement after the film has initiated oscillatory motion. The tip’s 
path follows the dashed yellow line in the snapshot in Figure 6.2B, with points i and ii showing the two displacement 
extremes during one oscillation cycle. B. Snapshots of one actuation cycle in which the tip moves away from the 
heated surface following a curved path, (i - ii); the hot plate temperature is set to 72°C. 
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6.2.3 Motion dependence on the geometry of the LCN  
 
It was observed that the geometry of the LCN film is important for the oscillatory motion 
to be sustained. A rectangular or square splay film of the same composition and similar 
dimensions deforms similarly to the triangular film upon initial contact of the homeotropic 
surface with the hot plate between 70-80°C, with the edges lifted off the surface and the 
establishment of a contact line. However, the subsequent deformation results in the toppling 
of the film onto the planar surface, which will not initiate further motions and the film 
remains nearly flat on the surface. Despite the similar geometry to a rectangle, a 
parallelepiped (with similar dimensions), does not show immediate toppling but oscillatory 
motion similar to the triangular shape. The oscillatory motion of shape-specific LCNs is 
rooted in both the temperature-triggered shape deformations and in a steep thermal 
gradient between the contact line of the film with the hot plate and it’s raised extremities. 
It is proposed that after establishment of the contact line between the film and the heated 
surface, the geometry of the raised extremities cannot be mirror images of each other, as 
is the case for a rectangular/square film, for oscillation to occur. For a parallelepiped, 
comparison across the contact line does not present a mirror image of the raised 
extremities and most likely this condition prevents immediate toppling of the film and results 
in rocking motion.  
 
6.3 Thermal deformation of the splay LCN 
 
Thermal actuation of the polymer film in an oven, up to 90°C, leads to a reversible, 
thermally-driven deformation with three main shapes: below, at, and above Tf, with Tf  being 
the temperature at which the film is flat, Figure 6.3A. At room temperature, the network 
is bent, with the homeotropic side of the splay on the inside of the curl; upon heating the 
network, the film extends to a flat shape (observed at 60-65°C), followed by bending in the 
opposite direction, with the planar side now inside the curl (Figure 6.3B). Upon heating 
the LCN, one side displays volumetric expansion parallel to the surface (homeotropic side), 
and the other anisotropic contraction (planar side), resulting in macroscopic bending. 
Thermal imaging reveals that while the triangular film undergoes oscillatory motion on a hot 
plate, tipping from tip to base, steep thermal gradients are present along the film’s length, 
Figure 6.3C. The temperature variations follow a linear decrease with increasing distance 
from the contact line, going from above 70°C at the contact line to 33°C at the tip’s 
extremity, Figure 6.3D. 
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Figure 6.3A. Schematic drawing of the temperature-triggered deformation of a splay aligned LCN strip with three 
main deformation shapes: below, at, and above Tf. B. Deformation plot for the LC film (1.6 cm in length) in 
response to temperature variation in an oven. ‘P’ and ‘H’ refer to the planar and homeotropic sides of the splay 
film, respectively. C. Thermal image of the triangular film in contact with a heated surface above Tf, showing a 
steep thermal gradient along the film’s length. D. Plot showing the thermal gradient along the length of the triangular 
film (the colors line A in Figure 6.3C correspond to the colors in the thermal photograph). 

 

6.4 Simulations 
 
To gain insight into the mechanism driving the sustained oscillations, a finite element model 
was developed. The LCN is modelled as a three-layered system, with individual layers as 
different alignment domains: homeotropic, intermediate (45° tilt) and planar.[19] The 
simulations incorporate the temperature response of the network as well as a temperature 
distribution along the length of the films. In the modelled system, a piecewise linear 
distribution of the temperature variation as a function of the position of the contact line 
between the film and the heated surface is applied. Simulations show triangular films to 
undergo chaotic oscillatory motion with similar tip displacement amplitudes to experimental 
observations, Figure 6.4A. Furthermore, it demonstrates that the location of the contact 
line rapidly changes during rocking motion, with variation between situation depicted in 
Figure 6.4B i and ii being the timescale of one oscillation. 
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Figure 6.4A. Plot displaying the triangular film’s tip displacement obtained from the finite element simulation 
during multiple oscillation cycles. B. The two depicted positions of the film, i and ii, represent the two displacement 
extremes during rocking, as shown in Figure 6.2B. The plots demonstrate the corresponding temperature profile 
through the length of the film (blue dashed line) based on the position of the contact line. 
 

The effective thermal gradient over the film’s length varies with shifting location of the 
contact line at different stages of the rocking motion, Figure 6.4B. Zones near the contact 
line experience large variations in temperature, causing localized thermal strain. Localized 
cooling in regions becoming distal to the now-shifted contact line leads to strain relaxation 
in these locations. The variation in temperature and relaxation of thermal strain, primarily 
in the immediate vicinity of the contact line (note the minimal changes of the tip 
temperatures during the rocking), leads to different degrees of bending as a function of local 
temperature (Figure 6.3A), unbalancing the bent triangular film and shifting the film’s 
center of gravity. The shifting center of gravity, fueled by local deformation and the location 
of the contact line, results in rocking between two unstable states, iv and vi in Figure 6.1C.   
 

Experimentally, it is observed that even asymmetric shapes occasionally undergo toppling 
motion and termination of the feedback loop. The toppling motion follows an oscillation 
with unusually high amplitude. It is likely that a threshold value for oscillation amplitudes 
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(At) exists, which when surpassed causes the film to undergo toppling. The magnitude of 
the threshold amplitude depends on shape asymmetry; a higher degree of asymmetry shows 
higher At values, allowing for higher amplitude of rocking without toppling. A triangle that 
experiences an oscillation amplitude exceeding At is simulated, and it exhibits a toppling 
motion similar to objects with lower degrees of asymmetry, such as rectangles or squares. 
It is proposed that for self-sustained oscillations to be maintained, the system must display 
a unique interplay between shape asymmetry and temperature profile, primarily intimate to 
the contact region.  
 

6.5 Mechanism for feedback loop oscillatory motion 
 
A stepwise schematic of mechanical deformations leading to the feedback loop for the 
sustained oscillations is depicted in Figure 6.1C. When the film is placed with the 
homeotropic surface in contact with the hot plate above Tf, it curls with opposite concavity 
to its pre-bent shape at room temperature step i and ii in Figure 6.1C. This curling causes 
the extreme edges of the film to lift from the heated surface and a localized contact region 
between the film and hot plate is established, creating a thermal gradient along the raised 
section length Figure 6.1C ii. Upon cooling, these regions experience strain relaxation and 
change their degree of bending, unbalancing the structure causing tipping towards one side, 
Figure 6.1C iii. This changes the contact line between the film and hot plate, altering the 
thermal gradient, causing immediate local heating in this new contact area. Consequently, 
the area previously heated now cools, Figure 6.1C v, and undergoes an identical sequence 
of bending events, setting in motion the self-sustained feedback loop, Figure 6.1C iii – iv. 
 
6.6 Rock and roll motion 
 
Actuation of the triangular film by light while still on the heated surface results in a 
film that can be made to rock and additionally roll, with temperature triggering the 
rocking motion and light activating rolling. Exposure of the LCN to blue light causes 
localized heating of the film where light is incident, due to the light absorption of the 
azobenzene dye, see chapter 2 for the mechanism of light-triggered actuation. To 
demonstrate this additional rolling action, during the rocking motion, a triangular 
LCN is exposed to a light of 455 nm, corresponding to the absorption of the 
azobenzene, at an intensity of 300 mW/cm2, positioned at an oblique angle. This 
illumination induces the film to begin a directed rolling motion, Figure 6.5. The 
directed rolling results in the displacement of the film over the heated surface. 
Illumination directed from the side and top (Figure 6.5A ii and iv) shows rolling 
motility of the system. Once the rolling motion is initiated by side illumination 
(Figure 6.5A ii), the system comes to rest with its planar side facing the hot plate, 
Figure 6.5A iii. The film is then brought to an out-of- equilibrium position (Figure 
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6.5A iv and v) through top illumination, causing subsequent rolling of the film. The 
sequence of illumination steps is repeated to realize rolling motility.  
 

 
 
Figure 6.5A. Schematic of the mechanism for the rocking and rolling motion of the triangular LCN, triggered by 
light and the heated surface. B. Snapshots of the motions; the letters on the snapshots correspond to the schematic 
description in A. 

 
6.7 Conclusions 
 
In this chapter, a novel, continuous rocking motion of an LCN is disclosed; the motion 
is initiated and sustained by a constant heat source located below the actuator. Via a 
combination of local actuation, geometric shape and thermal gradients, various 
bending directions are found within proximity in the same film, resulting in continual 
overbalancing of the structure and manifested as a sustained rocking motion. Through 
finite element simulations, it is shown that the sustained oscillations are geometry 
dependent and that temperature-specific deformations propel the oscillatory motion. 
By further including a light-responsive molecule, the actuator can be made to rock 
and roll, showing that the combination of dual responsiveness in a simple device can 
result in the generation of complex motions which can be manipulated and sustained.  
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Chapter 7 

 

Orchestrated Assemblies of Liquid Crystal Polymers:  

a Soft Transporter Robot Fueled by Light 

 

 

 
Abstract. Inspired by multi-tasking, mobile biological systems, this chapter demonstrates 
an untethered soft transporter robot with controlled multi-directional locomotion and the 
ability of picking up, transporting and delivering cargo, driven entirely by light. The soft robot 
design is an ensemble of light-responsive liquid crystalline polymers which can be actuated 
either collectively or individually for the execution of advanced tasks in dry environment. 
This design demonstrates the constructive harnessing of orchestrated motion in assemblies 
of established actuators, performing complex functions, mimicking concerted behavior seen 
in nature. 
 
 
 
 
This chapter is largely reproduced from: 
‘A soft transporter robot fueled by light’, M. Pilz da Cunha, S. Ambergen, M. G. Debije,  F. G. A. 
Homburg,  J. M. J. den Toonder, A. P. H. J. Schenning, Advanced Science, 2020, 7, 1902842.  
 *Photograph by Nando Harmsen  
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7.1 Introduction 

Multi-directional locomotion and transportation are crucial functions for humans and other 
animals. Orchestrated movement of individually addressed limbs allows for the generation 
of constructive macroscopic motion and the execution of useful actions. Current 
developments in soft robotics aspire towards systems with locomotive freedom as well as 
the ability to perform useful tasks, such as cargo handling.[1,2] Presently, small scale devices 
with remotely controlled locomotion and transportation abilities are driven by magnetic 
fields which require bulky external setups.[2,3] Light as an untethered stimulus allows for 
greater versatility as well as high degree of control and temporal resolution.[4,5] The present 
state of the art of light-driven robots focuses on single component devices and currently no 
system operating in dry environment has demonstrated both locomotive freedom and 
transportation ability. To generate macroscopic functions including the grasping, carrying, 
walking and releasing of objects, as performed by living creatures, requires integrated 
actuator assemblies working in concert, and cannot be achieved by single light-driven 
actuators working alone. 

In recent years, a variety of centimeter-sized light-driven soft robots based on liquid crystal 
networks (LCNs) have been demonstrated,[5] (see chapter 1) yet design and locomotion 
freedoms in dry environment remain limited to one dimension, either forward[6–8] or 
forwards and backwards.[9–14] While light-activated LCN grippers have been explored,[15,16]  
transportation of cargo by light-driven walking devices has not yet been demonstrated. In 
this chapter the first light-driven soft robot capable of untethered multitasking is 
constructed. The design is based on the integration of multiple actuators and two different 
azobenzene derivatives. The soft robot is driven by blue light and can walk around objects, 
with controlled multi-directional locomotion. Additionally, it performs multiple complex 
movements enabling pick up, grasping, transportation and directed deposition of cargo. 

7.2 Characterization of light-fueled soft robot 

7.2.1 Soft robot design  

The soft robot design is an assembly of curled liquid crystal polymer films, serving as the 
active components, and a lightweight static polypropylene polymeric section being the 
connective hub for all responsive segments of the device, Figure 7.1A. The integrated 
robot consists of four LCN ‘legs’ containing the yellow colored photoswitch MY in Figure 
7.1B, two LCN ‘arms’ ii and a small LCN gripper i in Figure 7.1B containing the red 
colored photoswitch MR. This centimeter-sized soft robot can be remotely controlled to 
perform multi-directional locomotion (using the yellow LCN legs) and collection, holding 
and deposition of cargo (by means of the red LCN arms on top of the static hub). Actuation 
of the device is achieved through illumination via a collimated light emitting diode (LED) 
source. To achieve selective addressability, the polymer films realizing locomotion and cargo 
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handling contain different photo-active azobenzene derivatives with differing sensitivities to 
light, see chapter 4. Both legs and arms utilize the curled shape of the LCN relaxed state, 
with the 12 mm long legs neatly curling under the static hub of the device in non-illuminated 
conditions. The four-legged design allows the soft robot to have directional freedom of 
locomotion around objects. All four LCN legs are designed with a 1:3 (width: length) aspect 
ratio with a broader base (10 mm width) devised to improve frictional interaction between 
the robot leg and surface (vide infra). The cargo handler arms are composed of two parts: a 
gripper constructed by two orthogonal LCN films (5 mm in length and 2 mm in width) 
placed on the center of the static hub (labeled i in Figure 7.1B) acting to secure the cargo 
during transportation and two LCNs (8 mm in length and 2 mm in width) placed at 90° to 
each other (ii in Figure 7.1B) to act as the device’s arms, enabling both actuation for cargo 
pick up as well as cargo off-loading.   

  
 
Figure 7.1 The soft robot is composed of four identical light-responsive liquid crystalline polymer films that 
operate as legs, connected to and supporting a polymeric hub (polypropylene) which hosts an assembly of liquid 
crystalline films acting as soft robotic arms that operate as the device’s cargo holder and handler. The hub is 
symmetric with four triangular ‘cuts’ for decreased weight while maintaining the supportive structure. A. The soft 
robotic device is of centimeter size (spanning 2 cm across) and weighs 20 mg. B. A schematic depiction of the 
device, demonstrating the two different light-responsive azobenzene chromophores (depicted in yellow and red) 
used to separately address the legs (yellow) and arms (red) of the cargo handler. 

7.2.2 Light-triggered actuation of the liquid crystal network 

The LCN films used in the robot are fabricated through the photopolymerization of liquid 
crystal (LC) monoacrylate (40.5 mol%) and diacrylate (56.5 mol%) mesogens and 2 mol% of 
azobenzene chromophore in a splay aligned alignment; for fabrication procedures and 
materials see chapter 2. The initial curled state of the LCN films is a result of the elevated 
temperature during polymerization, causing anisotropic volume shrinkage upon cooling to 
room temperature. The pre-curl is essential for the locomotion mechanism of the device 
(vide infra). By using photothermal monoacrylate azobenzene derivatives, actuation arises 
when the photoswitch absorbs specific wavelengths of light and releases heat as a result of 
the isomerization processes; see chapter 4 for the actuation mechanism of the 
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monoacrylate azobenzenes. The released heat triggers a macroscopic response originating 
from the anisotropy in the thermal expansion of the splay network. Light-triggered 
macroscopic actuation of the LCNs manifests itself as film unbending, from an initial curled 
state to a straighter film, Figure 7.2A; the uncurling deformation is independent of the 
incident illumination direction and no signs of actuation fatigue are present after dozens of 
illumination cycles.  

 

Figure 7.2 Characterization of an LCN composed of photothermal azobenzene chromophores. A. Illustration of 
the actuation of a splay aligned network, secured on one side by tweezers. The LCN consists of liquid crystals 
(gray) and photoisomers (yellow). Starting from a curled geometry, the film unbends towards its planar surface 
when illuminated. B. Plot displaying the high temporal resolution of the unbending and re-curling processes of an 
LCN strip, 2 cm in length and 0.4 cm in width, containing photoswitch MY corresponding to application (‘light on’) 
and removal (‘light off’) of illumination, respectively. C. Graph depicting the actuation performances of the LCN 
arms and legs as a function of illumination intensity. 
 

The large unbending deformations triggered by light exposure has a high degree of temporal 
resolution. Forward (unbending) and backward (re-curling) actuation are initiated directly by 
the exposure or removal of light, respectively, Figure 7.2B. The rapid second-scale 
response of the LCNs contributes towards the increased speed of operation of the soft 
robot. The extent of actuation of the LCN can be directly controlled by the intensity of the 
light stimulus: higher intensities result in larger deformation amplitudes, Figure 7.2C. LCNs 
doped with the red azobenzene derivative (MR) used for the device’s arms display a more 
efficient actuation profile, with lower intensities resulting in far larger amplitudes when 
compared to the yellow azobenzene (MY) molecule-doped legs, see chapter 4. This 
actuation efficiency difference is a result of the red chromophore’s higher extinction 
coefficient, see Figure 4.5B, and allows for selective addressability of the LCN components. 
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7.3 Light-driven locomotion of the soft robot 

7.3.1 Mechanism for locomotion 

Through remotely controlled light-triggered actuation of the LCN legs, the soft robot performs 
a walking-like motion. The symmetric distribution of the device’s identical legs allows for 
freedom in locomotion, with the unprecedented ability to not only walk in forward and reverse 
directions, but also around objects, Figure 7.3A.  

Figure 7.3 Light-driven locomotion of the soft robot in multiple directions over a paper surface. A. The simple 
robot (without integration of LCN arms) is demonstrated to move from its initial position (i) around a palm tree 
(ii) towards its finish line (iii). B. The walking mechanism for one stride consists of three main steps and requires 
two light sources. 

An illumination sequence of three main steps using two collimated light sources allows the robot 
to perform a single stride covering a distance that exceeds 4 mm, Figure 7.3B. The first step 
in initiating locomotion is the liberation of the ‘striding leg’ from under the hub, achieved through 
low intensity illumination (455 nm at 150 mW/cm2) of the two legs located orthogonal to the 
‘striding leg’, which slightly lifts the device, step ii in Figure 7.3B.  Note that only a single LED 
source is necessary to cause the lifting motion. The low absorbance of blue light by the yellow-
azobenzene legs eliminates the necessity of addressing each ‘lifting leg’ individually as a significant 
intensity of light incident on one leg penetrates to also illuminate the distal LCN leg. Addressing 
the striding leg with the other light source (455 nm, at an approximate 45° angle to the surface), 
initiates an unbending motion, iii in Figure 7.3B. Removal of the illumination of the side legs 
then lowers of the robot, bringing the striding leg again into contact with the surface, iv in 
Figure 7.3B. Ceasing illumination of the striding leg initiates the forward stride, fueled by the 
elastic force which returns the striding leg into its bent position under the hub, v in Figure 
7.3B. As a result, the striding leg effectively drags the device forward, vi in Figure 7.3B. As any 
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leg can act as the ‘striding leg’ or ‘lifting leg’ the device is able to follow a zigzag walking pattern 
to reach a destination in any direction.  

7.3.2 Characterization of the light-driven locomotion 

To illustrate the crucial role of the robot’s design in the ability for multi-directional 
locomotion, the impact of leg design choices on the locomotion is demonstrated. Of 
particular interest are the effects on the distance covered by a single stride following 
alterations in leg dimensions, considering both leg length and shape, Figure 7.4A and B. 
The effect of leg length (8, 10 or 12 mm) on the light-driven walking motion of the device is 
investigated. Surprisingly, it is found that the directionality of locomotion changes with 
alterations in the leg length, with short 8 mm legs showing locomotion away from the source 
of illumination and longer legs locomotion towards the light, Figure 7.4C. In longer leg 
designs, the LCN legs curl under the hub when not illuminated. The short 8 mm (4 mm 
wide) are not long enough to completely curl: the leg edges are instead in direct contact 
with the surface (Figure 7.4A). The short legs are inefficient in the initial lifting motion (step 
ii in Figure 7.3B), failing to properly liberate the striding leg. A single high intensity 
illumination directed at any leg (250 mW/cm2) results in a small thrust motion, displacing the 
device away from the light source.  

Considering that the walking motion resultant from the longer (12 mm) LCN legs displayed 
the most consistent and efficient locomotion, it was investigated on how to further improve 
the design to increase the distance covered by one stride. Since the driving force for 
displacement is in the elastic recovery of the strider leg to its non-illuminated curled shape 
while being in contact with the surface, which results in traction that pulls the robot forward, 
the possibility of increasing the traction between the strider leg and the surface during the 
re-curling process was explored. By changing the geometry of the leg’s end (Figure 7.4B) 
there is minimal impact on the bending magnitude of the film in its non-illuminated state (by 
keeping the leg aspect ratio constant) but increases the LCN film edge in contact with the 
paper surface during forward pulling motion (step v in Figure 7.3B). The increase in surface 
area greatly enhances the traction and decreases foot slippage at the interface between the 
LCN leg and the surface, significantly increasing the overall distance covered by one stride, 
Figure 7.4C. The striding step is the determining action in the locomotion mechanism for 
the robot and the striding motion is controlled by the capacity of the LCN to elastically 
recover its initial curl. With a 4 mm displacement per actuation cycle and one actuation cycle 
under 8 seconds, it is estimated that the speed of the soft robot is 0.5 mm/s. Additionally, 
the substrate surface has significant impact on the degree of locomotion. When exchanging 
the paper surface for either a low (glass) or high (sandpaper) friction surface, no locomotion 
is observed. In both cases, the robot fails to complete a striding step either through foot 
slippage of the strider leg (on glass surfaces), or the inability for the traction on the strider 
leg to overcome the increased friction on the other legs curled under the hub (for sandpaper 
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surface), leaving the robot in the position depicted by step v in Figure 7.3. These 
observations demonstrate that the surface interactions between the LCN films and the 
substrate surface are fundamental for the locomotion mechanism. A possible theory is that 
for effective locomotion to happen, a compromise should exist between enough traction 
generation for the strider leg re-curling to cause a net displacement during forward stride, 
and sufficient slippage at the other, curled, legs to allow this traction to pull the robot 
forward.  

 
Figure 7.4 Investigation of the importance of leg dimension and shape for locomotion. A. Schematic depiction of 
the robot, showing leg length and width dimensions B. Schematic drawing of the leg design with a wider leg base 
which enhances walking locomotion. C. The effect of leg length and width on both the directionality and efficiency 
of locomotion. The plot shows the average distance covered by one illumination cycle (described in Figure. 7.3B) 
for robots with varying leg dimensions and the standard deviation of these values for approximately ten steps. It is 
seen that short 8 mm legs result in walking in a direction away from the illumination and longer, 10 mm and 12 
mm legs, in locomotion towards the light source. Little variation is observed between legs of 10 and 12 mm, yet 
an increase in leg base largely increases the distance covered by one stride. 

7.4 Light-driven pick up, transportation and release of cargo 

Finally, the device is shown to perform useful functions such as remotely controlled pick up 
of a load, its transportation and release at a specific location. The demonstration is the 
untethered pick up of a soft styrofoam cargo (5 mg) which hangs from a tacky glass surface 
(Figure 7.5A) and its transport and release into a delivery box (Figure 7.5C). Through 
remotely controlled locomotion, the robot is moved in position under the cargo while light-
driven actuation of the LCN arms causes the films to uncurl. In the actuation process, the 
arms encounter the hanging cargo, causing it to fall into the LCN gripper, Figure 7.5B. In 
this actuation step, a wide focus light is employed (at an intensity of 200 mW/cm2) so to 
simultaneously activate all segments (i and ii in Figure 7.1B) of the cargo handler. The wide 
focus allows light to also reach the device’s legs, yet the lower sensitivity of the chromophore 
in these active sites (MY) does not cause any ‘striding’ actuation from any legs. The difference 
in optical absorbance between the azobenzene films used in the legs and arms eliminates the 
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need of finely focused light sources such as laser beams to enable specific actuators in the 
device, even though the actuators are in close proximity. Removal of illumination results in 
the re-curl of the LCN arms and closing of the central gripper, securing the cargo so that 
the robot can transport the load without dropping it.  
 
Upon reaching a destination, the cargo can be offloaded, Figure 7.5C. Illumination of the 
cargo gripper and one of the LCN arms allows for the gripper to open, and one of the arms 
to thrust the cargo from the hub into the delivery site. The presence of two arms allows for 
an expanded choice of delivery, as the cargo can be easily off-loaded in two directions. To 
aid the cargo delivery, a low intensity illumination of one LCN leg lifts the robot 
asymmetrically, creating a slope for the cargo to descend, Figure 7.5D. It should be noted 
that when the robot is excessively loaded, locomotion is dramatically hindered as not only 
is the lifting activity of the side legs (step ii in Figure 7.3B) deterred by the extra force 
needed to lifted the weighed hub, but also, once the striding leg is activated, the recovery of 
the film’s curvature is impeded (step v in Figure 7.3B). The loading capacity limitation is 
directly correlated to the thickness of the LCN legs. In turn, film thickness directly influences 
the degree of molecular organization through the network which controls the pre-bend 
curvature of the legs. As the pre-bend curvature is essential for the locomotion strategy, the 
direct balance between molecular organization and mechanical performance sets restrictions 
in the design of leg dimensions. From experiments, it is found that inhibition of locomotion 
is present at a loading of 50% the robot’s own mass, limiting transportation ability of the soft 
robot to lighter loads. Additionally, it is shown that the robot is also able to ‘guide’ cargo 
that is located on the surface. This cargo transportation is done by effectively pushing the 
load over the surface during liberation of the striding leg during locomotion (iii in Figure 
7.3B), a motion that resembles a kick. This motion can be utilized for cleaning or removing 
objects from a surface. 
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Figure 7.5 Cargo pick up, transportation and release. A. Snapshots of the untethered cargo pick up activity. B. 
Schematic of the pick up mechanism. The cargo hangs from a glass surface with an adhering coating to keep the 
cargo in place until the robot’s arms actuate and release it. C. Snapshots of the untethered transportation and 
cargo release. D. Schematic of the release mechanism when the robot approaches the delivery boxes. For cargo 
release, both the LC gripper (located in the center of the hub) and one of the ‘arms’, are actuated to cause gripper 
opening and thrust the cargo in either one of the boxes. Additionally, actuation of one LC leg causes the robot to 
slightly lift, enhancing the directed cargo thrust into the delivery box. 

7.5 Conclusions 

The uniqueness of the untethered soft robot is demonstrated in the harnessing of 
constructive motion from an assembly of well-established actuators to achieve versatile 
mobility and transportation functions. The concerted orchestration of several actuators in a 
single device assimilates the way organisms utilize individual limbs for constructive function. 
Motion control is attained exclusively by light, overcoming present challenges in the field of 
soft robotics such as removal of control systems from the individual robot and eliminating 
the need for direct tethering, as is the case for electrically-driven systems.[17] The design 
allows for control of different segments in the device and full freedom in locomotion, 
allowing for unprecedented versatility of motion around objects. This study sets a step 
forward in the engineering of orchestrated actuation in assemblies of light-responsive 
actuators enabling the completion of functional tasks.   
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Chapter 8 
 
Actuator Assemblies in Aqueous Environment:  
an Artificial Polyp that Wirelessly Attracts, Grasps and 
Releases Objects   
 

 
 
Abstract. Wirelessly controlled, multi-tasking soft devices active in aqueous environments 
are desired for applications in microfluidics, organ-on-a-chip and as medical devices. Inspired 
by marine organisms, this chapter presents an approach to achieve such devices by utilizing 
stimuli-responsive material assemblies capable of untethered object manipulation in 
enclosed aqueous environments. The soft robot assembly integrates a magnetically 
controlled stem with a light-responsive gripper with unmatched speed, insensitivity to 
contaminants and highly controlled actuation underwater at low light intensities. The 
independent device segments can be orthogonally controlled to realize different tasks such 
as attracting, capturing and releasing targets, hereby demonstrating the significance of 
actuator assemblies in the fabrication of multi-functional soft devices operating underwater.   

 
 
 
This chapter is largely reproduced from: 
‘An Artificial Aquatic Polyp that Wirelessly Attracts, Grasps and Releases Objects ’, M. Pilz da Cunha, 
H. S. Kandail,  J. M. J. den Toonder, A. P. H. J. Schenning, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 17571-
17577.   * Photograph by Nando Harmsen  
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8.1 Introduction 

Inspired by nature’s intricate organisms, the field of soft robotics has advanced towards fully 
untethered devices triggered into action by external stimuli such as light, pH and magnetic 
fields.[1,2] The previous chapter demonstrated a light-driven terrestrial soft robot displaying 
untethered locomotion and object manipulation.[3] However, centimeter-sized, wirelessly 
driven stimuli-responsive soft robots that operate underwater are rarely reported, [4–6] see 
chapter 1,  and fast actuation of stimuli-responsive polymers in water, without requiring 
high intensity lasers,[7] remains complicated. Expansion towards underwater untethered soft 
robotics challenges current status of stimuli-responsive materials, calling for soft actuators 
with fast responses to low intensity light, stability of multiple deformation states and 
adaptability to diverse environments.[8] An additional ambition is the elimination of external 
tethering usually required to guide aquatic soft robotic grippers to targets.[9–12] Mimicking 
the motion freedom and adaptability of aquatic species may provide promising approaches 
to the development of wirelessly controlled stimuli-responsive soft robots that interact with 
the environment and perform functional tasks such grasping and release of targets.  

Currently, the dominant stimuli-responsive material employed in underwater applications 
are hydrogels, acting on changes in ambient temperature, light or pH to trigger 
swelling/deswelling-driven actuation.[13–15] As hydrogel materials rely on absorption and 
release of water, their actuation is often sensitive to contaminants such as charged species 
which can affect the swelling/deswelling-driven actuation. Light-driven motion of centimeter-
sized hydrogel actuators in water is often slow, being dictated by gradual diffusion processes, 
lacking fast motion reversibility[16] or requiring a constant stimulus (pulsed light) to retain an 
actuated state.[17] Liquid crystal polymers (LCPs) doped with photoswitches, commonly 
azobenzene derivatives, are often employed in fast responding light-driven actuators acting 
in dry environments,[18,19] however, their exploration for underwater systems is still in its 
infancy.[4,20,21] Recently, liquid crystal gels have been utilized as untethered actuators 
operating via light to perform locomotion and swimming in aquatic environments, requiring 
high intensity lasers and high temperature for fast, large amplitude actuation.[7]  
 
In marine environments, organisms often rely on ocean currents to bring targets (nutrients) 
to their vicinity, but other animals such as coral polyps (Figure 8.1A) have been observed 
to induce currents themselves through coordinated motion to aid their survival.[22–24] 
Inspired by such marine organisms, this chapter shows a surface anchored aquatic gripper, 
capable of attracting and grasping suspended objects. This artificial polyp is composed of 
two active sections, the grasping ‘arms’, composed of two photo-active LCPs, and a flexible 
stem of polydimethylsiloxane (PDMS) doped with magnetic iron oxide particles, Figure 
8.1B. The design integrates two stimuli-responsive materials which serve different functions 
and can be wirelessly and independently controlled, namely light activates the liquid crystal 
network (LCN) gripper and a magnetic field induces rotational motion of the flexible stem 
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to create flow. Previously, magnetic particles have been incorporated into hydrogel-based 
micro grippers[25,26] and thermoplastic polyurethane films[27] so that magnetic guidance can 
be used to direct and control the location of the device. However, magnetic setups required 
to accurately control such aquatic micro grippers are usually bulky, limiting the versatility of 
the soft robot.[5,28] The artificial polyp demonstrated here can be actuated with a compact 
setup, only requiring a rotating magnet near its location.  

 
Figure 8.1 Design of the artificial aquatic polyp A. Photograph of a marine polyp, reproduced with permission 
from photographer Robin Jeffries. B. Artificial polyp. The device is composed of two LCN films with planar 
alignment that operate as the device’s grasping ‘arms’. The LCNs are connected to a flexible PDMS/iron oxide 
pillar with a drop of UV curable glue. The LCN is a crosslinked network containing azobenzene diacrylate 
mesogens, DY. C. (i) Upon rotation of a magnet underneath the polyp, the structure undergoes a bending and 
rotational motion which when submerged in a fluid, causes fluid flow. (ii) Upon UV light irradiation, the polyp is 
made to close and blue light reversibly opens the structure. 

 
8.2 Design concept 

The artificial polyp integrates two stimuli-responsive materials that are orthogonally 
addressed to trigger separate actions, allowing for two different modes of motion: rotation 
of the stem and bending/unbending of the light-responsive arms. The flexible magnetic stem 
is fabricated following a previously described procedure,[29] having 1 mm diameter and a 
length of 6 mm. For stability, the stem is attached to a static transparent PDMS base that is 
2 mm thick. Stirring through movement of the magnetic stem, Figure 8.1C i, is controlled 
with a rotating magnet underneath the structure.[30] The grasping arms of the artificial polyp 
are composed of two orthogonally placed strips of LCN films doped with a diacrylate 
azobenzene chromophore (DY in Figure 8.1B, see also chapter 4) which are attached to 
each other and to the stem with a drop of UV curable glue. The LCN strips are 1.2 cm long 
and 0.2 cm wide; the fabrication of the films is described in the experimental section. Light-
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triggered contraction originates from the azobenzene molecules isomerizing from stable 
trans to the bent cis state upon UV light irradiation, Figure 8.2A. The reverse cis-trans 
isomerization is triggered by irradiation with blue light. Upon UV irradiation from the top 
of the polyp, the LCN segments bend towards the light source and can capture a passing 
target, whereas reverse opening actuation and subsequent release of the target is triggered 
by exposure to blue light, Figure 8.1C ii. The LCNs have a planar alignment as to obtain a 
rest /no illumination state in which the gripper is in its open configuration, see Figure 8.1B.  

8.3 Light-driven actuation  

8.3.1 LCN actuation in water  

Planar alignment of the LCNs composing the polyp’s gripper, results in an open rest state 
and closure upon illumination with 365 nm light. To characterize the bending actuation of 
the LCNs and find the optimum concentration for fast and controlled bending. Films of 
differing azobenzene concentration (2, 5 and 10 mol%) are systematically studied, film 
dimensions are 2 cm in length, 0.5 cm in width and 20 µm thick, for absorbance spectra see 
Figure 8.2B.  

Figure 8.2A. Schematic drawing showing the light-driven deformation of planar aligned LCNs containing the DY 
azobenzene, before illumination (i), upon irradiation with UV light (ii), after UV light, and upon blue light irradiation 
(iv), with light incident from the left. B. Absorbance spectra of all three planar films, containing 2, 5 and 10 mol% 
of azobenzene DY. The spectrum shows the absorbance before and after 1 min irradiation of UV light at 169 
mW/cm2.  

 
At a low azobenzene content (2 mol%), negligible actuation is observed, independent of the 
UV light intensity, Figure 8.3A. The absence of actuation is explained by the lack of a light 
absorption gradient through the thickness of the network. With a low content of 
azobenzene molecules absorbing light on the irradiated side of the film, light penetrates to 
the back of the film and trans to cis isomerization happens throughout the whole film. Higher 
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concentrations (5 and 10 mol%) show high amplitudes of maximum deformation, with 
maximum amplitudes in less than 3 seconds of illumination and nearly independent of the 
UV light intensity, see also Figure 8.3B and C. With a high content of azobenzene in the 
network, nearly all light is absorbed in the first few microns of the film and this “shades” the 
back side of the strip, leaving the irradiated side of the strip cis state-rich and the back trans 
state-rich.[31] The different concentration of the azobenzene isomers on either side of the 
bilayer create a strain gradient through the thickness which results in the bending of a 
rectangular film towards the light source, with the cis-rich surface on the inside of the bend, 
see Figure 8.2A. 
 
Even though the maximum tip displacements obtained with 5 or 10 mol% azobenzene are 
similar, the actuation time profile of the films is significantly different, Figure 8.3B and C. 
The overall actuation trend is a fast displacement during the first seconds of irradiation 
followed by a decay in the displacement (return to a flatter geometry) on prolonged 
exposure. The decay in the displacement is more distinct for 5 mol% azobenzene films, with 
higher light intensities leading to faster reverse bending. The reverse bending can be 
explained referring to the cis-trans gradient within the film. Upon prolonged exposure, the 
gradient advances through the network until light penetrates through the entire thickness 
and the strain gradient between the active ‘pulling’ cis states and the trans states is no longer 
active.[31–33] Higher light intensities lead to  faster propagation of the cis-trans gradient. Higher 
azobenzene concentration (10 mol%) significantly slow down the propagation of the trans-
cis boundary[34] so that only prolonged illumination times (>20s) will lead to considerable 
decreases in the tip displacement, see Figure 8.3C. Additionally, it is demonstrated that 
unlike hydrogel actuators, the LCN films are not sensitive to salt contaminants in the water 
and can be actuated in the presence of sodium chloride (3.5 weight% in aqueous volume) 
without any limitations, see Figure 8.3C.  
 
Ceasing UV light exposure results in a temporarily stable deformation, Figure 8.2A iii. The 
possibility to accurately control the degree of deformation for temporarily stable bent 
geometries is demonstrated, in which the light exposure time determines the degree of 
bending, Figure 8.3D and E. The stable geometry is due to the long cis lifetime, see 
chapter 4, of the azobenzene which maintains the cis-trans gradient, and hence also the 
macroscopic deformation. Near complete restoration of the trans population is triggered 
by blue light irradiation, which returns the film to a near flat geometry. After blue light 
exposure, the LCN film is not completely flat due to the isomer content at the photo-
stationary state, containing a higher cis isomer population than in the non-illuminated/rest 
state, as blue light is absorbed by both trans and cis isomers. A completely flat state is only 
observed after extended times without illumination.[21] The opportunity to control a 
temporary stable deformed state allows for tuning of the geometry of an underwater 
actuator, with no stimulus required to maintain it. This behaviour also differs from 
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previously reported in water light-responsive hydrogels which require continuously pulsed 
light to preserve a deformation.[17] It should be noted that the ability to control a single 
stable geometry has been shown for LCNs functioning in dry environments, in which 
fluorinated azobenzenes with long cis lifetimes were used.[35,36] To obtain shape stability in 
liquid crystalline actuators in air, hydrazone photo-switches have also been utilized.[37]  

 
Figure 8.3 Characterization of light-driven deformation of planar LCNs in water. A. Maximum tip displacement 
of planar aligned LCNs with different azobenzene concentrations (2, 5 and 10 mol%) in either water or air. 
Displacement profile of 5 mol% (B) and 10 mol% (C) films over time upon irradiation with UV light. D. Light-
driven deformation of planar LCN (10 mol% azobenzene) upon exposure to UV light underwater. Upon ceasing 
UV light irradiation, the actuator retains its deformed state. E. Photograph snapshots of the LCN strip (2 cm long) 
at different moments in the actuation; the photographs correspond to the plot in Figure 8.3D. 

 
8.3.2 Light-driven actuation comparison in dry and aqueous environment 
 
To further characterize and understand the aqueous actuation of the LCNs, the photo-
driven motion in both aqueous and dry environments are compared. Unlike most hydrogel 
actuators, the liquid crystalline films utilized in the artificial polyp also function in a dry 
environment. In chapter 4 the in-water actuation of splay aligned films, containing the same 
diacrylate chromophore DY as used in this work, was shown to be highly diminished when 
compared to actuation in air.[21] However, for planar aligned films, the opposite is found: in 
aqueous environments actuation is higher, see Figure 8.3A-C and Figure 8.4. 
Azobenzene-containing splay LCNs also actuate as a response to the heat released upon 
light irradiation of the azobenzene dyes.[21] For actuation in water, light induced heating of 
the LCNs can be neglected due to heat loss to the surrounding water, for this reason, 
actuation of splay aligned films in air is higher, as then both photothermal and 
photomechanical effects contribute to actuation. In this chapter planar aligned films are 
analyzed, in which the driving force for actuation is not photothermal but only due to the 
strain gradient caused by azobenzene isomerization (photomechanical).  
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Figure 8.4 Actuation of the 10 mol% (A) and 5 mol% (B) azo-LCN upon UV light irradiation in both water and 
air. A lower light intensity reaches the films underwater when compared to air, which is due to UV absorbance of 
water, (approximately 25% of the UV light is absorbed by water before reaching the sample which is placed 10 cm 
from the light source). 

 
Figure 8.4 shows that the rate of actuation, which is controlled by the trans-cis 
isomerization kinetics, remains largely unchanged whether actuation is performed in water 
or in air, even though the fluid medium offers a higher resistance to motion. The reason for 
similar actuation rates in water vs air upon the first few seconds of illumination, is likely due 
to the negligible influence of temperature on the rate of the trans-cis isomerization, which 
fuels the displacement.[38] The greatest difference in the actuation is the higher amplitude 
reached when films are irradiated underwater. This is attributed to the lack of heat-
promoted back relaxation (cis-trans) of azobenzene moieties, due to absence of film heating 
in water. This allows for a higher content of cis isomers at the photo-stationary state and 
hence for a steeper strain gradient to develop through the film, leading to stronger 
actuation. The phenomenon of photo-bleaching, which causes reverse actuation upon 
prolonged illumination, is present in both wet and dry mediums, however in water it is 
slightly delayed, see Figure 8.4.  
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8.3.3 Actuation of the aquatic gripper 
 
The four-armed gripper of the artificial polyp is created by combining two rectangular LCN 
films containing 10 mol% azobenzene. Activation by UV light directed from the top, closes 
the LCN gripper and blue light re-opens it, Figure 8.5A. The diameter of the closed gripper 
can be programmed by the duration of UV light exposure. As elucidated previously, 
photoactuation is highly dependent on the illumination time, Figure 8.3D, so that the 
degree of bending of the LCN film can be easily controlled with knowledge on the actuation 
kinetics of the chromophore. Upon removal of UV light, the gripper remains in its 
temporary deformed state and can be further closed by UV light or re-opened with blue 
light, Figure 8.5B.  

 
Figure 8.5 Light-driven artificial gripper. A. Analysis of the closing diameter of the gripper upon exposure to UV 
light (75 mW/cm2). Ceasing UV light exposure results in a temporarily stable ‘closed’ state. Re-opening is triggered 
by blue light. B. Light-driven reversible deformation of polyp-like design with the gripper composed of two 
orthogonally placed LCNs (10 mol% azobenzene) upon exposure to (i) UV and (ii) blue light.  

 
8.4 Artificial polyp: wireless target attraction, capture and release 
  
The artificial polyp can be employed as an underwater gripper to grasp or release an object 
present in the fluid. The fluid and object used in the demonstration are a water/isopropanol 
solution and droplets of olive oil (visible in the transparent solution as yellow droplets and 
neutrally buoyant). The height of the droplets was regulated by altering the ratio between 
water and isopropanol. The artificial polyp is placed on the bottom of a glass container 
(diameter 2.5 cm), positioned off-center at 0.3 cm from the center of the container. The 
container is filled with the solution up to a height of 2 cm, and stirring is initiated through 
motion of the magnetic-responsive flexible stem by rotation of a magnet underneath the 
structure.23 For object capture it is demonstrated that the device does not need to be 
externally guided to a target, instead it can attract them towards itself through self-induced 
flow in the liquid, Figure 8.6A i and Figure 8.6B i. Subsequent UV light irradiation triggers 
the gripper to close, capturing the object, Figure 8.6B ii. Once the UV light is switched 
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off, the gripper remains in its closed state, enclosing the target, Figure 8.6B iii. 
Furthermore, the reverse demonstration of target release and magnetic-induce fluid flow is 
also achievable by exposure to blue light, Figure 8.6A ii and Figure 8.6B iv. It is envisioned 
that such systems can be expanded to realize selected target capture in fluids without the 
requirements of direct manipulation or intervention in the environment. Note that after 
blue light exposure, the polyp’s LCN gripper does not return to a fully flat geometry but 
retains some degree of bending, with an angle of around 50°.  
 

Figure 8.6 Artificial polyp in action. A. Photographs showing the magnetic-driven attraction of suspended oil 
droplets towards the artificial polyp. Motion of the flexible stem is triggered by a magnet rotating underneath the 
structure at 300 rpm. Target capture is performed through UV light irradiation (i) and target release is triggered 
by blue light (ii). B. Schematic depiction of the actuation steps for attraction, capture and release of a target 
underwater. 
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8.5 Understanding the magnetic-driven fluid flow 
 
To understand the flow-induced attraction of suspended objects towards the artificial polyp, 
fluid-structure interaction (FSI) simulations were performed using a computer design 
representing the experimental setup, Figure 8.7A. The suspended oil droplets are not 
included in the simulations to avoid extensive simulation times. The design consists of a 
finite container measuring 2.5 cm in diameter filled with fluid up to a height of 2 cm, in which 
the artificial polyp is positioned off-center, 3 mm from the center of the container. The 
velocity field in a horizontal plane 3 mm above the end of the polyp’s stem, obtained from 
the FSI simulations, shows that the moving polyp creates a general spiraling fluid flow 
directed towards itself, Figure 8.7B, confirming experimental observations. The polyp-
generated flow is not homogeneous but has local velocity maxima near the LCN gripper, 
located above the four ends of the gripper arms. The fluid flow will affect the position of 
suspended objects; objects further away from the polyp experience lower flow velocities 
causing them to circle around the polyp, moving slowly towards it due to the inward 
spiraling flow. When the magnet rotation rate is increased from 300 rpm to 400 or 600 
rpm, the flow fields are identical but the magnitude of the fluid velocities increases 
respectively. After the object has arrived near the polyp it can be captured by the light-
driven gripper. However, if the gripper is not activated, the flow pattern right above the 
gripper may temporarily repel the object – depending on the exact location of the object 
within the velocity field -  after which it is attracted again due to the general inward spiraling 
flow. As the polyp continuously moves, the flow pattern moves with the polyp but does not 
greatly change, and the attractive flow towards the polyp remains the predominant flow.  
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Figure 8.7 Simulations of the flow induced by the artificial polyp. A. Computer design used for the simulations. 
B. Simulated velocity field of the fluid flow induced by the artificial polyp at 3 mm above the end of the magnetic 
stem in an instantaneous snapshot after 20 rotations of the polyp. The colors indicate the magnitude of the velocity, 
and the arrows represent the velocity vectors projected on the xy-plane. The velocity field moves with the polyp 
movement, so that the maximum velocity areas are always located above the gripper’s end. C. Fluid velocity profile 
3 mm above the stirring element, (either polyp or sole pillar) along the x coordinate (as depicted in A). 

 
Additionally, the effect on the fluid flow dynamics of the gripper’s degree of bending, which 
can be set due to the multi-stability of the LCN, is explored by comparing a flat gripper, in 
which the bending angle of the LCN films is 0°, to a slightly bent (50°) gripper. Also, the 
flow generated by these polyps is compared to that of a simple pillar shape. The velocity 
profiles corresponding to these three scenarios are shown in Figure 8.7C. The plot 
demonstrates that while a simple stirring pillar shows a single maximum in its velocity plot 
(directly above the pillar), both polyp designs show maxima above the LCN ends. The bent 
gripper induces higher local fluid velocities, 0.0055 m/s compared to 0.002 m/s for a flat 
gripper, while being sufficiently open to allow a target to enter its grip. The general inward 
spiraling flow is induced for all three geometries. These simulation results not only show 
that the flow patterns are very dependent on the geometry of the mixing element (polyp vs 
pillar), but also that the flow velocity can be directly controlled by light (bent vs flat gripper), 
not only by changing the magnet rotation speed.  
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8.6 Conclusions  
 
Inspired by autonomous marine organisms, this chapter demonstrated an artificial polyp that 
can be remotely controlled to generate fluid flow and capture or release targets. The design 
integrates two different stimuli-responsive materials, a flexible magnetic PDMS pillar and 
light-responsive liquid crystal polymers. The independent device segments can be 
orthogonally controlled to realize different functions including magnetic-driven stirring and 
light-triggered gripping within the same device. Eliminating the need of guiding the gripper 
to a target with an external tether, realizes a fully wirelessly driven device. Additionally, the 
amphibious actuation of the light-responsive polyp’s gripper allows for operation in diverse 
environments including dry and aqueous, making it unique in the field of light-responsive 
soft grippers. The light responsive polymer films show rapid actuation underwater (t<3s) 
even to low intensity light (<40mW/cm2), insensitivity to salt contaminants in the water and 
multi-stable deformation geometries. These qualities make azobenzene-doped LCNs a 
promising alternative to conventionally used hydrogel materials for in-water applications. 
Simulations of the fluid flow generated by the artificial polyp enables visualization and 
quantification of the flow fields developed and shed light on how the polyp’s design affects 
the stirring pattern. The simulations particularly provide guidelines to how the multi-shape 
stability of the LCN grippers can be utilized to tune the gripper’s shape to enhance the 
polyp’s flow induced attraction of targets. Overall, by combining two different stimuli-
responsive materials in a single soft robotic device, it is demonstrated how assemblies of 
soft materials can expand device functionality and allow for completion of tasks that would 
not be possible utilizing single component devices. 
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8.7 Experimental section 
 
8.7.1 Fabrication of LCN films 
 
The liquid crystal polymer networks utilized in this study are fabricated through the 
photopolymerization of liquid crystalline monomers, a diacrylate, (LC  mesogen, RM82; 
Merck) and an azobenzene chromophore, (DY, A6A; SYNTHON Chemicals GmbH), 
initiated by a photoinitiator (Irgacure 819, 1 mol%, Ciba). Prior to polymerization, the 
monomers are dissolved in dichloromethane (DCM) to obtain a homogeneous mixture, and 
subsequently the solvent is evaporated. Polymerization is done in a glass cell, made by gluing 
two glass slides coated with a polyimide alignment layer (Optimer AL1051; JSR Mircro) using 
UV curable glue containing 20 µm glass bead spacers. Cell filling is done at 110 ℃; at this 
temperature the LC mixture is isotropic. The filled cell is then cooled to 95 ℃, at which 
temperature the LC mixture is nematic. Photopolymerization is done for 15 minutes, using 
an Exfo Omnicure S2000 lamp. A cut-off filter (λ ≥ 400 nm, Thorlabs FGL400S) is used 
during polymerization A thermal treatment at 120 ℃ for 10 minutes releases thermal 
stresses that arise from polymer shrinkage during polymerization. After polymerization, the 
cell is opened, and the films are peeled from the glass with razor blades and cut into strips, 
in which the alignment direction of the planar side is parallel to the long side of the film.  
 
8.7.2 Actuation analysis of light-responsive LCN films  
 
Actuation analysis is carried out using two LEDs, 365 nm (Thorlabs M365L2) and 455 nm 
(M455L3) equipped with a collimator to focus the light (SM2F32-A). The LEDs are 
controlled using a current driven DC4104 from Thorlabs. The lights are positioned around 
10 cm away from the films. Tap water (18 °C) is used for the in-water actuation. An 
isothermal environment is assumed, as any temperature increase of the film during 
illumination would immediately be lost to the aqueous surrounding. A thermometer was 
used to track the water temperature in the vicinity of the film during illumination and 
observed a maximum 1-2 °C increase. For in-water actuation analysis a correction is done 
for any light absorbed by the water before reaching the sample. It was measured that for 
blue light, 14% of the light is absorbed before reaching the sample and for UV light this is 
24%.[21] 
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9.1 Introduction 
 
Chapter 1 defined three main research topics necessary for the advancement of 
bioinspired light-driven soft robots: 1) fundamental understanding, 2) construction of 
assemblies and 3) design of novel advanced materials. This last chapter will assess the main 
contributions of this thesis to the advancement of these three topics, Figure 9.1, and 
evaluate the contribution of these findings to the progress of bioinspired light-driven soft 
robots. Additionally, the remaining challenges still present in each topic are evaluated and 
directions for future research are provided. Finally, a vision on the design of future light-
responsive soft robots is presented and key developments are highlighted which will propel 
the transition of untethered soft robots from lab demonstrations to applications.   

 
Figure 9.1 Schematic diagram, presented in chapter 1, showing complementary areas of development of 
importance for the fabrication of bioinspired light-driven soft robots. Different chapters in this thesis focus on the 
different areas in the diagram. 

 
9.2 Fundamental understanding of light-responsive liquid crystal polymers 
 
Chapter 2 outlined the direct correlation of motion and temperature evolution in 
actuators doped with monoacrylate azobenzenes with short cis isomer lifetimes, 
demonstrating that temperature evolution governs both the rate and extent of actuation. 
Additionally, chapter 4 further demonstrated how side-chain azobenzenes, independent of 
cis lifetime, act as photothermal photoswitches, which cause fast, reversible motion of 
polymer films with non-uniform alignments such as splay. The importance of temperature is 
visualized by the lack of motion when the films are placed underwater. For liquid crystal 
networks (LCNs) with uniform planar alignment, photothermal photoswitches do not cause 
large light-driven motion, such as bending. Overall, side-chain azobenzene derivatives are 
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excellent photoswitches for applications that require instant motion upon switching on/off 
of the light source, but are not appropriate for actuation in aqueous media. 
 
Chapter 4 showed that when crosslinker azobenzenes are integrated into splay aligned 
networks, actuation results from contributions of both photothermal and photomechanical 
effects. The contribution from photomechanical effects, such as network pull, allow for 
actuation in aqueous environments. Additionally, crosslinker azobenzenes can also cause 
actuation in LCNs with uniform planar alignment, differently from side-chain chromophores. 
As demonstrated in chapter 8, for actuation in LCNs with planar alignment, crosslinker 
azobenzenes must be used at doping concentrations above a threshold, which is in turn 
dependent on the azobenzene extinction coefficient. Additionally, crosslinker azobenzenes 
with relatively stable cis isomers (hours) allow for programming of a temporarily stable 
deformation. A disadvantage to the use of these photomechanical chromophores with long 
cis isomer lifetimes, is the need for two light sources to achieve successive forward and 
backward actuation.   
 
Knowledge of the photoswitch requirements for actuation in different environments will be 
important for the development of amphibian soft robots. As a demonstration, Figure 9.2 
shows an amphibian soft robot, based on the inchworm design having one flat and one 
pointed edge,[1] containing a diacrylate azobenzene photoswitch, that can be made to walk 
slowly on a dry paper surface as well as when the environment is flooded with water. 
Forward locomotion requires two different wavelengths of light: 365 nm causes the film to 
flatten, and 455 nm re-curls the film, edging it forward. Future research on diacrylate 
photoswitches with short cis lifetimes, that reach a high cis population at the photostationary 
state (PSS) will help in achieving faster locomotion by eliminating the need for a second light 
source to trigger actuation to the initial geometry. 
 
As demonstrated in the soft transporter robot design of chapter 7, azobenzenes of 
differing light sensitivities are useful in the design of soft robots composed of actuator 
ensembles, allowing for individual addressability of different device segments. To expand on 
the selectivity of different components, future research into crosslinker azobenzenes that 
absorb different wavelengths of the light spectrum, such as in the infra-red, will also greatly 
benefit future designs of light-driven soft robots. The use of infra-red light, for example, will 
also be advantageous if soft robots are utilized in applications that require light to first 
penetrate through other materials, such as tissue, before reaching the robot. Sensitivity to 
other wavelengths of light will also eliminate the dependence on UV light,  which can be 
harmful to cells in biomedical applications. Additionally, an increased use of 3D printing to 
fabricate stimuli-responsive devices calls for expanded research into the effect and tunability 
of light penetration depth in azobenzene doped liquid crystal polymers (LCPs). 3D printed 
devices are often thicker ( ~100 µm) than commonly used polymer films ( ~20 µm) and light 
penetration may lead to challenges in realizing actuation of these thick actuators.  
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Figure 9.2 An amphibian light-driven soft robot. The design constitutes of a single splay aligned LCN film, doped 
with 5 mol% azo DY, see chapter 4, with two different edges: one pointed and one flat, inspired by previous 

work.[1] The film is made to move in a dry environment (yellow paper surface) as well as when the paper surface 
is flooded with water (blue area). Locomotion is caused by illumination (alternating 365 nm and 455 nm) directed 
from above.  

9.3 Design of novel liquid crystal-based materials  

The advancement of multi-tasking untethered soft robots depends on the expansion 
of functionality and adaptability of actuators, such as integration of multi-stimuli 
response in single films, oscillatory motion capability and shape (re)programmability. 
Chapter 3 demonstrated an approach to easily incorporate magnetic response in a 
light-responsive film by coating the LCN with a PDMS layer containing magnetic 
particles. This work demonstrated that magnetic particle loadings of up to 50 % by 
weight do not elevate the PDMS’s storage modulus and thin (20 µm) layers coated 
on LCNs of the same thickness, do not substantially decrease the light-triggered 
actuation. The advantage of dual stimuli-responsive actuators is demonstrated in 
chapter 2 with a gripper composed of a light-responsive LCN locally coated with a 
magnetic responsive rubber: the gripper can grasp objects when triggered by light 
and also be wirelessly moved, with rotational freedom, through magnetic guidance. 
This demonstration highlights how the integration of magnetic response to light-
driven actuators can increase the modes of motion of single actuators, from simple 
bending to rotation as examples. Alternatively, variations of a single stimulus, light, to 
activate different sections of the actuators can be explored: by using different 
wavelengths of light bending at different ‘hinges’ in a polymer device, as has been 
demonstrated by single actuators, see chapter 1.[2,3]  

Soft robots require mechanically robust yet flexible components. LCN actuators however, 
are often brittle and tear if bent at sharp angles. Chapter 5 presented an approach for 
fabricating robust and ductile light-responsive actuators by coating static polyethylene 
terephthalate (PET) with LCs. Expanding on this work, other thermoplastics can be explored 
as actuator substrates. For applications requiring substrates with higher glass transition 
temperatures, for example,  polyetherimide (ULTEM) could be used. Initial results show 
that (ULTEM) can be spray-coated following the same fabrication procedures as PET. The 
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ULTEM substrates, supplied by Sabic, are 10 µm in thickness and have a Tg at around 220 
˚C. The resulting bilayer actuators can be reversibly actuated by light, just as demonstrated 
for the PET actuators.  

Furthermore, the locomotion mode followed by light-driven soft robots is dependent on 
the motion of the active light-driven segments. As exemplified by chapter 7, bending LCNs 
can be utilized to push or pull robots in a specified direction. To increase locomotion speed 
and facilitate control, strategies to achieve sustained oscillatory motion of LCNs without 
requiring turning on/off the stimulus are of interest. Even though examples in the literature 
show LC films containing photothermal dyes oscillate upon illumination when clamped on 
one side,[4–7] the development of autonomous light-driven soft robots calls for films that can 
undergo oscillation when placed freely on a surface, as the case for the triangle in chapter 
6 which constantly rocks when placed on a heated surface. Figure 9.3 illustrates initial 
work demonstrating light-driven oscillatory motion of a single LCN film which is resting on 
a surface. The mechanism for the oscillation is rooted in self-shadowing, where the nearest 
region of the film shades the distal section, due to the film’s high absorbance (nearly 80% of 
the incident blue light). Through shadowing and a shifting center of gravity, the film is 
observed to rock forwards and backwards without any change to the light source, Figure 
9.3B. Oscillation is initiated when the film is irradiated with blue light (455 nm) at light 
intensities exceeding 150 mW/cm2, which leads to sufficient actuation to bring the nearest 
region of the film towards the surface and expose the back section, step (i) in Figure 9.3B. 
The frequency of the resulting rocking motion is around ~2-3 Hz, depending on the light 
intensity, assuming intensities <150 mW/cm2. 
 

 
 

Figure 9.3A. Oscillatory motion of a splay-aligned LCN film containing azobenzene derivative MR. The motion is 
initiated when the film is illuminated with blue light at an oblique angle from the left. Upon illumination, a feedback 
loop commences which sustains the oscillatory motion. B. Schematic mechanism for the oscillatory motion. The 
mechanism is rooted in self-shadowing, so that when the nearest section of the film is illuminated, it shades the 
back. When illuminated, the front section unbends, descending towards the surface, shifting the center of mass, 
causing the film to tip toward the light source, step (i). When the film tips forward, the back of the film becomes 
exposed and actuates by unbending towards the surface, step (ii), bringing the nearer region out of the light beam, 
causing it to return to its initial configuration. This motion once again shifts the film’s center of gravity, bringing the 
frontal area into the light’s beam, step (iii), setting in motion a feedback loop which sustains the oscillatory motion.   
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9.4 Actuator assemblies  

The potential of actuator assemblies in untethered soft robotics is demonstrated in 
chapters 7 and 8. The artificial aquatic polyp, chapter 8, demonstrates the promise of 
assemblies composed of different stimuli-responsive materials, whereas orchestrated 
motion of an ensemble of light-driven LCNs is illustrated in the actuation mechanism fueling 
locomotion of the light-driven transporter robot in chapter 7. A drawback in the soft 
transporter robot’s locomotion is the need for multiple illumination steps to achieve 
forward movement, making locomotion slow. The current mechanism uses two focused 
light sources, one to lift the device and one to allow the extension of one of the LCN films 
for forward movement. Future research on azobenzenes that absorb distinct wavelengths 
of light will speed locomotion of soft robots so that each active segment of the device can 
be independently addressed without requiring the need to move the light sources. Further 
developments should strive for soft robot designs that rely on unfocused and easily 
addressable light sources able to penetrate through enclosed environments so that 
independent segments of the device can be accurately controlled by changing the wavelength 
of illumination of light, and not necessarily its focus or location. Multi-tasking soft robots 
will also require actuators capable of performing large amount of work, calling for further 
development in novel photoswitches and polymer matrices. 
 
Organisms such as sea stars or internal organs like animal lungs, exemplify how assemblies 
of hierarchical actuators performing motion on multiple length scales can aid organisms in 
their survival. Such hierarchical actuators require both centimeter-sized polymers to serve 
as the responsive substrates and micro structures that can deform when externally 
triggered.[8] In all reported examples of liquid crystal based actuators, none contain both 
active substrates and microstructures, such as pillars, in one actuator.[9–11] The challenge in 
obtaining micropillar motion, such as bending, is the requirement for tunable molecular 
alignment of mesogens within the micropillars. Recently, the Aizenberg group has utilized a 
magnetic-induced alignment technique,[12] initially developed by the Keller group,[13] to 
control the orientation of molecules within liquid crystal (LC)-based micropillars to realize 
bending structures driven by heat and light. The reported LC micropillar arrays are 
fabricated on a glass substrate. However, by substituting the glass by a bilayer of LCN/PET 
(described in chapter 5), initial work demonstrates the successful realization of a 
hierarchical actuator in which both the substrate as well as the microstructures are 
responsive, Figure 9.4. 
 
The micropillar array in the novel hierarchical actuator has a similar composition to previous 
work[12] and also employs tilted molecular alignment in individual pillars. Upon heating the 
structures above the polymer’s nematic to isotropic transition (TNI = 125 ˚C), the 
micropillars are observed to undergo large, reversible bending deformation, Figure 9.4B. 
The inclusion of crosslinker azobenzene, DY-azo, in the pillars was shown to enable light-
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driven tracking of a light source.[12] The inclusion of side-chain azobenzenes (MR-azo) 
however, do not result in any light-driven actuation.   
 
The hierarchical actuator can be triggered to undergo macroscopic bending deformation by 
triggering the LCN/PET bilayer substrate through exposure to UV light, in the same way as 
illustrated in chapter 5. When irradiated from the top,  Figure 9.4C, the whole actuator 
bends towards the light source, demonstrating that the macroscopic motion of the actuator 
substrate is not inhibited by the presence of the microstructures. Due to the shape-fixing 
ability inherent of the thermoplastic polymer support layer, the LCN/PET bilayer containing 
an area with micropillars can be shaped into various geometries through thermal processing 
(see chapter 5), and subsequently actuated by light, Figure 9.5D. Through illumination 
(directed from the top), the designed shapes actuate.  
 

 

Figure 9.4A. The hierarchical actuator. The LCN/PET bilayer locally contains an array of micropillars. B. 
Thermally-driven actuation of micropillars (14 µm in diameter and 160 µm in height, on a glass substrate) when 
heated  above the material’s TNI. C. The LCN/PET bilayer containing a localized array of micropillars at one end. 
The LCN coating on the PET is described in detail in chapter 5 and contains azobenzene chromophore DY. Upon 
localized UV light irradiation from the top, the actuator bends towards the light. D The hierarchical actuator can 
be shape fixed above the Tg of the PET and subsequently reversibly actuated by UV and blue light. During 
photoactuation, light is directed from the top. 
 
Whereas this section demonstrates initial work on the integration of microstructure 
actuators with centimeter-scale, light-responsive polymer films, further work is necessary if 
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such actuators are to be utilized as untethered soft robots. First, the current design relies 
on the same wavelength of light to actuate both the micropillars and the LCN bilayer. 
Second, for temperature to be used as the trigger for micropillar bending, the bilayer must 
be composed of a polymer with a  stability at the high temperatures required for actuation 
(125 ˚C). To tackle the challenge of thermally stable bilayers, other thermoplastic polymer 
with higher glass transition temperature should be considered, such as ULTEM, discussed 
in section 9.3. Additionally, future research should use different azobenzene crosslinkers in 
the micro and macro actuators, so that both motions can be triggered by light, but at 
different wavelengths. Furthermore, the current microstructures only respond to light when 
heated above the material’s Tg (~40 ˚C), therefore it is advantageous to investigate LC-
polymers with a lower Tg, so that photoactuation of micropillars is possible independent of 
temperature. 
 
9.5 Bioinspired light-driven soft robots 

In this thesis, a rotary gripper, a terrestrial walker and an artificial coral polyp were 
developed to demonstrate the potential of soft robots in the performance of tasks in 
enclosed environments. Future untethered soft robots will take inspiration from animals 
such as sea stars and strive for flexibility, activity in both dry and aqueous environments, as 
well as contain hierarchical actuators, Figure 9.5. Such bioinspired soft robots will come 
closer to potential applications as robots for machine maintenance or in the field of 
biomedicine and microfluidics. For such applications to become reality, future work should 
focus on the development topics examined in the previous sections, with the main focus 
being on actuation in aqueous environments, increasing of mechanical robustness and 
development of novel chromophores to overcome challenges in light penetration depth and 
multi-wavelength responsivity. 

 
 
Figure 9.5 Sea stars are able to move in both wet and dry environments. Additionally, sea stars demonstrate 
hierarchical motion with the movement of the millimeter-sized tube feet under a sea star aiding locomotion.[14] 
Reproduced with permission from photographer Harold Moses. 
 

The next generation light-driven soft robots will contain photoswitches that enable 
amphibian actuation and will be composed of actuator ensembles, in which different 
wavelengths of light selectively address specific actuator groups. The integration of such 
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hierarchical actuators in selected areas of soft robots will allow for increased versatility by 
controlling the adhesion of the device with a surface, for example. Such developments may 
realize climbing robots in which microstructures control attachment of the robot’s leg to a 
wall. To increase locomotion versatility in amphibian soft robots, novel designs should 
consider alternative modes of movement, expanding from walking on land or at the bottom 
of an aqueous container, as in Figure 9.2, towards swimming. Currently, fabrication 
methods, such as film fabrication in glass cells, restrict the size of LCP soft robots and 
upcoming technologies such as 3D printing will allow for greater freedom in actuator 
dimensions. 
 
9.6 Conclusion 
 
The potential impact of soft robotics has highlighted the promise of LCPs in the realization 
of fast, untethered control of active segments in soft robots. This thesis demonstrates that 
use of LC materials grants unprecedented freedom in design, spanning from the molecular 
level, involving tunability of ordered mesophases and control of molecular alignments, to 
the variety of attainable macroscopic actuation modes. Advancements in mechanistic 
understanding of photoswitches has allowed for the evolution of devices active in water 
and/or air. Also important have been the developments in actuator functionality, with 
advanced abilities such as mechanical robustness, sustained motion and multi-stimuli-
response fueling the debut of novel untethered soft robots progressing towards autonomy 
and versatility. In turn, the bioinspired construction of light-driven soft robots based on 
actuator assemblies has only began to demonstrate its potential, resulting in devices with 
locomotion freedom and ability for multi-tasking. Future progress calls for continued 
expansion in actuator functionality as well more complex assemblies in which individual 
segments can influence and communicate with each other. It is with the combined expertise 
from chemists, material scientists and engineers that the potential of light-driven soft robots 
in fields such as biomedicine and microfluidics will be uncovered. 
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