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ABSTRACT 

Soft robotics is a rapidly developing research field that has triggered a significant 

amount of research effort during the past few years. The field aims at providing new 

technical innovations to overcome the challenges encountered in conventional hard-

bodied robotic systems constructed using rigid joints and links, such as lack of 

flexibility and adaptability. Among the most promising materials for the fabrication 

of soft robots are smart stimuli-responsive polymers that can be triggered with 

external energy sources to undergo various chemical and physical changes such as 

mechanical motions like contraction or bending. Among different classes of stimuli-

responsive polymers, photomechanical actuators are of particular interest as they 

provide a route to harness light energy to remotely fuel mechanical motions. Today, 

most photochemical actuators are based on reversible photochemical switching of 

photochromic molecules between two forms with distinct structural and photo-

chemical properties. On the other hand, photoactuation can also be driven 

photothermally using light absorption by organic dyes or inorganic moieties for heat 

generation, which stimulates the shape changes of the polymer. 

In this thesis we use liquid crystal networks and hydrogels as materials platforms 

to devise photoactuators and soft robots that can be controlled and powered 

remotely with light producing reversible shape changes. Liquid crystal networks 

enable pre-programmable shape changes and hence several actuation modes can be 

achieved within one material. In hydrogels, complex shape changes can be 

programmed by tuning materials properties locally after fabrication. By utilizing both 

photothermal and photochemical effects, we use three advanced light control 

strategies to power photomechanical actuation: self-sustained motion, multicolor 

functions, and reconfigurability. By using these strategies, we demonstrate 

sophisticated photoactuators exhibiting self-oscillation, non-reciprocal motions, 

logic gate actuation, reconfigurable gripping, and shape-morphing between Gaussian 

curvatures. The results of this thesis deepen the understanding on the role of 

photothermal and photochemical effects in controlling photomechanical actuation, 

and present new pathways and control strategies for soft micro-robotics.  
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TIIVISTELMÄ 

Pehmeä robotiikka on nopeasti kehittyvä tutkimusala, mikä pyrkii tuottamaan uusia 

pehmeisiin materiaaleihin pohjautuvia ratkaisuja nykyisin käytössä oleville 

metallikuorisille roboteille, joiden liikettä ohjataan sähköllä elektronisten 

komponenttien avulla. Lupaavimmat materiaalit pehmeiden robottien 

valmistuksessa ovat ”älykkäät”, ulkoisiin ärsykkeisiin reagoivat polymeerit, joiden 

liikettä voidaan ohjata käyttämällä polttoaineena valoenergiaa.  Nämä niin sanotut 

valoaktuaattorit pystyvät absorboimaan valoenergiaa ja muuttamaan sen avulla 

muotoaan. Tyypillisen valoaktuaattorin toiminta perustuu valokemialliseen ilmiöön, 

eli ne sisältävät valoon reagoivia molekyylikytkimiä, joiden muotoa ja muita 

ominaisuuksia voidaan muuttaa valon avulla. Toinen tapa perustuu valotermiseen 

ilmiöön, jossa esimerkiksi orgaaniset molekyylit absorboivat valoa, muuttavat sen 

lämpöenergiaksi ja edelleen mekaaniseksi liikkeeksi.  

Tässä väitöskirjassa valoaktuaattorien ja pehmeiden robottien valmistuksessa 

käytetään kahta erilaista materiaalia: nestekidepolymeerejä ja hydrogeelejä. 

Nestekidepolymeerit mahdollistavat ennalta ohjelmoitavan muodonmuutoksen, 

jolloin saman materiaalin avulla pystytään tuottamaan erilaista liikettä. 

Hydrogeeleissä monimutkaiset muodonmuutokset voidaan ohjelmoida muuttamalla 

materiaalin ominaisuuksia paikallisesti polymeerin valmistuksen jälkeen. Molemmat 

materiaalit kykenevät reversiibeliin muodonmuutokseen valoenergian avulla ja ovat 

siksi erinomaisia materiaaleja pehmeässä robotiikassa. Hyödyntämällä sekä 

valotermistä että valokemiallista ilmiötä, tässä väitöskirjassa tutkitaan kolmea 

ohjausstrategiaa valoaktuaation aikaan saamiseksi: 1) itse ylläpidettyä liikettä kuten 

valomekaanista oskillaatiota, 2) moniväriaktuaatioita, jossa käytetään valon eri 

aallonpituuksia tuottamaan erilaista liikettä, ja 3) uudelleenohjausta, jossa aktuaattori 

voidaan valmistuksen jälkeen ohjelmoida liikkumaan eri tavoin. Tämän väitöskirjan 

tulokset syventävät ymmärrystä valotermisen ja valokemiallisen ilmiöiden roolista 

valoaktuaatiossa ja tarjoavat uusia ohjausstrategioita pehmeille roboteille. 
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1 INTRODUCTION 

“Robot”, a term originating from science fiction, was first introduced in 1920.1 In 

the past hundred years, engineers have brought the vision from machines which 

make our life easier into reality through the development of a vast range of 

applications. Today’s robots are often associated with hard -bodied machines 

containing rigid joints and links. One advanced example is the Atlas robot from 

Boston Dynamics.2 The robot is constructed with 28 hydraulic actuators, and it can 

walk, run, dance, and even perform a somersault with 360° turn. One of the 

important characteristics of present-day robots is the capacity of being programmed 

to perform tasks such as lifting objects, cutting sheets in factories, and growing crops 

in the farm. For a long time, engineers have dedicated their efforts to perfect the 

electronic elements in conventional robots, to build up more reliable and precise 

control strategies to reach a higher level of sophistication and to boost the movement 

speed of the robotic devices.3  

However, because of the growing needs for human-robot interfacing, new 

concerns are raised. First, one great challenge for a hard-bodied robot is safety. Even 

a small malfunction or inaccuracy of the robotic movement can cause severe injuries 

to people nearby. Therefore, for example, human labor and the tasks executed by 

robots are often separated in factories to prevent accidents. Second, hard -bodied 

robots are typically of large size. Nowadays it is possible miniaturize the size of 

power sources, control circuits and sensors down to few centimes, but not to 

millimeter scale or below. Downscaling would be needed in actions where robot’s 

small size is essential such as searching people from collapsed buildings or 

performing operations inside human body.4,5 Third, in natural conditions, i.e., 

outside factory production lines, the environment of the robot is continuously 

changing, and the robotic action cannot be based on pre-programming. Instead of 

being only a “dull” labor alterative for human, robots must learn to adapt to their 

surrounding environment and take actions accordingly. This novel robotic concept 

is strongly inspired by biological species6 — robots need to adapt, sense their 

environment, and even make decisions and learn. In other words, the robots of 

tomorrow must be “smart” and capable of advanced functionalities.  
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To overcome the above-mentioned challenges encountered in conventional hard-

bodied robotic systems, scientists have tried to replace the hard parts with soft 

materials. As a result, soft robotics has been an emerging research field in the past 

decades.7–9 According to Web of Science over 5500 scientific articles related to soft 

robots have been published in past ten years, collecting over 80,000 citations. Soft 

robots provide extra degrees of freedom for actuation, hence greatly simplifying 

many task executions that are very difficult for traditional robots, such as grasping a 

fragile object with a non-regular shape, squeezing into a narrow space, or passing 

obstacles. Getting rid of hard components also render soft robots safe for humans, 

unlike their hard-bodied counterparts. Regarding the materials used for soft robotic 

actuation, majority of the research focuses on pneumatic/hydraulic actuators that 

provide large shape changes and deformation flexibility determined by the amount 

of input pressure.10,11 However, these methods rely on wire or tube connections in 

energy delivery and/or robotic control, posing great hurdles for device 

miniaturization. To realize a miniature soft robot, much effort is needed to scale 

down the actuators, control circuitry, and power sources, and to integrate all of them 

within the dimensions of a few centimeters or below.12 Such miniaturized robots 

may have applications for instance in the fields of cell manipulation, drug delivery 

systems and microfluidics,13,14 yet miniaturization remains as one of the grand 

challenges in soft robotics. To address this challenge, an attractive alternative is to 

use stimuli-responsive materials15,16 which can alter their physical and chemical 

properties upon exposure to external energy sources. Stimuli-responsive materials 

can be powered with, e.g., heat, magnetic, electric or acoustic field, humidity or 

light.17–23 Using external stimulus to power the robotic movement removes the need 

for wires and integrated power sources in the robot’s body, helping not only in robot 

miniaturization but also in making the robot more adaptive to the environment. As 

stimuli-responsive materials change their properties in response to changes in 

environmental conditions, they may allow robots to sense and adapt to their 

surroundings. Among the different stimuli that can be used to power stimuli-

responsive materials, light has many attractive features as it is clean and non-toxic 

and provides a wireless powering approach with no physical contact between the 

energy source and the material.  

In this work we develop new types of wireless soft actuator systems with an 

overall size in the millimeter-centimeter range. Using these materials, we realize 

micro-robotic systems that are endowed by rigorously designed actuation modes 

driven by external feedback received from the light field and built-in responsive 

function of the material. 
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Among different classes of light-responsive materials, polymers stand out as 

particularly attractive.16,24 Polymer materials can be either hard or soft, glassy or 

elastic, depending on their physical properties and chemical structures, hence 

enabling great flexibility in material design and, in the context of soft actuators, the 

diversity of mechanical motions obtained. Photomechanical polymeric actuators 

offer an interesting route to harness light energy to fuel mechanical motions,25 thus 

providing a solid pathway towards light-driven soft micro-robots. Among the variety 

of polymer materials that can deform under light stimulus, we have chosen two 

systems: liquid crystal networks (LCNs) and hydrogels. LCNs are crosslinked 

polymers containing liquid crystal molecules. They provide the orientational order 

of liquid crystals in highly deformable solid-state materials, allowing large light-

induced anisotropic deformations to be achieved.26 Hydrogels, on the other hand, 

are hydrophilic crosslinked polymers capable of holding a large amount of water in 

their network. The water-holding capacity of the hydrogels can vary in response to 

environmental change, leading to material swelling/shrinkage and thus 3D-

deformation.27 In this study, the stimuli-responsive behavior of both classes of 

materials are designed, programmed and utilized to obtain complex structural 

deformation and advanced control strategies for soft robotics.28  

1.1 Aim and scope of this work 

Fabrication of polymeric actuators capable of sophisticated stimuli-responsive 

movements when powering with light energy forms the core of this thesis. This 

thesis contributes to the field of soft micro-robotics by introducing advanced 

concepts and design principles based on 1) self-sustained oscillation, 2) distinct 

responses to different colors of light, and 3) reconfigurable photo-deformation. The 

connection between the advanced control strategies and the publications comprising 

this study is shown in Fig. 1.1.  

Self-oscillator is a stimuli-responsive structure that can sustain periodic motion 

without a need to control the periodicity of the power source (Concept 1). In 

Publication I, we report light actuators exhibiting self-oscillation with three basic 

oscillation modes: contraction-expansion, bending and twisting. Particularly, we 

device a freestyle self-oscillator, that combines many oscillation modes within a 

single structure. The self-oscillation phenomenon is further studied in Publication 

II where we show that self-oscillation can be designed to occur non-reciprocally. 
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Figure 1.1  The three advanced control strategies to drive photoactuation used in this thesis, and their 
connections to the thesis publications. 

To achieve advanced light-control strategies for soft robotics, we fabricated LCNs 

capable of distinct responses to different colors of light (Concept 2). In Publication 

II, actuators are fabricated with two segments responding to different wavelengths 

of light. Parallel control of these actuators resulted in non-reciprocal movements, 

which is essential for complex robotic locomotion. In Publication III, we utilize 

photothermal and photochemical effects in a monolithic actuator strip and show 

that these two mechanisms act synergistically and lead to enhanced deformability. In 

Publication IV, a novel light control method is achieved by using diarylethene 

crosslinkers in LCNs, where the light controllability in visible wavelengths is fine-

tuned by UV-induced absorption changes of the material. 

This work also studies one of the grand challenges in photoactuation and soft 

robotics: reconfigurability (Concept 3). Reconfigurable photoactuators can respond 

to an identical stimulus in different ways, through a re-programming process 

conducted after fabrication. In Publications III and V, we used patterned light field 

to control azobenzene isomer distribution to achieve distinct deformation 
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geometries in LCNs, and reconfigure arbitrary curvatures in hydrogel sheets, 

respectively. In Publication IV, the light sensitivity is reconfigured using all-optical 

control of the diarylethene photochrome. 

1.2 Thesis structure 

This thesis is divided into 5 chapters. Chapter 1 provides the introduction and 

motivation of this work, formulating the aims of the study. Chapter 2 provides 

background information on stimuli-responsive polymers used for the study. The 

focus lies in liquid crystal networks and stimuli-responsive hydrogels, covering 

common approaches for their preparation and characterization.  

Chapter 3 deals with photomechanical deformation (actuation). The chapter 

starts with a discussion of the types of light-triggered LCN shape changes, followed 

by more detailed description of the mechanisms, i.e. photothermal actuation based 

on light-absorbing agents and photochemical mechanisms where azobenzene or 

other photochromic molecules are utilized. Moreover, a comparison between 

photothermal and photochemical actuation strategies is elaborated. Finally, light-

induced shape-morphing is discussed from the hydrogel viewpoint. 

Chapter 4 highlights the key results of the publications comprising this thesis. 

Detailed discussion is provided along the three key focal concepts outlined above: 

self-sustained photoinduced motions, distinct response to different wavelengths of 

light, and reconfigurability, attempting to address the advances these concepts can 

bring to the context of soft photoactuators.  

Chapter 5 summarizes the results of the thesis and provides future prospects for 

the fields of photoactuation and soft robotics. 
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2 ARCHITECTURES OF STIMULI-RESPONSIVE 
POLYMERS 

Stimuli-responsive polymers can respond reversibly to one or many stimuli like heat, 

pH, optical, electric or magnetic fields, humidity, chemical additives, and so on.16 

Polymeric materials offer a range of benefits such as the flexibility of polymer 

backbone (to form materials from hard plastics to soft elastomers), designable 

functional groups and possibility to incorporate different kinds of responsive 

elements into their structure. Stimuli-responsive polymers are considered to be 

excellent candidates in applications like controlled drug delivery, sensing, tissue 

engineering, responsive coatings, artificial muscles and soft robotic systems. 28,29 In 

this chapter, we introduce distinct classes of stimuli-responsive polymer systems and 

their key characteristics. We will particularly concentrate on two types of polymer 

systems capable of shape changes in response to external stimulus: liquid crystal 

networks and hydrogels. We will start from the historical background, followed by 

actuation mechanisms, and finally elaboration on relevant fabrication approaches. 

2.1 Stimuli-responsive polymers  

Polymers can be found everywhere, as each of us is dealing with plastics-containing 

daily products like water-bottles, cell phones, clothes, etc. Even though polymers are 

often used as a synonym for plastics, they widely exist also in living organisms. For 

instance, rubber and cellulose or DNA and proteins, responsible for life, are natural 

polymers. The utilization of polymers dates back all the way to ancient Egypt where 

people started using papyrus for writing. However, the chemical nature of polymers 

was unknown until the 20th century and the work of Hermann Staudinger.30 

Staudinger predicted that polymers contain smaller elementary units called 

monomers. These monomers can be polymerized, i.e., linked with covalent bonds 

to form long macromolecular chains, which can further associate with each other via 

chemical or physical interactions. Shortly after this discovery, the first synthetic  

polymer, Nylon, was fabricated in 1935 by Dupont.31 Triggered by these pioneering 

findings, researchers have been making groundbreaking advances in the field of 
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polymer science and a huge amount of different polymers with diverse chemical, 

mechanical, electrical and optical properties have been synthesized. Polymers appear 

in various morphologies and they can be produced in the form of linear (homo- or 

co-) polymers, block copolymers or dendrimers; they can form micelles or capsules 

via self-assembly. Polymers may be anchored to a surface, generating single/mixed 

polymer brushes, films, and layer-by-layer (LbL) assemblies. 3D polymer networks 

can also be generated using chemical or physical crosslinking. 

The fast growth of polymer research led also to the development of responsive 

polymers. Those materials can respond to their environment by altering their 

chemical and/or physical properties, referred as stimuli-responsive polymers from 

now on.32,33 In these polymers, the stimuli-responsiveness arises from activation of 

the functional groups or other responsive elements/domains inside the polymer 

matrix. When stimuli-responsive polymers meet specific inputs, they undergo 

structural and conformational change which is then accompanied by variation in 

their physical properties. In the past decades, many stimuli-responsive polymer 

systems have been studied with fine-tuned morphologies, utilizing various inputs, 

and producing wide range of outputs, targeting various applications as illustrated in 

Fig. 2.1. Rather than giving a comprehensive overview, we direct readers to these 

reviews16,33–35, and give here only some state-of-the-art examples of applications to 

show the multiplicity of the field of stimuli-responsive polymers. 

Probably the most primitive example of stimuli-responsive polymers is the one 

exhibiting temperature dependence. A phase transition, a feature causing change in 

the polymer chain conformation at the solvation state,36 was first demonstrated in 

the 1960s with Poly(N-isopropylacrylamide) (PNIPAm).37 PNIPAm exhibits a lower 

critical solution temperature (LCST), above which de-mixing occurs between 

polymer chains and aqueous solution, yielding phase separation. Today, PNIPAm 

can be functionalized with various elements having responses to different stimuli 

(i.e. pH, ionic strength or light), and developed into materials exhibiting various 

outputs, such as changes of color, wettability, cell interfacing, etc.33 

The stimuli-responsive polymers can convert stimulated inputs to readable 

outputs which makes them suitable to sensor applications. In this context, polymer 

surfaces with modified nanoparticles or nanocrystals have been attractive choices 

due to tunable quantum effects they possess.35 Stimulated conformational change of 

the polymers modifies the chemical environment of the attached particles and 

therefore changes the optical properties of the polymer matrix. For example, 

polymers functionalized with pH-responsive molecules can change light absorption 

and/or emission through pH-modified surface plasmon resonance of gold 
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nanoparticles38 or Förster resonance energy transfer of quantum dots.39 Also, 

polymer sensors capable of detecting biological species have been demonstrated.  In 

this case, enzymes produced from bacteria40 or urea41, are often involved in polymer 

responsiveness to detect the quantity of species. 

 

 

Figure 2.1 Stimuli-responsive polymers. Polymer structural and conformational change under specific 
stimulus leading different outputs/applications. Figures in Output/application reproduced with 
permission: Self-healing42, Copyright 2010, Annual Reviews. Drug delivery43, Copyright 2006, John 
Wiley and Sons.  Sensors39, Copyright 2014, ACS. Artificial muscles44, Copyright 2009, RCS.    

As stimuli-responsive polymers can also be made biocompatible, they have been 

used extensively in bio-medical applications like drug delivery.24 In stimuli-controlled 

drug delivery, polymer structure is deemed to survive in vivo and in vitro, deliver the 

cargo and release the drug into the targeted cells. To this extent, polymer capsules 

and nanofibers have been extensively used. They can, for instance, grab the drug 

cargos, protect it inside the human body, and release the drug under specific stimuli 
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(temperature, pH, light)43 or the presence of biological substances (high sugar or 

allergens level).33 

Another interesting application is the capacity of self -healing. Self-healing 

polymers can recover their properties such as elasticity or surface smoothness, after 

the structure has been physically damaged.45 This capacity is usually induced by re-

formation of chemical bonds under stimulus, and it can be realized by several 

chemical mechanisms like interchain diffusion, covalent bond re-formation or post-

curing of thermoplastic polymers.42 For example, light input has been used to design 

optically healable supramolecular rubbery polymer, in which the polymer recovers 

after activating the metal-ligands by UV exposure.46 In another example, a LbL 

assembly of polyelectrolytes on a metal surface provides a mechanism for corrosion 

protection: after detection of corrosive ions, the polymer releases inhibitors, 

buffering the pH of the corrosive area and self-curing of the polymer film, enabling 

self-healing activity.47 

Finally, by targeting applications in the regime of soft robotics, stimuli-responsive 

polymers able to change their shape under an external stimulus, referred to soft 

actuators or artificial muscles, are of great interest. These polymers can produce 

similar or even higher stains and stresses than natural muscles, and provide 

sophisticated control over shape-morphology.48 In the following, we will introduce 

macromolecular robotic actuator systems based on crosslinked polymers, and 

elaborate the topic of soft robotics in the next section. 

2.2 Stimuli-responsive polymer actuators 
 

Dynamic shape deformations are frequently observed in nature across both animal 

and plant kingdoms. In animals, the most distinct feature is the ability to move their 

limbs and create mass translocation (locomotion) powered by muscles that translate 

the energy received from biochemical fuels into mechanical output 

(contraction/expansion). Plants, in turn, can reversibly re-shape their geometry via, 

for example, osmotic pressurization or hygroscopic swelling; common example 

being Venus flytraps that close upon mechanical triggering.49 Both animal and plant 

kingdoms have provided an endless source of inspiration for engineering stimuli-

responsive polymer actuators and artificial muscles that can be further developed 

into concrete soft robotics applications.49,50 

Conventionally, stimuli-responsive polymer actuators can be divided in two 

classes: shape-changing polymers (SCP) and shape-memory polymers (SMP).51 The 
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main difference between SCP and SMP lies in the distinct shape-changing kinetics. 

SCPs usually deform gradually if they are subject to specific stimuli, heat being the 

most common one, and restore their original form when the stimulus is stopped. 

Such shape change is usually reversible and can be cyclically performed. Conversely, 

SMPs are programmable materials with temporary shapes (bent, twisted, or folded), 

by processing the polymer above its transition (glass transition or melting) 

temperature followed by a cooling process.52 This temporary shape is maintained 

until the stimulus is applied (e.g. heated above transition temperature) to induce the 

recovery of structure. A major advantage of SMPs over SCP is their reversible and 

reconfigurable deformability, which enables them to deform in multiple shapes but 

usually deteriorate in response to repeated actuation cycles. 

Many stimuli-responsive polymer systems are realized based on above 

mechanisms. In earliest demonstrations, polymer actuators with bilayer structures 

exhibited bending deformation due to different thermal expansion coefficients 

between the layers.35 In this configuration, one layer can be stimuli-responsive while 

the other may be passive, and different thermal strains between the layers cause 

bending of the structure. Depending on the layer material, e.g. SCP or SMP, bending 

deformation can be performed in programmable or reversible fashion. However, 

this approach often suffers problems associated with poor adhesion between the 

layers and is limited in the forms of actuation. Thus, there is a need to investigate 

novel actuator systems with versatile shape morphing and prolonged mechanical 

stability.  

Electroactive polymers (EAP) is one of the most popular class of soft actuators,17 

as they can generate large deformation and forces, thus mimicking the working 

mechanism of human muscles that are also triggered by electrical signals and induce 

contraction. EAPs can be divided into two categories: dielectric elastomers (DEA) 

and ionic electroactive polymers (IEP). The working mechanism of DEA is similar 

to capacitors – they can be fabricated by coating polymer surface with charged 

materials (carbon grease or graphite) or by deposition of compatible electrode to 

sandwich the polymeric film.53 Under an electrical field, the polymer surfaces attract 

each other, pressing the structure and resulting in contraction along the thickness of 

the actuator. IEPs, on the other hand, are constructed in a way that the material itself 

is sensitive to the electric field. For instance, the polymer matrix can be swollen 

within ionic solution or doped with carbon nanotubes to attain the electric sensitivity 

and shape-deformation under the electric field.54 However, even if used extensively 

in soft robotic applications, EAPs have an obvious problem: they rely on high 
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voltages which limits their tunability, working environment and miniaturization 

possibilities. 

Two classes of specific stimuli-responsive actuators have been receiving 

significant attention these days: liquid crystal networks (LCN) and hydrogels. They 

can produce large, complex, and controllable deformation by reacting to a wide 

variety of stimuli like heat, pH, light, and humidity. Moreover, controlled 

deformation can be achieved in various environments like in air, water or even inside 

the human body. These two actuator systems form the focus of this thesis and are 

discussed in more detail in the following sections.  

2.3 Liquid crystal networks 

In this section, the most relevant class of stimuli-responsive polymer actuators for 

the thesis, liquid crystal networks (LCNs), is discussed. Before going to details of the 

shape-changing mechanism and fabrication process of LCNs, liquid crystals (LCs) 

are briefly introduced.  

2.3.1 Liquid Crystals 

Liquid crystals are common to every household because of the liquid crystal displays 

(LCD) used nowadays on smart phones and TV screens. As the name implies, LCs 

possess properties that are intermediate to those of liquids and crystalline solids. This 

is the reason why the LC phases are often denoted as mesophases. Liquid crystals 

can flow like liquids, but still have orientational anisotropy, meaning that their 

physical (optical, electrical) properties are direction-dependent.55 The LC 

mesophases can exist at a specific concentration (lyotropic) or temperature 

(thermotropic) range. Molecules forming lyotropic mesophases are usually 

amphiphilic (one end is hydrophobic and another hydrophilic), and the LC phase 

arises from the interaction between the LC molecules with a suitable solvent. As 

thermotropic LCs are the focus in this work, lyotropic LCs are not covered further. 

Molecules which can form thermotropic LC phases are called mesogens. The 

most typical forms of the mesogens are rod-like (calamitic), as used in this work, and 

disc-like (discotic) shapes.56 Today, hundreds of molecules can form LC phases, 

however they are sharing some basic characteristics and some common structural 

features, as shown in Fig. 2.2a. A typical rod-shape mesogen (Fig 2.2b) have two or 
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three rings (often six-membered ring, e.g., phenyl-ring) connecting directly to each 

other or through a linking group. This structure provides rigidity and linearity, both 

important factors for formation of LC phases. The linking groups increase the length 

of the molecules, while preserving the linear shape. Some linking groups (e.g. azo) 

can be photo-switched, enabling their use for optically controlled LC phases (Fig. 

2.2c). Second important factor is the end-group. Long alkyl (CnH2n+1) or alkoxy 

(CnH2n+1O) chains or polar groups (CN, Cl, F) stabilize the anisotropy of the 

structure and affect the melting point. Moreover, the end-group can contain 

functional groups (e.g. acrylates) which can be polymerized to form liquid crystal 

polymers (Fig. 2.2c), discussed further in the next section.  

 

 

Figure 2.2 a) A basic structure of the rod-shaped LC molecule; b) chemical structure of a common LC 
molecule, 5CB; c) LC molecule having azo linkage group and an acrylate end-group. 

In thermotropic liquid crystals, the LC phase occurs within specific temperature 

range below isotropic but above crystalline state, depending on chemical nature and 

physical properties of the mesogens. Thermotropic LCs can be divided into different 

categories, depending on the type of molecular orientation, and whether positional 

order of the molecules is present. In a general case, when elevating the temperature, 

smectic mesophases firstly appear, followed by nematic and eventually isotropic 

phase (Fig. 2.3).57 A material can have one or more LC phases. In Smectic LC phase, 

molecules have both long-range positional order in the parallel direction to the layers’ 

normal, and orientational order, while in nematic LCs only orientational order is 

present.58 Smectic phase is also divided into subcategories according to how the 

mesogens are oriented with respect to the layers’ normal or the plane. For instance, 
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Smectic A shows molecular director in the direction of the layer normal, and in 

Smectic C the molecules are tilt with respect to the layer normal. The scalar order 

parameter (S) states about the orientational order present in the material, providing 

an average over the orientation of all the molecules in the assembly. It can be defined 

by the following equation: 

 

S = 
1

2
<3 cos2 β - 1 > ,           (1) 

 

where 𝛽 is angle between the local director (n) and the long axis of LC molecule, 

and <.> is the average sign. The order parameter can vary between 0 (amorphous 

material) and 1 (perfectly ordered material). Typical value for nematic LCs is around 

0.6. The order parameter of nematic LCs decrease gradually with increasing 

temperature and drops to zero when nematic-isotropic phase transition occurs, as 

predicated by Landau-de Gennes theory.58 

 

 

 

Figure 2.3 A schematic showing orientation of the molecules in isotropic liquid and common liquid 

crystal phases. 

One special LC phase is the cholesteric mesophase, which is formed when nematic 

LC is doped with chiral molecules. Chirality causes a helical rotation of the molecules 

along an axis perpendicular to n. Along the helical axis the cholesteric mesophase 

shows periodic behavior. The periodicity is dictated by the length in which the helix 

completes a full 360° rotation, known as the pitch, P. The pitch determines the 

wavelength of light that is reflected through Bragg conditions. Typical cholesteric 

LCs have a pitch length of hundreds of nanometers, comparable to wavelengths of 

visible light.59 As the pitch length can also vary with temperature, cholesteric LCs 

exhibit distinct colors at different temperatures.  
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As LC orientation is anisotropic, its dielectric, magnetic and optical 

(birefringence, dichroism) properties are direction-dependent.60 Dielectric 

anisotropy allows different values of dielectric permittivity in directions parallel (ε∥) 

and perpendicular (ε⊥) to n. If the LC has positive dielectric anisotropy (ε∥ > ε⊥) the 

molecules align their long axis parallel to the electric field direction. Materials with 

negative dielectric anisotropy would align perpendicular to the electric field. In terms 

of optical properties, anisotropic features result to the refractive index of the material 

differing for the light polarized in directions parallel or perpendicular to n.61 

Therefore, light polarization can be modulated when passing through LC assemblies 

when not parallel or perpendicular to the director n. The anisotropic electrical and 

optical properties lie behind the basic working principles for LCDs and other electro-

optic devices. 

Orientational order and anisotropy of LCs are also responsible for their elastic 

properties. Because of their low viscosity, the LC order can be destructed with 

external stimulus (electric, magnetic, and light fields), but once the stimulus is 

removed, the mesogens return to their initial state to release the stored elastic energy. 

This property can be translated to the macroscopic mechanical deformation of the 

material in liquid-crystalline polymers, a feature which will be elaborated in the next 

section.  

2.3.2 Construction of LCNs from LC molecules 
 

To translate the anisotropic properties of LCs into solid polymers,  the LC phase 

must be “frozen-in” by polymerization of the LC mixture to form solid, stimuli-

responsive materials (Fig. 2.4a). To achieve this, LC mesogens must contain chemical 

groups that allow polymerization, e.g. acrylates, methacrylates, thiols or epoxy 

groups. Historically, (meth)acrylate polymerization was firstly predicted by de 

Gennes62 in 1975 and synthesized by Finkelman63 in the beginning of the 80s, about 

100 years after the discovery of the liquid crystals. Polymer networks which exhibit 

liquid crystallinity have been referred by many names, depending on the crosslinking 

density, Young’s modulus (E) and glass transition temperature (Tg) of the polymer.68 

The most common ones are glassy liquid crystal networks (GLCNs, densely 

crosslinked, E > 0.2 GPa) and liquid crystal elastomers (LCEs, loosely crosslinked, 

E ~ 1 MPa).26 In this thesis we will use the term LCN to refer to both polymer types 

unless otherwise stated.  
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Figure 2.4 a) A schematic illustration of heat-responsive elongation-contraction of a uniaxially aligned 
LCE. b) Thermomechanical contraction of the LCE along the director lifting 10 g weight.64 Figures 
reproduced with permission: b) Copyright 2010, John Wiley and Sons. 

LCNs are crosslinked polymer networks that combine polymer elasticity with the 

orientational anisotropy of LC phases. After crosslinking, the polymer chain 

conformation correlates directly with the macroscopic shape of the entire structure 

which can be changed upon external stimuli such as heat, pH, light, moisture and 

electric or magnetic field.65 All LCNs are naturally thermoresponsive but their shape-

changing mechanisms upon heating/cooling may differ.66 In rubbery LCN (or LCE), 

the Tg is below room temperature and the LC mesogens and polymer chains are 

coupled, leading to an ability of large-magnitude reversible shape change upon 

heating-cooling cycles.67 At low temperature (in LC phase, usually nematic), the LC 

mesogens are aligned in a specific direction pre-determined during the fabrication, 
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and the polymer chains are elongated and connected to each mesogen. An increase 

in temperature elevates the average 𝛽, and thus lowers S (Eq. 1), until the molecular 

order is lost, and the isotropic state reached. At this state, the polymer chains exhibit 

random-coil conformation driven by entropy (Fig. 2.4a),64 which leads to the 

macroscopic deformation. This muscle-like shape change is called 

thermomechanical actuation, and a substantial strain is often observed parallel to the 

LC director (Fig. 2.4b).68 Conversely, for densely crosslinked LCNs (or GLCNs) that 

have Tg above room temperature (typically 40-120 ºC), the LC moieties mostly 

maintain their orientation/alignment upon even substantial heating.69 Here, 

thermomechanical actuation arises from anisotropic thermal expansion, 

characterized by the coefficient of thermal expansion (α).26 In aligned GLCNs, α 

depends strongly on the alignment direction, being positive perpendicular to the 

director and negative parallel to it. Upon heating, the GLCN expands perpendicular 

to n, thus by controlling the LC alignment distribution through the thickness of the 

material or inscribing in-plane variations, significant bending and other 3D shape 

deformations can be observed, as will be discussed in more detail in Chapter 3. It is 

worth noting that in some cases it might be difficult to distinguish between LCE and 

GLCN, as both phase transition and thermal expansion may contribute to the overall 

deformation, due to the fact that the material is often thermally actuated across a 

broad temperature range (from room temperature to above two hundred degrees 

Celsius).70,71  

Conventionally, LCNs are prepared via two different approaches: 1) two-step 

reaction utilizing polymeric (typically siloxane based) and/or monomeric precursors 

and 2) one-step method using only monomeric precursors. The two-step method 

was invented by the Finkelmann Group.63 In this method, the prepared precursors 

are loosely crosslinked, and some amount of mechanical stretching (Fig. 2.5a), or 

sometimes use of electric/magnetic fields,72 is needed to align the mesogens. The 

created LC alignment is then fixed by secondary crosslinking step to form stabilized 

polymer structure. While the first polymerization step takes place on the surface of 

a catalyst upon heating, the second one can be obtained by heat- or photo-

polymerization.73 

The one-step method was first demonstrated by Broer and co-workers in Philips 

Research Center in late 1980s.74 In this method, low-molecular-weight reactive 

mesogens, usually diacrylates, are polymerized in a single-step (Fig. 2.5b). Because 

the polymerization needs to be conducted at the LC phase to attain well-controlled 

molecular-level orientation, photopolymerization is often more favorable than the 

thermal one. Prior to the polymerization, the mesogen mixture (isotropic phase) is 
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infiltrated between two surfaces of a cell with specific treatments, which align the 

molecules when cooling down to LC phase. This surface alignment technique, 

benefitting from surface anchoring mechanism, is similar to the commonly used 

techniques in fabricating LC-based electro-optical devices like LCDs.75,76 In most 

cases, and also in our studies, thin polymer layers (polyvinyl alcohol, polyimide) are 

spin-coated on the substrates and rubbing of these layers introduces nanogrooves 

that orient the LCs near the surface to planar configuration (Fig. 2.6a) and the 

orientation is translated into other liquid crystal molecules via intermolecular 

interactions, leading to controlled LC alignment across the sample thickness.77 

Related approaches may also produce homeotropic orientation, where molecules are 

oriented perpendicularly to the substrate (Fig. 2.6b). However, to have good 

alignment throughout the material thickness, the method is usually limited fairly thin 

films, in the range of tens of microns. Complex 2D alignment can be obtained with 

photoalignment techniques where the dichroic materials coating, or photoalignment 

layer, can pattern the LC director as dictated by polarized light irradiation with a 

resolution well below a micron.78,79  

 

 

Figure 2.5 Two main approaches for the preparation of LCNs. a) A two-step process where material is 
first loosely crosslinked followed by mechanical stretching to align LC molecules and second 
polymerization. b) A one-step method where mesogens are first aligned in an LC cell and then 
crosslinked via photopolymerization. 
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Figure 2.6 Schematic representation of basics LC alignment: planar (a) and homeotropic (b) of 
mesogens. c) POM images of planar-aligned LCN film with polarizers parallel/perpendicular (left) and 

at  45° angle to n. 

After polymerization, the LCN can be characterized by polarized optical microscope 

(POM). POM consists of a light source and two crossed polarizers placed on the 

light path and therefore no light cannot transmit through the microscope to the 

image plane. However, when a birefringent sample, such as LCN, is placed between 

the polarizers, the polarization is modulated, and light can transmit through to the 

second polarizer. In planar-aligned LCN films, the sample quality can be assessed by 

comparing the brightness and uniformity of POM images when n is 

parallel/perpendicular to the polarizers (no polarization modulation, dark image) and 

when n is at  45° angle to the polarizers (large polarization modulation, bright 

image) as shown in Fig. 2.6c. 

When making the choice between the LCN fabrication approaches, one should 

consider their properties from the perspective of application they are targeting. For 

example, in Publication I, we study light-fueled oscillation with different oscillation 

modes and for that, fabrication of LCNs that exhibit different deformation modes 

is needed. For the bending and twisting deformation, we adopted a typical molecular 

composition from Broer and co-workers,80 which leads to glassy end-on side-chain 

polymer structure (Fig. 2.7a). These materials are stiff and can generate relatively low 
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level of strain and limited deformability. Usually, the deformability can be enhanced 

by decreasing the crosslinking density or using mesogens forming side-on polymer 

structure,81,82 where rod-shaped mesogens are connected to the polymer backbone 

from the middle (Fig. 2.7b). This improved deformability was utilized to realize 

contraction-expansion oscillation mode, and we used a composition slightly 

modified from the one reported by Keller and co-workers.82 As main-chain LCNs 

(Fig. 2.7c) have been proven to be capable of greater deformation performance,64 

we chose the material provided by Prof. H Yang ’s Group,83 for the so-called freestyle 

oscillator, where multiple oscillation modes are simultaneously achieved.  

 

 

 

 

Figure 2.7 Different LCN architectures based on connectivity of the mesogens to a main polymer chain: 
a) end-on side chain, b) side-on side chain and c) main-chain, and monomers from Publication I for 
construct those. 
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Beyond the conventional methods, researchers have recently developed novel 

fabrication method by using chain-extension reactions.84–86 In this method LC 

molecules with two reactive groups are first co-polymerized with small molecules 

having amine or thiol groups. These monomers undergo a chain-extension reaction 

through thiol-ene reaction or Michael addition to form a main-chain polymer (or 

oligomer) structure. After the chain extension, the material is crosslinked by 

photopolymerization. The chain-extension combines the advantages of the two-step 

main-chain LCNs (large deformability) and the one-step side-chain ones (facile 

molecular alignment control and patterning).87,88 In particular, chain-extended LCNs 

can be produced using extrusion-based printing with a 3D printer because of their 

high viscosity. During the printing process, the LC alignment is induced by the 

monomer-mixture flow through the nozzle, and the complex 3D architecture can be 

fixed by UV curing.89 These 3D printed structures can morph between 

predetermined shapes under thermal90,91 or light92,93 stimuli, while the deformability 

can be possibly programmed. As a result, 3D printing of responsive materials is often 

referred to also as 4D printing. This chain-extended LCN based 4D printing 

technique has received huge attention these days, because it fits well into the 

interface between soft robotics and stimuli-responsive materials.94  

2.4 Thermoresponsive hydrogels 

Hydrogels are chemically or physically crosslinked polymers holding a large amount 

of solvent in their network without dissolving them.95 Commonly hydrogel systems 

are working in an aqueous environment and upon thermal stimulus their water-

absorbing capability can change. As a result, the gel undergoes a reversible swelling-

deswelling process (Fig. 2.8). In contrast to LCNs, hydrogels are usually isotropic, 

and the deformation is homogenous along all directions. Hydrogels can be fabricated 

to respond to several stimuli such as pH, electric and light fields. 96 Due to 

prerequisite of aqueous environment, operation temperatures around 35 °C (close 

to human body temperature), and tissue-like mechanical properties, hydrogels are 

often prepared for bioengineering applications, for example, drug  delivery, tissue 

regeneration, and soft underwater robotics.97  
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Figure 2.8 Swelling-deswelling of the hydrogel results 3D-shape deformation.28 A figure reproduced 
with permission: Copyright 2020, John Wiley and Sons.   

Hydrogels can be prepared from many natural (collagen, chitosan) and synthetic 

(poly(ethylene glycol), polyvinyl alcohol)98 materials, but synthetic covalently 

crosslinked PNIPAm based hydrogels are by far the most popular ones. We have 

also adopted this material in Publication V. Similar to LCNs, polymerization of the 

PNIPAm hydrogels can be done either in one-step (in situ crosslinking) by mixing 

monomers, crosslinkers and free-radical initiators (Fig. 2.9),99 or in two steps (post-

synthetic) through first forming linear (co)-polymer and then crosslinking.100 In both 

cases, thermal- and photo-polymerization can be used.101,102 The key difference 

compared to LCN polymerization is that with hydrogels, polymerization is solvent-

based. The solvent can be water or combination of water and polar organic solvent. 

Polymerization of the hydrogels can occur in a vial to form bulky gels, or in a spin -

coated thin layer on substrates or inside a glass cell for thin film configuration. 101,103  

 

 

Figure 2.9 Synthesis of PNIPAm based hydrogels with free-radical thermal polymerization using 
azobisisobutyronitrile (AIBN) as an initiator (Publication V). 
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PNIPAm hydrogels are thermoresponsive in the way that heat alters the water 

content inside the polymer network, resulting in drastic volume change. PNIPAm 

hydrogels have a lower critical solution temperature (LCST) of about 32-34 °C.104 

When the environmental temperature is below the LCST, PNIPAm hydrogel is in a 

swollen state (gel-state) and hydrogen-bonding interactions with adjacent water 

molecules dominate over the interactions between the polymer chains. 105 Upon 

heating, the hydrogen bonds are gradually broken and intra- and inter-molecular 

hydrogen bonding/hydrophobic interactions between the polymer chains prevail. 

Above LCST, these interactions result in a collapsed conformation of the polymeric 

chains (sol-state).106 This collapse leads to a significant volume shrinkage of the 

material. In some other hydrogel systems this mechanism is reversed, and they 

become soluble when heating above upper critical solution temperature (UCST).96 

Based on this critical transition process, precisely adjustable temperature-

controllable mechanical properties by swelling/deswelling of material can be 

attained.107 Besides the volume deformability, the optical properties of hydrogels can 

vary dramatically after the sol-gel transitions, leading to transitions between 

transparent and opaque, highly scattering states. 

Since the temperature-driven swelling of hydrogels depends on the solvent 

interaction with the molecules and the hydrophilic/hydrophobic balance within the 

polymer network, additives in the gel matrix or solvent can influence the LCST. By 

co-polymerizing hydrophilic (e.g. acetic acid) or hydrophobic (e.g. azobenzene) 

additives to the hydrogels, LCST can be shifted to higher or lower temperatures, 

respectively.108,109 Furthermore, incorporation of photoactive units or photoacids 

into the hydrogels enables light and pH sensitivity, respectively.110,111 Tuning of 

LCST can also be done by adding salts, surfactants or co-solvent, which alter the 

solvent polarity and therefore adjust the polymer-solvent interactions. 

The amount of swelling of the hydrogels can be characterized by measuring the 

weight change between the swollen and dry hydrogel and thus determining the 

swelling ratio. Temperature-dependent swelling can be quantified by measuring the 

weight of the swollen gel at different temperatures. Swelling ratio in specific 

temperature can be controlled with crosslinking density of the hydrogels and swelling 

ratio usually decreases when the crosslinker concentration increases as material 

becomes stiffer or more plastic.95 Kinetics of volume change is based on poro-elastic 

mass transport and is therefore affected by the crosslinking density and 

hydrophilicity of the gel.98 The solvent diffusion time is directly proportional to 

second power of the smallest spatial dimension of the gel network. 112 As a result, 

bulky hydrogels typically exhibit slower speed in volume change than thin films. This 
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scaling-accelerated actuation process has benefited the investigation of thin film 

hydrogels for miniaturized devices with fast response and high environmental 

sensitivity.113 
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3 CONTROLLING PHOTOMECHANICAL 
DEFORMATION 

Among different classes of stimuli-responsive materials, photomechanical actuators 

are of great interest as they provide a route to harness light energy to fuel mechanical 

motions. Light is a highly attractive energy source, as it delivers photons (energy) 

rapidly and wirelessly over long distances. It is also versatile as its wavelength, 

intensity, and polarization can be controlled/programmed with high temporal and 

spatial resolution. Hence, light offers many possibilities for actuation control and 

pathways for sophisticated robotic movements.  

To obtain photomechanical deformation, light-sensitive elements need to be 

incorporated into the responsive polymer.25 Depending on the specific mechanism, 

the actuation can occur either photothermally or photochemically. In photothermal 

actuation, organic dyes or nanoparticles are often used as light absorbing units to 

convert light into heat.64,114 The heat serves as a driving force to change the LC 

alignment or causes thermal expansion in LCNs or change swelling metrics in 

hydrogels, leading to shape morphing.115 Deformation via photochemical effect is 

based on reversible photoswitching of photochromic molecules, most typically 

azobenzene.116 The photochromic units can switch between two states with distinct 

structural and physical properties, triggering a certain degree of disorder to the 

oriented LCNs or changing hydrophilicity of hydrogels,87,116 thus yielding 

macroscopic deformation. 

In this Chapter, we first illustrate the diversity of shape changes that have been 

obtained in LCNs. Then, photomechanics will be discussed in more detail by 

elaborating photochemical and photothermal effects, in both LCNs and hydrogels. 

Other alternatives for light stimulus e.g. electric or magnetic fields, chemical-stimulus 

or pH, will not be included but the reader is referred to following reviews for more 

elaborate discussions.7,16,33,117 This Chapter is partly based on ref. [3]. 
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3.1 Complex shape morphing in LCNs 

The mechanism of light-induced shape changes in LCNs relies on the specific form 

of built-in molecular alignment. As described in the previous chapter, uniaxially 

aligned LCNs exhibits a contraction-expansion deformation, and different 3D-

deformation modes like bending or twisting can be induced tuning the LC alignment 

or crosslinking density across the sample thickness.118 Similar to other actuators, 

bending is the most studied actuation mode in LCNs. However, conversely to bi-

layer structures,119 bending LCNs can be fabricated in the form of a single monolithic 

layer with homogenous chemical compositions, while the “bilayer -like” behavior is 

dictated by different molecular alignment between the two surfaces. There are two 

main types of alignment to induce bending actuation, 1) splay alignment, where LC 

molecules tilt from in-plane to out-of-plane and 2) twisted alignment, where LC 

molecules make 90° rotation through the film thickness as schematically shown in 

Fig. 3.1. In both cases the bending occurs because of anisotropic thermal expansion 

within the material – contraction along the director axis and expansion in the other 

directions – always resulting in bending towards the planar-aligned side.120 However, 

the bending of splayed and twisted LCNs upon identical stimulus are different.121 

The twisted film would also contract along the short axis, thus creating a curvature, 

the signs being opposite to those along the long axis and the film morphs into saddle-

like shape, which decreases its bending strength compared to the splay-aligned 

sample. The bending deformation is commonly, and in this thesis as well, chosen to 

characterize and quantify the photomechanical response of LCN actuators under 

different irradiation (wavelength, intensity) conditions. 

 

Figure 3.1 Schematic illustration of splay and twisted alignment and their different bending behavior.65 
A figure adapted with permission under terms of CC BY 4.0, Copyright 2020, The Authors. 
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Besides bending deformation, splay and twisted alignments can also produce coils 

and helicoids, depending on the stripe-cutting angle between the director n and the 

long axis of the film. In bending actuator, the cutting angle should be near zero, but 

having it ±45⁰ yields helicoidal deformation.122 More complex shape changes can be 

obtained by less conventional in-plane molecular alignment. For example, azimuthal 

and radial alignments can be obtained using photoalignment technique, leading to 

conical deformation (Fig. 3.2a).86,123,124 Moreover, regional patterning of twisted125 

or splay126 alignment with alternating orientation segments can cause adjacent LCN 

segments to bend in opposite directions, yielding accordion-like configuration (Fig. 

3.2b). Radial-splay alignment has been used to devise an artificial iris, which can open 

and close upon blue/green light illumination (Fig. 3.2c).127 An alternative approach 

for complex shape morphing is through spatial control of crosslinking density which 

generates different contraction-expansion ratio and thus different shape changes.128 

However, all the above examples, no matter how sophisticated, exhibit only one pre-

determined geometry of deformation under identical heat- or light-stimulus. Using 

reconfigurable actuation strategy can allow re-programming the shape morphing 

under identical stimulus, as will be discussed in Chapter 4.4.  

 

 

 

 

Figure 3.2 Complex LCN alignment and shape deformation: a) Azimuthal and radial alignments produce 
conical shapes.124 b) Alternating patterning of twist orientation leads to accordion-like motion.125 c) 
Radial-splay alignment and artificial iris.127 Figures reproduced with permission: a) Copyright 2021, John 
Wiley and Sons. b) Copyright 2013, John Wiley and Sons. c) Copyright 2017, John Wiley and Sons. 
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3.2 Photothermal effect using photo absorbers 

In photothermal actuators, light is absorbed by organic or inorganic dopants and 

converted to heat by non-radiative thermal relaxation processes.25,129 The heat 

dissipates to the whole polymer matrix and induces macroscopic shape deformation 

in the same manner as direct heating (Fig. 3.3).114 However, compared to direct 

heating, optical heating preserves all the desirable features of light stimuli, i.e. 

allowing localized and remote stimulation. Again, the shape morphing is dictated by 

the pre-designed molecular alignment,130 thus the extent of deformation can be 

changed by controlling the heat released from the light-absorbing moieties, or in 

other words, varying the illuminating light intensity. Shape deformation kinetics is 

mostly determined by heat capacity and thermal conductivity of the polymer, being 

usually in the range of seconds (Fig. 3.3) in an actuator with millimetre-to-centimetre 

length and tens of microns thickness.12 Relaxation to the initial shape usually occurs 

within roughly the similar time span after ceasing the light.  

 

 

Figure 3.3 Photothermal actuation with constant intensity, showing a time series of thermal camera 
images for photothermal bending of a splay aligned LCN strip (Publication III). 

The light-active elements used for photothermal actuation in LCNs can be roughly 

divided into three categories: 1) organic dyes, 2) carbon-based nanomaterials, and 3) 

plasmonic nanoparticles.115 The key selection criterion between these is that the 

doping agents must be soluble into the LC mixture. For organic dyes, this is 

straightforward because of the similarities between dyes and LC monomers. Many 

suitable dyes are commercially available or easy to synthesize (Fig. 3.4).131,132 

Moreover, organic dyes can also be added in the polymer network after the LCN has 

been polymerized, using heat-driven diffusion.133 Organic dyes exhibit different 

absorption properties depending on their chemical structures, allowing the 

photomechanical deformation to be driven by light within the whole ultraviolet 

(UV), visible, and near infrared (NIR) spectrum, depending on the targeted 

application.  
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Besides organic dyes, some inorganic materials are also suitable for 

photoactuation. Carbon materials like carbon black, carbon nanotubes and graphene 

absorb light from UV to IR, being highly efficient photothermal materials.134,135 For 

example, carbon nanotubes can be oriented along the direction of LC mesogens, and 

controlled by both light and electrical fields.136,137 Plasmonic nanoparticles, on the 

other hand, are versatile photothermal heaters due to their high molar extinction 

coefficient and high quantum yield of photothermal conversion.138 Especially gold 

nanorods stand out as they can be synthesized with many sizes and aspect ratios 

which determine the surface plasmon resonances of the particles, and therefore the 

photothermal activation wavelength.139,140 For example, LCNs containing very low 

amount (~0.05 w%) of gold nanorods can lead a temperature rise over 150 °C under 

moderate light intensities.141,142 However, inorganic particles are usually difficult to 

disperse into organic polymer matrixes, as they aggregate during the polymerization, 

resulting in decrease in the LC order parameter and deteriorating the mechanical and 

optical properties of the film.  

 

 

Figure 3.4 Organic dyes used in this thesis to trigger photothermal actuation and their peak 
wavelengths. 

As photothermal heating often leads to fast photomechanical deformation, it has 

been used to realize micro-devices capable of locomotion, as shown in Fig. 3.5a. 

Here, one conventional method is to use LCNs as a light-responsive layer combined 

with asymmetric surface(s) to create movement tendency. Upon spatial143,144 (Fig. 

3.5a) or temporal145 light excitation control, LCNs deform the body cyclically, and 

locomote due to the asymmetric friction between structure and the surface. 

Locomotion has been demonstrated also with monolithic stripe-like LCNs with 

patterned in-plane alignment. Directional movement can be induced by a local shape 
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deformation and asymmetric friction bias with laser scanning along the stripe (Fig. 

3.5b)146 or under cyclic spatially uniform light illumination (Fig. 3.5c).126 By placing 

viscous liquid under the robot, snail-like upward walker have been demonstrated as 

shown in Fig. 3.5d.147 

 

 

Figure 3.5 Walking LCN robots utilizing the photothermal effect: a) Locomotion of trilayer cantilever 
through NIR laser scanning.143 b) Traveling-wave deformation of a monolithic robot.146 c) Locomotion 
under spatially uniform blue light.126 d) Adhesive climbing on a vertical glass surface.147 Figures 
reproduced with permission: a) Copyright 2018, RCS. b) Copyright 2016, John Wiley and Sons. c) 
Copyright 2017, John Wiley and Sons. d) Copyright 2019, John Wiley and Sons. 

3.3 Photochemical effect using photochromic switches 

Photochromic switches are organic molecules that can reversibly change their 

structural, optical or electronic properties in response to light stimuli.148 These 

molecules have at least two thermodynamically (meta)stable states, and they are 

capable of reversible phototriggered interconversion between them. To effectively 

translate the molecular-level deformation into macroscopic mechanical motions, i.e. 

photochemically induced actuation, the switching have to take place in the solid state, 

and the switched molecules must act in concert. Here, the phototriggering of 

molecular photoswitches has yielded large shape morphing in anisotropic LCNs.26,149  
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By far, the most popular photoswitches to drive photochemical actuation of LCNs 

are photoisomerizable azobenzene (azo) derivatives.64 They are aromatic 

compounds, having two phenyl rings bridged by an -N=N- group. Azobenzene and 

their derivatives can undergo reversible shape changes (i.e. photoisomerization) 

between a thermally stable trans-state and a metastable cis-state when absorbing a 

photon (Fig. 3.6a). Depending on the molecular structure and environment, 

isomerization occurs either through out-of-plane rotation or in-plane inversion of -

N=N- bond.150 Trans-azobenzenes absorb light strongly in the UV region due to 

π→π* electronic transition and in blue wavelengths due to weak n→π* transition 

(Fig. 3.6b). In cis-form π→π* transition becomes weaker and blue-shifted while the 

n→ π* transition is enhanced. Isomerization causes a huge change in the molecular 

length from about 9.0 Å in the rod-shaped trans-form to 5.4 Å in the bent cis-form.151 

Also the dipole moments of these two isomers differ (0 D in trans- and 3 D in the 

cis-form for the unsubstituted azobenzene). Trans-azobenzenes are often mesogenic 

and align together with LC molecules along the director. However, isomerization of 

azobenzene to the bent cis-form disrupts the LC ordering, reducing the order 

parameter and triggering isothermally induced order-to-disorder transition in the LC 

and free volume changes in the solid state, which may trigger macroscopic shape 

deformation of the polymer.152–155  

The deformation of LCN actuator is associated with a cis-isomer population, 

hence the lifetime of cis-isomer determines the stability of the deformed structure. A 

long cis-lifetime (~hours) guarantees that the actuated shape can be maintained for a 

reasonably long period (~tens of minutes) after ceasing light stimulus. To restore the 

original state, one can apply cis-to-trans isomerization through visible illumination or 

with (photo)heating for a thermal relaxation.20 Cis-lifetime of azobenzenes depends 

strongly on its chemical structure. In Publications I-III we used a conventional 

azobenzene having alkoxy chain substitution with cis-lifetime of several hours. When 

an azobenzene is para-substituted with strong electron-donating and -withdrawing 

groups, that provide strongly asymmetric electron distribution (the push–pull effect), 

the cis-lifetime can be reduced to seconds or less. Conversely, by introducing halogen 

atoms, like fluorine, to ortho-position, cis-lifetime can be increased to even years.156 

Substitution can also significantly red-shift the π→π* band, allowing photoswitching 

with visible light.157  
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Figure 3.6 a) Azobenzene photoisomerization and b) UV-Vis absorption spectrum of trans- and cis-
isomers. 

Planar-aligned azo-LCN actuators often exhibit photoinduced bending. This is 

because the typically used relatively high azobenzene concentrations and high molar 

extinction coefficient of the trans-isomer lead to absorption gradient through the 

material thickness. Light cannot penetrate through the whole sample and 

photoisomerization occurs within a thin layer near the sample surface.158 This creates 

a different light-induced strain across the film thickness, and the film bends towards 

the light source. The photochemically induced strain can also have a strongly non-

linear response over a longer time span. Trans-cis isomerization induces major 

spectral changes and reduces the absorption coefficient at an excitation wavelength 

and more light would penetrate through the sample, yielding a planar-aligned bent 

sample to gradually unbend.152,159,160  

Azobenzene-LCN actuators have received a lot of attention in the past two 

decades. After the pioneering work of Finkelman161, Ikeda and co-workers reported 

on polarization sensitive bending in azo-LCNs,154 and robotic demonstrations such 

as light-driven plastic motor162, inchworm-type locomotion, and a robotic arm (Fig. 

3.7a)44. In the past few years, many other complex shape-morphing structures have 

been achieved, such as buckling87 (Fig. 3.7b), helical twisting163 (Fig. 3.7c), a helical 

roller (Fig. 3.7d)164, and kirigami deformations165. Moreover, Broer and co-workers 

have shown many photoswitchable topographical surface textures based on 

substrate-constrained films and azo-containing polymeric coatings.166,167  

Conventional azobenzene actuators have some limitations as they lack long-term 

deformed shape stability, because in most cases, the cis-isomer relaxes thermally back 

to the trans-form with relatively short time (minutes to hours).168 Moreover, 

wavelengths to control trans-to-cis and cis-to-trans isomers are close together, in many 

cases even overlapping, which prevents orthogonal wavelength control of the 

isomerization.150 To overcome these problems, researchers have studied alternative 
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photochromic molecules to drive photochemical actuation.169,170 One strategy is to 

utilize substituted azobenzenes which can have longer cis-lifetime and red-shifted 

activation wavelength. For example, ortho-fluorinated azobenzene can lead to truly 

bi-stable actuation in LCN.171 Another strategy seeks to use a large library of 

photochromic molecules and select a molecule that has better properties and which 

do not disturb an elegant balance of orientation of LCN. Recently, hydrazone172, 

diarylethene173 and stilbene174 -based photoswitches have been shown to lead to 

thermally bi-stable actuation in LCNs. 

 

 

 

 

Figure 3.7 Photochemical actuation using azobenzenes: a) Robotic arm movements.44 b) LCN film with 
buckling deformation induced by UV light.87 c) A LCN spring with two oppositely handed helixes 
connected by a kink.163 d) Spring-like “motor” for locomotion.164 Figures reproduced with permission: a) 
Copyright  2009, RCS. b) Copyright 2016, John Wiley and Sons. c) Copyright 2014, Springer Nature. 
d) Copyright 2017, John Wiley and Sons. 
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3.4 Photochromic molecules as heat generators 

Optical irradiation of samples containing photochromic molecules brings together 

photothermal and photochemical strategies and sometimes the photothermal effect 

suppresses the photochemical one. For example, irradiation of azobenzenes with 

short cis-isomer lifetime or simultaneous activation of trans-cis and cis-trans 

isomerization can create distinct isomerization-driven heating.175–177 In Publication 

I we used Disperse Red 1 (see Fig. 3.4), a ‘push-pull’ azobenzene with strong 

electron-accepting and -donating groups in the para positions (having cis-lifetime in 

the second range), as an effective heat generator. Even in the cases when 

photochemical processes are believed to be the main mechanism for driving the 

actuation, photoheating can rarely be completely avoided and it may contribute to 

the final deformation.178,179  

Other photochromic molecules, like hydrazone180 and ortho-fluorinated 

azobenzenes181 are also used as photothermal agents. Moreover, stilbene 

photoswitches capable of rotation via an alkene double bond have been showed to 

translate absorbed light energy to heat when isomerization reaction is forbidden by 

crosslinking.182 In Publication IV, we incorporated photochromic diarylethene 

(DAE) crosslinker into LCNs and used it as a photothermal heat generator. 

Diarylethene can undergo reversible ring-closing and ring-opening via 6π 

electrocyclization when illuminated with UV and visible light, respectively (Fig. 3.8a). 

DAE derivatives have thermally bi-stable isomers with half-life in the order of 

hundreds of years in room temperature in organic solvents.183,184 Another superior 

feature of DAE compared to azobenzene is that its π-electronic conjugation changes 

considerably upon photoinduced electrocyclization, resulting in huge spectral change 

(spectral shift of > 200 nm) between the isomers – ring-open form absorbing UV 

and ring-closed form green-red light (Fig. 3.8b). The switching reaction is reversible 

and repeatable with light irradiation and photoconversion rate is up to 99%. 185,186 

We utilized these features to power a DAE-LCN actuator photothermally, by first 

generating color via UV-induced electrocyclization of DAE and subsequently 

actuating the material with green-light-induced thermal effect. In our system, the 

electrocyclization of the DAE could not induce visible macroscopic deformation of 

the LCN film, as DAE undergoes only a small structural change when illuminated 

with UV light. 
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Figure 3.8 a) Diarylethene electrocyclization and b) a UV-Vis absorption spectrum of the ring open and 
closed forms  

3.5 Comparison between photochemical and photothermal 

actuation 
 

As described above, both photothermal and photochemical effects can be used to 

fabricate actuators, for potential use for future soft robotic applications. Both 

mechanisms have their own strengths and weaknesses which need to be considered 

when devising light-fueled robots.187 With the scope of the thesis, these differences 

can be grouped into three categories: 1) light-absorbing elements 2) photoactuation 

behavior and 3) photopatterned deformation (see Table 3.1). 

A photothermal dye can absorb light within a specific spectral range. Due to the 

diversity of dye molecules, the absorption can be tuned across a broad wavelength 

range, from visible to NIR. This makes photothermal actuation appealing for 

human-safe interfacing, as photochemically driven LCNs typically utilize harmful 

UV irradiation.25 Combining several photothermal dyes into a single network can 

extend the absorbing spectral range to cover the whole solar spectrum, leading to 

sunlight-driven actuation.181 Regarding the sample preparation, photothermal 

elements can be easily doped into the LCN matrix. However, for efficient 

photochemical actuation the photoswitches need to be crosslinked to the polymer 

network, making them synthetically more challenging to work with. Finally, the 

molar concentration required for efficient actuation is different between the two 

mechanisms. For photothermal actuation, few weight percentages of organic dyes 

(even less for nanoparticles) is sufficient to trigger photoheating upon moderate light 

intensities (few hundreds mW/cm2). However, much higher concentrations (from 5 

to 100 mol-%) are needed to invoke photochemical actuation, and as mentioned 
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earlier, such a high concentration result cis-isomer gradient through the material 

thickness. 

Table 3.1 Comparison between photochemical and photothermal strategies in shape-morphing. 

 Function Photothermal Photochemical 

1) Light absorbing 

element 

Absorbing 

wavelengths 
UV to NIR UV-blue 

Connection to the 

polymer 
Doped/bonded Covalently bonded 

Concentration Few w% 
Up to 

 100 w% 

2) Actuation 

Dynamics 
Fast; relaxation when ceasing 

the irradiation 
Slow; bi-stable 

Environment Mostly air Air, water 

3) Photopatterning Resolution Lowered by heat transfer Diffraction-limited 

The actuation dynamics between these two mechanisms is also different. The speed 

of actuation/relaxation in photothermal actuators is dictated by thermal heat 

capacity of the structure. As such, a small sized actuator (small thermal capacity) 

often allows fast (within millisecond) actuation, the key feature for soft robotic 

applications. The actuation is also dynamic in the sense that it relaxes when light is 

turned off. Conversely, the macroscopic deformation of photochemical actuators 

lags behind the illumination and it often takes minutes to complete the 

deformation.149 This may seem to be a drawback in robotic actuation, but if the 

photochromic molecules possess a long lifetime of the metastable state, the 

actuator’s deformation can also persist for long, which suggests a useful pathway to 

bi-stable photoactuation that can be useful, e.g., in tunable photonics. Regarding the 

working environment, photochemical actuation can be efficient in  both air and in 

aqueous environment.188 However, photothermal actuators rarely show efficient 

actuation under water due to the high thermal dissipation.12 One possible solution is 

to add plasticizers to reduce the temperature required for shape-morphing.189 

 It is a curiosity driven question what will happen if combining photochemical 

and -thermal mechanisms. In Publication II, we devised a single actuator composed 

with two photomechanical segments utilizing different kinetics of photochemical 
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and photothermal actuations. We show that this configuration can lead to non-

reciprocal movement, one of the basic characteristic patterns of natural locomotion. 

The results presented in Publication II indicate that instead of looking for the pros 

and cons of the photothermal and photochemical mechanisms, it might be fruitful 

to seek for the best combination of both. In this context, other researchers have 

reported enhanced control strategies for soft robotic movements. Several strategies 

relying on the combination of azobenzene isomerization as the photochemical 

trigger and visible-NIR photothermal moieties have been utilized. For example, with 

bi-layer LCN structure having photochemical and -thermal dyes in separate layers, 

different actuation modes can be achieved by triggering the different mechanisms.190 

Separating the two mechanisms into different actuators can also bring about 

sophisticated soft-robotic movement control like photochemical gripping of an 

object and parallel photothermal control over the lifting motion.141 Great effort has 

been dedicated to differentiate between these two photomechanical actuation 

schemes. The dominating mechanism can be detected by a measuring temperature 

change of the film under different illumination conditions.191 In Publication III, we 

have elaborated a detailed pathway to differentiate these two mechanisms, and how 

to implement both to realize synergistically enhanced actuation and reconfigurable 

robotics. Further details on this will be given in Chapter 4.4. 

Finally, comparison between the two actuation mechanisms can also be made 

from the perspective of photopatterning. In the context of this thesis, 

photopatterning is denoted as photothermal or -chemical deformation, which is 

triggered only in selected parts of the film using patterned light. In photothermal 

patterning, thermal broadening and heat dissipation due to convection or conduction 

limits the sharpness of the deformation.192 Photochemical patterning can be applied 

with much higher resolution, even reaching the diffraction limit of light. In 

Publications III and V, we utilize photochemical patterning of cis-azo 

concentration in different parts of the LCN or hydrogel films, respectively. In 

Publication III photomask was fabricated by covering a glass slide with black tape 

followed by laser cutting. The photomask was placed on top of the film prior to 

illumination with light-emitting diode (LED). In Publication V, we use maskless 

lithography utilizing a digital micromirror device (DMD) connected to an inverted 

optical microscope. This technique enables the projection of any computer-designed 

pattern though microscope objective to the sample with high spatiotemporal 

resolution, using laser or LEDs illumination with desirable emission profile.193 
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3.6 Light-induced shape morphing of thermoresponsive 

hydrogels 

In Chapter 2.5 we discussed the deformation mechanism of responsive hydrogels 

and noted that due to isotropic swelling/deswelling, anisotropic shape changes 

cannot be easily attained through molecular alignment control as with LCNs. 

However, complex shape changes can be induced through programming the 

swelling/deswelling properties locally.194195 Generally, swelling gradients generate in-

plane stresses that are compensated with out-of-plane bending or buckling.196,197 If 

the gradient appears in one dimension, e.g. across the thickness, it causes changes in 

the mean curvature of the gel (bending) as schematically shown in Fig. 3.9a. If such 

gradient is distributed across a two-dimensional plane, more complex shape-

morphing can be produced.198,199 For instance, centrosymmetric variation of the 

swelling ratio (higher swelling at the center) yields a spherical cap with positive 

Gaussian curvature: (Fig. 3.9b), while reversing the gradient results in a saddle-shape 

(Fig. 3.9c). 200  

 

 

 

 

Figure 3.9 Shape-morphing of hydrogel thin films. A bilayer structure with swelling gradient leads 
bending on the film (a). In-plane gradients lead to more complex shapes with positive (b) or negative 
(c) Gaussian curvature.200 Adapted with permission: Copyright 2017, ACS. 
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A conventional way to inscribe the swelling gradient in thermoresponsive 

hydrogels is to vary crosslinking density by controlling (photo)polymerization 

conditions.201,202 Alternatively, the light absorption depth or spatial illumination can 

be used to tune the photothermal heating across the sample thickness or in-plane, 

yielding built-in gradients for swelling. For this, gold nanoparticles and carbon 

nanomaterials are the most used photoheating agents.203 Based on such gradient-

driven actuation, many shape-morphing devices upon localized light stimuli have 

been demonstrated,204–207 including a NIR-light-driven micro-hand (Fig. 3.10a) and 

a gel sheet with various out-of-plane buckling motions under patterned white light 

illumination (Fig. 3.10b). To harness photodeformation for hydrogel-based soft 

robotics, one must overcome the barrier of slow actuation speed. The limited 

swelling kinetics and slow response time of hydrogels (hours for cm-scale robots),196 

in principle, can be enhanced by using porous hydrogels, which facilities fast water 

diffusion into and out from the hydrogel network.208,209 For example, porous cm-

scale hydrogel pillars deform within seconds, enabling octopus-like swimming 

locomotion under laser irradiation (Fig. 3.10c).208 

 

 

 

Figure 3.10 Photothermal actuation in hydrogels. a) A bilayer-type hydrogel actuator bends under NIR 
laser irradiation.204 b)  Out-of-plane buckling of a thin hydrogel sheet using patterned white light.206 c) 
Forward‐moving porous hydrogel driven by laser irradiation.208 Figures reproduced with permission: a) 
Copyright  2013, ACS. b) Copyright 2015, John Wiley and Sons. c) Copyright 2015, John Wiley and 
Sons 
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In thermoresponsive hydrogels, photochemically-induced shape deformation can 

be achieved through covalent attachment of photochromic molecules. If the dipole 

moment of the photochrome changes upon isomerization, the gel will change its 

hydrophilicity, and thus tune the LCST/UCST temperatures. Hence, at a fixed 

temperature, swelling and sol-gel transition can be controlled isothermally with 

photoswitching. The resulting light-induced shape change is often attributed to the 

change in polarity rather than the shape of photochromic molecules. In this context, 

two most used photochromic switches are spiropyrans and azobenzenes. 

Spiropyrans, alike DAE derivatives, can undergo photocatalyzed electrocyclization 

from unpolar spiro-form (Sp) to highly polar merocyanine-form (Mc). In acidic 

conditions, spiropyran forms thermally stable protonated merocyanine-form 

(McH+). The system exhibits negative photochromism:  McH+ can be converted to 

Sp form with blue light and the back reaction occurs in the dark.210 Dipole moment 

difference between McH+ and Sp forms is usually higher than 10 D. Due to such 

dramatic polarity change, hydrogels functionalized with spiropyran can swell and 

shrink under light illumination,211,212 being useful for microfluidic applications.213 

However, for soft robotics, spiropyran-based hydrogels have two major limitations. 

First, they must operate in acidic conditions, limiting their working environment. 

Second, gels have a slow rate of re-swelling as the isomerization of Sp to McH+ 

depends on a spontaneous ring-opening reaction which usually requires hours, thus 

posing hurdles for fast robotic movements.214,215  

Conversely, azobenzene-based hydrogels can operate in a solution with wide 

range of pH, while both trans-to-cis and cis-to-trans isomerization can be controlled 

with light. The drawback is that isomerization of azobenzene can only cause 

relatively small polarity change, yielding only a moderate actuation in hydrogel.111,216 

To improve the shape-morphing and deformation speed of azo-hydrogels, one 

possibility is to harness reversible host-guest interactions of azobenzene with 

cyclodextrin (CD). Cyclodextrins are cyclic oligosaccharides which consist of glucose 

subunits joined by α-1,4 glycosidic bonds. The most studied ones are α-, β- and γ-

cyclodextrins, which are comprised of six, seven and eight glucose subunits, 

respectively. Cyclodextrins have a frustum structure, with hydroxyl groups placed at 

the outer surface, making them water-soluble but simultaneously creating a 

hydrophobic inner cavity that is an excellent host for hydrophobic guest groups. In 

azo-CD host-guest systems, trans-azo can fit into the hydrophobic cavity of CD while 

the cis-isomer is expelled from it as schematically shown in Fig. 3.11.217 The binding 

constant of CD with trans-azo is over 50 times higher than that with cis-azo.218 

Utilizing this scheme, azobenzene- and CD-functionalized hydrogels have been used 
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to modify the crosslink density and drive swelling change of the gel. In their 

pioneering work, Harada and co-workers polymerized PNIPAm hydrogel having 

pendant azobenzene and CD units forming host-guest bonding and therefore acting 

as additional crosslinkers (Fig. 3.12). Upon irradiation with UV light, trans-to-cis 

isomerization occurs, destroying the host–guest complexes and decreasing the 

crosslinking density, which in turn gives rise to swelling of the gel. By irradiation 

with visible light, back isomerization occurs, the host-guest complexes are restored, 

and the gel shrinks. Using this mechanism, also photoinduced bending could be 

obtained: irradiation of thick strip-like gel actuator with UV light leads to a gradient 

of light intensity and host-guest crosslink density, and the gel bends away from the 

light source (Fig. 3.12). By illumination with visible light, the stripe relaxed back to 

its initial shape. After this work, many follow-up studies have detailed the mechanism 

and improved the actuation strength and speed of the guest-host hydrogels.219–221 

 

 

Figure 3.11 Schematic of supramolecular complexation between azobenzene and α-cyclodextrin. The 
trans-azo fits into the hydrophobic inner cavity of the CD but the cis-azo does not. 

Instead of tuning the crosslinking density, azo-CD host-guest interaction can be also 

used to tune the hydrophilicity of the hydrogel. As trans-azo-CD complexes are much 

more hydrophilic than free cis-azo, reversible host-guest interactions offer a simple 

way to modulate hydrophilicity of the polymer on-demand. This on-demand 

technique for controlling the material hydrophilicity has been widely used to tune 

the solubility and stiffness of linear macromolecules.222–224 In Publication V, we 

adapted similar concept and combined it with shape-programmable thin hydrogels. 

We use azobenzene-functionalized polymer and free α-CD molecules to form 
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reversible host-guest interaction, thus enabling controllable polymer hydrophilicity 

and deformability upon light excitation.  

 

 

Figure 3.12 Photochemical azo-CD hydrogel actuator based on reversible host-guest interaction 
between azo and α-CD under UV/Visible light.225 Adapted with permission: Copyright 2014, ACS. 
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4 ADVANCED CONTROL STRATEGIES FOR 
PHOTOACTUATION 

Soft photoactuators can convert light signals into mechanical work without complex 

circuits or electronic control found in conventional hard machine systems. In this 

context, the word “photoactuator” does not only imply a design which can deform 

under light illumination but rather a structure that can sense and process the optical 

signals received and respond accordingly.226 To attain this goal, much research effort 

in regard to 3D fabrication, chemical composition, and soft robotic design, has been 

devoted to light-responsive LCNs and hydrogels to endow them with ever-

increasing functionalities and complexity. Particularly, the photoactuation behavior 

of these materials has been fine tuned for high environmental sensitivity, capability 

of processing the information received, and subsequent response. During the past 

decades several concepts have been proposed for pursuing such high level of 

sophistication, as treated in many recent reviews.29,226–228 Among those examples, 

LCN- or hydrogel-based light robots can perform versatile movements like walking, 

swimming, jumping and gripping, but also possess more sophisticated skills, such as 

self-regulation127,229, object recognition176,230, self-healing231 and learning232,233. The 

key concepts behind such advanced functions lie in optimized use of the 

photothermal and photochemical effects, clever material engineering including 

controlling the LC alignment and crosslinking density, and finally, proper temporal 

and/or spatial control of the light source.  

This chapter focuses on three advanced control strategies for photoactuation that 

are used in the publications comprising this thesis: self-sustained motion, multicolor 

response, and reconfigurable action. The elaboration starts by a brief review of 

previous studies. After that, the most relevant findings from the thesis publications 

are presented and the improvements they bring to the controllability of 

photoactuators and light-driven soft robots, are highlighted. 
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4.1 Review of previous studies 

Usually, soft robotic movement, like locomotion, needs cyclic actuation of the light-

responsive material, which is attained with spatially and/or temporally modulated 

light source. Recent studies have suggested a more advanced strategy, where the 

cyclic shape change is self-sustained and the structure can maintain its motion 

without a need to control the properties or spatial location of the power source. 

Coincidentally, such self-sustained motion is also ubiquitous in nature, for instance, 

heartbeat, pulsation, and cell cycling being some examples.  

The self-sustained motion, most widely studied in LCNs, is based on 

photomechanical-bending-induced oscillation, which was firstly observed in 

azobenzene-containing cantilevers.155,234 Those cantilevers were irradiated with a 

focused laser beam, triggering the bending motion towards the light source due to 

combination of photothermal and photochemical effects. Bending of the film 

exposed one of the surfaces to light, which subsequently caused bending to opposite 

direction and exposure of the other surface, as schematically shown in Fig. 4.1a. This 

caused alternated activation of both cantilever surfaces and oscillation at high 

frequency (up to 270 Hz). By adjusting parameters such as cantilever dimensions, 

laser intensity and polarization direction, different oscillation amplitudes and 

frequencies could be obtained. Also, by tuning the angle between the director n and 

the cantilever long axis, out‐of‐plane twisting was obtained.235 Bending-type 

oscillation can also be achieved by self-shadowing effects as schematically illustrated 

in Fig. 4.1b.131,144,209,236 In this case, LCN or hydrogel cantilevers comprise 

photothermal agents that cause light-induced heating and yield photothermal 

bending from specific position defined as a hinge. Once the cantilever bends,  the 

structure itself sweeps across the beam path and shadows the hinge. Finally, the 

hinge cools down, cantilever relaxes and simultaneously exposes the hinge to light, 

and the whole process repeats.  

Self-sustained motion has been used to realize LCN-based micro-devices, in 

which the light energy is converted to the mechanical energy to provide work 

output.162,164,180,237,238 For example, a self-sustained plastic motor can rotate upon 

simultaneous irradiation from two sides using different wavelengths (Fig. 4.2a).162 

Self-sustained walker was fabricated by confining an LCN cantilever into a rigid 

support structure, and photothermal wave-like oscillator was used to propel 

locomotion of the structure (Fig. 4.2b).177 In hydrogels, a pillar structure capable of 

0.7 Hz oscillation upon continuous irradiation was demonstrated, and such self-
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sustained motion was further developed into a swimming protype on top of water 

surface (Fig. 4.2c).209 
 

 

Figure 4.1 Self-sustained oscillation based on bending-induced exposure of different sides of the 
cantilever to light (a)155, and self-shadowing (b)131. Figures reproduced with permission: a) Copyright 
2005, RCS. b) Copyright 2017, John Wiley and Sons. 

 

Figure 4.2 Self-sustained locomotion under light illumination. a) LCN motor162, b) LCN wave-
machine177, c) hydrogel swimmer209. Figures reproduced with permission: a) Copyright 2008, John 
Wiley and sons. b) Copyright 2017, Springer Nature. c) Copyright 2019, AAAS.       
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Being responsive or even responding autonomously to a constant stimulus is just 

the beginning of the advanced photo-control of smart soft actuators. An advanced 

robot should be capable of reacting to multiple stimuli from the environment. This 

is often inspired by nature, where numerous species can adapt to the environmental 

changes including temperature, light, humidity, chemicals, etc. However, obtaining 

this goal in synthetic material systems is still challenging. Usually, most LCN or 

hydrogel photoactuators are based on a single actuation mode upon irradiation with 

one specific light wavelength. To extend the actuating modes, multicolor actuation 

can be used, which enables orthogonal wavelength control through incorporation of 

photoactive molecules responding to different parts of the light spectrum. For 

example, splay-oriented LCNs having two regions with different absorbing 

azobenzenes have been fabricated with inkjet printing.239 By controlling bending of 

each stripe in a sequence of different light pulses, non-reciprocal motion was 

produced mimicking the motion of natural cilia (Fig. 4.3a). An LCN actuator 

assembly was reported to exhibit robotic locomotion in air240,241 (Fig. 4.3b) and under 

water, where the movement direction and other functions, like gripping, could be 

steered with different wavelengths.242 PNIMPAm hydrogel with altering layers of 

nanospheres (absorbing at 546 nm) and nanoshells (absorbing at 785 nm) was 

reported to show different swelling behavior upon different light fields (Fig. 4.3c).243 

Through different chemical composition, one can include different controllability 

into the material. However, the above-listed examples are still restricted by the 

limited form of actuation that has been dictated during the fabrication, for instance, 

the fixation of LC molecular alignment. 

In nature, many species possess various degrees of freedom in movement – they 

can change their body in many ways by reacting to one environmental stimulus – 

having a reconfigurable response. In artificial materials, to realize this kind of 

smartness has been one of the grand challenges. To achieve reconfigurability in 

photoactuation, one must be able to tune the material behavior after fabrication and 

re-program the actuation on demand for different applications.  

This issue has been raised in some recent studies, and one extensively used 

approach is to adjust crosslinking density after sample fabrication by utilizing 

dynamic covalent chemistry. In this chemical architecture, a reconfigurable polymer 

system should contain elements that can reversibly form/cleave covalent bonds 

under specific stimuli, for instance, transesterification244 or Diels-alder reactions245 

in LCN matrix. Another strategy is to utilize light-sensitive reactions based on 

disulfide metathesis246,247 or reaction with allyl sulfide248, to induce patterns of the 

bond-cleavage/forming across sample area. Recently, Zhao and co-workers 
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demonstrated reconfigurable photoactuator based on selective de-crosslinking of 

anthracene dimers controlled by light.249 The LCN was crosslinked via anthracene 

dimers, but upon irradiation with UV light, anthracene undergoes photocleavage and 

decrosslinking occurs. Thus, the sample could be patterned with crosslinked 

(actuation domains) and uncrosslinked (non-actuation domains) regions. Upon 

heating the polymer directly or phothermally by activation of NIR absorbing dye, it 

undergoes reversible shape-morphing determined by the photopatterned regions 

(Fig. 4.4a).  

 

Figure 4.3 Multicolor actuation. a) Artificial LCN cilia producing non-reciprocal motion under distinct light 
illumination.239 b) A soft robot made by LCN assemblies able to move and grip the cargo.178 c) 
Wavelength-selective shaping of a PNIPAm structure containing gold nanospheres and -shells in 
alternating layers.243 Figures reproduced with permission: a) Copyright 2009, Springer Nature. b) under 
terms of CC BY 3.0, Copyright 2020, The Authors. c) Copyright 2012, ACS. 

Without influencing the crosslinking density, reconfigurability can be obtained by 

adjusting the properties of the mesogens locally. For example, LCNs containing 

azomerocyanine photoswitch, which can be converted to hydroxyazopyridinium-

form locally with acid treatment (vice versa, with a base), have been used.250 The two 
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forms have distinct absorption spectra and actuator cantilever can be designed to 

have hinges responding to specific wavelengths of light depending on the spatial 

distribution of state of the switches. The same LCN sample can be written, erased, 

and rewritten with different patterns, yielding different shape-morphing under 

identical illumination conditions (Fig. 4.4b).250 Another study utilized a bilayer 

structure combing SMP and azo-LCN. Specific shapes could be programmed by 

processing the SMP above its Tg, while reversible bi-shape morphing was achieved 

by activating the azo-LCN layer with UV/blue light at room temperature.165 In 

hydrogels, re-writable shape changes are also reported. For instance, activation of 

the photothermal agent locally using patterned light206 or (re-)patterning 

photothermal agents locally via stamping approach can be used for distinct light 

actuation (Fig. 4.4c).251  

In this thesis, approaches to all the above-mentioned challenges for controlling 

photoactuation have been proposed and are elaborated in detail in the next three 

sections. 

 

 

Figure 4.4 Reconfigurable photoactuators. a) Controlling dimerization of anthracene with UV light, LCN 
film can be patterned with light active (purple) and inert (blue) regions. Actuation is then possible by 
heat or light stimulus.249 b) LCN actuator where light-active areas can be patterned with an acid.250 c) A 
reconfigurable shape morphing of hydrogel thin film upon irradiation by varying the shape of the 
nanoparticle patterns (black areas).251 Figures reproduced with permission: a) Copyright 2019, John 
Wiley and Sons, b) Copyright 2017, John Wiley and Sons. c) Copyright 2019, ACS   
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4.2 Self-sustained motion 

To study the self-sustained motion, we have chosen three basic deformation modes: 

bending, contraction-expansion, and twisting, which have been elaborated in 

Publication I. Amplitude and oscillation frequency of the modes were quantified 

with out-of-plane bending angle (θ), displacement (d) and twisting angle (Φ) as 

schematically shown in Fig. 4.5a. The desired oscillation modes can be obtained 

through careful material engineering, i.e., alignment, mechanical properties, 

particular way of deformation, and a choice of illumination conditions including 

direction and intensity of the incident light (Fig. 4.5b). For bending mode, planar-

aligned sample with n parallel to the cantilever long axis was used, while light was 

propagating along the cantilever axis. The bending mechanism was based on the 

combination of photothermal and photochemical effects, as described earlier (p. 43). 

This mechanism yielded a rapid deformation with a relatively high oscillation 

frequency of about ~80 Hz (Fig. 4.5c). For contraction-expansion mode, the same 

alignment was utilized, while the sample was illuminated from the top. Such 

deformation mode was based on photothermal effect: when the tip of the cantilever 

was exposed to the light spot, contraction occurred, and the tip moved out of the 

spot region. As light did not hit the cantilever, it cooled down, relaxed and re-

exposed to the light spot. This mechanism yielded a relatively small oscillation 

frequency, about 0.5-18 Hz (Fig. 4.5d), as the heat produced needed to conduct along 

the cantilever axis to trigger deformation/relaxation. Oscillation frequency depend 

also on the position of the light beam. For twisting mode, the cantilever had LC 

alignment perpendicular to its long axis and it was illuminated from the side. The 

twisting of the actuator resulted in alternated exposure of the two surfaces and a 

continuous oscillation with frequency of about 1 Hz. Here, oscillation exhibited 

snapping between two stable states as soft material needed to accumulate stress to 

overcome the angular restriction. This resulted to rectangular waveform as shown in 

Fig. 4.5e. 
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Figure 4.5 Three basic oscillation modes. a) Schematic of bending, contraction-expansion, and twisting 
modes. b) irradiation geometry and molecular alignment of the cantilever to initiate self-oscillation in 
each oscillation modes. c-e) Photographs of the oscillators and oscillation dynamics. 

We also found that these basic deformation modes could be combined into one 

single actuator made of main-chain LCN with high deformability (Fig. 4.6a). Self-

sustained oscillation was obtained by hanging the LCN cantilever on a hair thread. 

Upon photothermal excitation with a laser (532 nm), the localized strain builds up 

stress inside the LCN, causing it to deform and shift the gravity center. The cantilever 

rotated round the thread and went out of the excitation beam, followed by cooling 

in the dark and relaxation of structure. After relaxation, a new cycle could begin and 

self-sustained oscillation on the hair to be maintained. By small adjusting the position 

of the light spot, various stable oscillation modes (bending and/or contracting 

and/or twisting) were observed (Fig 4.6a). Also, self-evolution between the modes 

upon constant light irradiation was observed, coined as “freestyle oscillation”. 

Different mode patterns were characterized by tracking the actuator position 

projected on x-y plane. Oscillation mostly occurred reciprocally, following the same 

path to both directions (Fig. 4.6b). However, sometimes trajectories with non-zero 

area were observed (Fig. 4.6c), indicating non-reciprocal motion with time-reversal 

asymmetry. Non-reciprocal motion is common to various natural species and is 
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essential for animal locomotion such as flying or swimming.252 These natural 

examples have provided inspiration and control strategies also for the in soft micro 

robotics.253 

 

Figure 4.6 Snapshots (a) and x–y plane trajectory data for one oscillation cycle of different self-
oscillation modes showing reciprocal (b) and non-reciprocal (c) movements. 

In Publication II, we investigated non-reciprocal self-sustained oscillation in more 

detail. We utilized relatively long, flexible monolithic LCN cantilevers containing 

photothermal Disperse Red 1 dye (See Fig. 3.4 for chemical structure). The actuation 

was triggered with a 532 nm laser beam along the horizontal direction, and self-

shadowing-induced oscillation was observed (Fig. 4.7a). Even though the chemical 

composition of the actuators was uniform, the cantilever could be divided into two 

parts: Part B being the area where light beam firstly hits, locating very close to place 

where cantilever was attached to the support, the rest being Part A. First, when the 

laser beam was hitting Part B, deformation caused Part A to shadow Part B. Part A, 

under light illumination, exhibited a dynamic change of cantilever’s center of mass 

yielding gravity-induced torque on Part B. Change in torque of the cantilever led to 

the deformation of Part B and subsequently changed the position of Part A and 

closed the actuation cycle. Eventually, the movement trajectory of the cantilever 

exhibited a non-reciprocal pattern in the x–y plane (Fig. 4.7b) for > 50 oscillation 

cycles with frequency of about 0.1 Hz. 
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Figure 4.7 Non-reciprocal self-oscillation. a) Optical images of LCN self-oscillator under a constant light 
illumination. b) x-y movement trajectory of the cantilever position in 50 oscillation cycles. 

4.3 Multicolor function 

In Publications II and III, multicolor actuation with LCNs was studied by 

combining photothermal and photochemical actuation strategies either in different 

segments (parallel use) as shown in Fig. 4.8a or with the same film (synergistic use) 

as shown in Fig. 4.8b. In both cases, photochemical effect arises from the trans-cis 

isomerization of the azobenzene (Fig. 3.6) crosslinks, while Disperse Blue 14 (Fig. 

3.4) was chosen for photothermal dye as its absorption wavelength is well separated 

from the azobenzene as illustrated in Fig. 4.8c, enabling orthogonal wavelength 

control of the two effects. 

In Publication II, LCN actuators with two segments were fabricated by 

infiltrating two LCN mixtures through the opposite edges of an LC cell 

simultaneously, followed by photopolymerization. With this method, no additional 

adhesives between the two parts were needed. Non-reciprocal motion was obtained 

through distinct temporal control (Fig. 4.9a) of the two segments upon spatially 

uniform light fields with different wavelengths. The actuation kinetics was as follows: 

1) UV light on → the bottom part (Fig. 4.9a yellow) bent because of trans-cis 

isomerization of the azobenzene crosslinks; 2) UV light off → the bottom part 

remained bent (due to the relatively long lifetime of cis-isomer, 3h) & red light on → 

the upper part (Fig. 4.9a blue) bent because of photothermal heating; 3) Blue light 

on → the bottom part relaxed due to cis-to-trans isomerization, while the upper part 
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remains bent; 4) Red light off → the upper part relaxed & blue light off → the system 

reset and a new cycle could start. The motion was studied by tracking the tip position 

in the x-y plane (Fig. 4.9b), where the trajectory pattern with non-zero area verified 

the non-reciprocity. In Publication II, we also demonstrated that similar non-

reciprocal actuation behaviors could be achieved by different combinations of dyes 

and actuation wavelengths.  

 

 

Figure 4.8 Multicolor function combining photothermal and photochemical actuation. Photograph of an 
LCN film with azobenzene crosslinker and DB14 in a) separate parts and b) same film. c) UV–Vis 
spectra of azobenzene crosslinker (yellow, orange) and DB14 (blue) used. 

 

 

Figure 4.9 a) A light control sequence for non-reciprocal motion: 1) UV on 2) UV off, red light on 3) blue 
light on; 4) red and blue light off. Blue and yellow colors in the cantilever represent DB14- and azo-
crosslinker -containing LCN segments, respectively. b) Non-reciprocal movement is characterized by a 
trajectory pattern with a non-zero area. Inset: displacement during repeated actuation cycles 
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In Publication III, the actuation was obtained in a chemically uniform LCN sample. 

The azobenzene crosslinker and DB14 were incorporate into the LCN film and the 

bending behavior of splay-aligned cantilevers under different illumination conditions 

was studied. Here, photochemical and photothermal actuation alone led to bending 

deformation toward the same direction (dictated by molecular alignment within the 

cantilever). Importantly, we observed a synergistic effect when combing both. With 

subsequent illumination of UV (photoisomerization) followed by red light 

(photothermal effect), the actuation strength was enhanced compared to the sum of 

photochemical and photothermal actuation being applied separately (Fig. 4.10). This 

was attributed to stress, induced by a photochemical isomerization, inside the 

polymer network, which could be later released by photothermal heating. Moreover, 

when ceasing the red light, the cantilever relaxed back only partially, indicating that 

the photochemically induced deformation could be preserved after photothermal 

actuation (Fig. 4.10a). When using both mechanisms simultaneously, cantilever 

attained its maximal deformation (Fig. 4.10b, purple). This actuation behavior also 

indicated that cis-azo concentration could be pre-patterned into the sample without 

significant actuation, but deformation could be obtained after applying photothermal 

heating later on. This gives access to reconfigurable photoactuation which will be 

further discussed in the next section.  

 

 

Figure 4.10 Enhanced photoactuation. a) Synergistic actuation using subsequent UV (isomerization) 
and red-light (photoheating) illumination. Inset: schematic of the bending direction. b) Maximum bending 
angle change upon different light stimuli 

In Publication IV, a distinct wavelength control was achieved using only one 

photochromic dye, DAE (see Fig. 3.8a), crosslinked into the LCN. The actuation 

was based on photothermal effect since the electrocyclization of the DAE could not 
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induce observable photochemical deformation in our system (DAE undergoes only 

a small structural change upon illumination). The advantages of using DAE rather 

than azobenzene in photothermal actuation are the huge spectral change upon UV 

illumination (from 300 to 550 nm), and long thermal stability even under elevated 

temperatures. We utilized these features to realize a photoactuator (driven by visible 

light) with tunable light sensitivity (via UV). This advanced photo-control strategy 

enabled the demonstration of AND-gate logic operation. Logic gates are 

fundamental instruments for hard-bodied, electronically powered robots. However, 

incorporating similar logical operation concepts into soft robotics is a concern due 

to the mismatch between electronic components and compliant entities. Our DAE-

LCN showed the AND-gate logic where UV and visible light served as inputs and 

photomechanical deformation (bending) as output (Fig. 4.11a). The AND logical 

table could be formulated as follows 1) if no light was used, the sample remained 

transparent, no heat was generated, and hence no deformation. 2) When only UV 

light was applied, the sample became absorbing, due to electrocyclization of DAE, 

and changed its color, but no photothermal heating took place due to relatively small 

illumination intensity and a high quantum yield of the ring closure of DAE. 3) If 

only visible light was used, the sample remained transparent (no absorption) , thus 

no photoheating and again no deformation. 4) By using both light inputs 

simultaneously, the AND-gate was activated and photothermal deformation 

occurred. By tuning the UV dose and visible light intensity, the amount of 

photodeformation could be controlled, as showed in Fig. 4.11b.  

 

 

Figure 4.11 And-gate photoactuation: a) A logic table of the AND-gate photoactuator. Two inputs are 
UV and visible light irradiation while the output is the photomechanical bending. b) A bending angle of 
the DAE-LCN cantilever as a function of different UV and visible light intensities 
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4.4 Reconfigurable behavior  

One of the main results of this thesis is to realize reconfigurable photoactuation.  In 

Publication III, we demonstrated this through synergistic implementation of 

photochemical and photothermal effects. To obtain different kinds of deformation 

upon one identical stimulus, the spatial content of cis-azobenzene was patterned 

through UV mask exposure. This step enabled us to spatially program inner stresses 

into the LCN. The UV photopatterning did not yield significant shape change of the 

cantilever. Upon photothermal heating using red light, the cantilever quickly 

deformed into different geometries pre-determined by the cis-pattern as shown in 

Fig. 4.12. All shapes were obtained within the same LCN sample, and the initial flat 

geometry could be retained after illuminating with blue light (converting all the cis-

azos back to the trans-form). Such reconfigurable actuation could be used to realize 

a soft robot with programmable performance. As shown in Fig. 4.13, a light driven 

gripper could grip the object (100 times heavier than a gripper itself) under red light 

and drop it when ceasing the light. However, if the gripper was pre-irradiated with 

UV light, it could still grip the object under red light but keep holding it for ca. 5 min 

after ceasing the red light. Again, the gripper could be restored to its original state 

by irradiating with blue light and commanded again (upon UV or not), to decide 

whether to grip-and-drop or grip-and-hold. 

  

 

Figure 4.12 Reconfigurable shape-morphing using photochemical patterning and photothermal 
actuation. Scale bars: 5 mm. 
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Figure 4.13 A reconfigurable micro-gripper with grip-and-release (a) and grip-and-hold (b) modes. 
Scale bar 5 mm. 

In Publication IV, another reconfiguration strategy was proposed by showing that 

light-sensitive LCN could be tuned via optical control of the absorption level of the 

material. Thermally stable DAE allows the absorbance (at 550 nm) of the DAE-

LCN film to be fixed at a desired level after illumination with different UV-Visible 

doses (Fig. 4.14a). Depending on the absorption, different photo-heating and thus 

actuation strengths upon identical visible light intensity can be achieved. The 

intensity-deformation curves under different UV intensities are shown in Fig. 4.14b.  

 

Figure 4.14 a) Increase and decrease of absorbance (at 550 nm) in the DAE containing LCN film by 
irradiation with UV and visible light, respectively b) A bending angle of the DAE-LCN cantilever upon 
irradiation with various intensities of UV and visible light. Actuator’s sensitivity to visible light is estimated 
from the linear fit to the intensity-deformation data. Inset: Schematics of a reprogrammable actuator that 
shows minimal deformation initially but exhibits shape changes after color change. 

https://pubs.acs.org/doi/10.1021/acsami.0c12735#fig3
https://pubs.acs.org/doi/10.1021/acsami.0c12735#fig3
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In Publication V, the concept of reconfiguration was broadened to hydrogels 

utilizing reversible host-guest interactions between pendant azobenzene and a free 

α-CD inside PNIPAm. Under flood UV illumination of the thin hydrogel sheet 

(thickness ≈  25 μm), immersed to the α-CD water solution, host-guest complexes 

were broken (Fig. 4.15a), leading to hydrophilicity-induced deswelling and 

macroscopic shrinking of the gel (Fig. 4.15b). To investigate how supramolecular 

complexation influences LCST behavior of the gel, areal swelling changes were 

monitored with the function of temperature in the dark and upon flood UV 

illumination. Prior to illumination, the gel showed a gradual de-swelling upon heating 

to 26 °C, followed by a sudden LCST transition (Fig. 4.15c, filled red circles). 

Illumination with 365 nm resulted in a decrease in swelling and a shift of the LCST 

transition to lower temperatures as the azo-α-CD complexes were destroyed (Fig. 

4.15c, filled red squares). The percentage change in areal swelling showed a 50% 

increase in cis-azo-containing gel compared to trans samples in room temperature. 

To verify that swelling difference arose from the formation of host-guest complexes, 

areal swelling change was also measured in deionized water without α-CD, where 

only a small increase (≈5%) in swelling was observed upon trans–cis isomerization 

due to the small increase in polarity of the cis-isomer (Fig. 4.15c, black). 

 

Figure 4.15 a) Schematic of reversible host-guest complexation between pendant azobenzene and free 
α-CD during cis–trans isomerization, leading to reversible changes in swelling. b) Optical micrographs 
of gels before and after UV illumination. Scale bar: 1 mm. c) A swelling difference of the gel before and 
after UV illumination in different temperatures in α-CD solution (red) and deionized water (black). 

The controllable swelling upon UV illumination was utilized to program different 

Gaussian curvatures into the gel sheet. The gels were micro-patterned with UV light 

using a DMD integrated to an inverted microscope. When patterned in a circular 
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annulus such that the center of the gel remained unilluminated, de-swelling at the 

edges resulted in out-of-plane buckling into a spherical shape with positive Gaussian 

curvature (Fig. 4.16a). However, by illumination with white light, cis-to-trans 

isomerization occurred, and flat state was recovered (Fig. 4.16b). Another shape 

could be reprogrammed by shining a different pattern of UV light. For example, a 

saddle-like shape with negative Gaussian curvature was formed by patterning de-

swelling in the center of the film (Fig. 4.16c). Photochemical patterning allowed 

shape persistency due to the relatively long thermal lifetime of the azobenzene (≈ 15 

hour at room temperature), which is an improvement compared to photothermal 

strategies normally used, in which the gel retains an original shape after ceasing the 

light.206 Moreover, this technique allowed reprogrammed shape deformation using 

only light without need of complex process like nanoparticle reduction. 251   

 

 

 

Figure 4.16 Reprogrammable hydrogel sheet between positive Gaussian curvature (a), flat state (b) 
and negative Gaussian curvature (c) under UV/white light illumination. Scale bar: 1 mm. 
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5 CONCLUSION AND OUTLOOK 

In this thesis we used LCNs (Publications I-IV) and thermoresponsive hydrogels 

(Publication V) to design soft polymers with advanced photoactuation behavior. 

We used three control strategies: self-sustained motion, multicolor functions and 

reconfigurability. Their connections to the publications are summarized in Table 5.1. 

Technically, we utilized photothermal and photochemical actuation mechanisms 

separately, in parallel, and synergistically to achieve complex actuation behavior like 

self-oscillation, non-reciprocal motion, AND-gate actuation, smart gripping, and 

Gaussian curvature control. To trigger the photochemical effect, we used 

photopolymerizable azobenzenes with thermal lifetime of several hours. For 

photothermal actuation we doped different organic dyes into polymer matrix, for 

instance, Disperse Blue 14, Disperse Red 1, and photochromic diarylethene. All the 

dyes and their absorption wavelengths were carefully chosen for their specific target.  

 

 

 

 

 

 

 

 

Self-sustained oscillation, a phenomenon studied in Publications I and II, describes 

the interplay between light and the actuator: light absorption induces actuator’s 

shape change, the deformed shape further modifies the absorption, causing the 

actuator to self-adjust its deformation. This is considered as a novel strategy to realize 

autonomous systems exhibiting self-propelled walking or swimming and may play 

significant roles in future soft robotics. We also demonstrated non-reciprocal self-

Table 5.1 Summary of the advanced control strategies for photoactuation 
demonstrated in this thesis connected with the publications 

Advanced Control 

Strategy 

Publication 

I II III IV V 

1. Self-sustained motion   x x    

2. Multicolor function  x x x  

3. Reconfigurability   x x x 
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sustained oscillation and believe that in the future, this strategy may even lead to 

flying robots, which have not yet been realized using light responsive LCNs. 

However, to devise flying robots several parameters need to be improved like 

oscillation frequency and actuation speed. This not only requires careful 

optimization of the actuator’s mechanical properties (stress, elastic modulus, density) 

and structure (size, shape), but also sophisticated control over the actuation kinetics 

to produce sufficient thrust via non-reciprocal trajectory (like bird’s hovering). 

Special attentions on interaction between soft matter and unsteady aerodynamics is 

also required when designing responsive material based flying robots.  

In Publication II-IV we showed that sophisticated control over LCN shape 

changes can be obtained using multiple wavelengths. The multicolor functions 

discussed in this thesis includes parallel use of photochemical and photothermal 

strategies for non-reciprocal actuation (Publication II), their synergistic use for 

enhanced photoactuation (Publication III) and separate use with one 

photochromic dye, DAE, enabling AND-gate actuation (Publication IV). Even 

though we concentrated on using different wavelengths for soft robotic control, 

coupling differently absorbing dyes in one single LCN and using photothermal and 

photochemical effects synergistically, might lead to soft robots which can be driven 

with very low light power, eventually obtained directly from the sun. 

In Publication III, we studied reconfigurable actuation, in which a photo-active 

structure could shape-morph differently under identical light stimulus. We 

demonstrated LCN cantilever capable of distinct shape-morphing (six different 

shapes) using photochemical patterning and subsequent photothermal actuation. 

Moreover, smart gripper with either grip-and-drop or grip-and-hold performance, 

was reported. In Publication IV, reconfigurability was made by adjusting light 

sensitivity of the LCN with UV light stimulus, and therefore different actuation 

strength could be fine-tuned upon one identical visible light illumination. In 

Publication V, we used patterned light to reconfigure positive and negative 

Gaussian curvatures within the hydrogel sheets. The reconfigurability did not require 

any other programming but patterning light itself caused different swelling metric in 

hydrogel sheet providing an easy way to control the shape-morphing. 

Reconfigurability is one of the grand challenges for photoactuation and light 

responsive soft robotics, as future robots would need to possess capabilities of 

perceiving several signals from the environment, responding to environmental 

change and finally learn to change their own behaviour. In this thesis, we have taken 

some primitive steps toward these ultimate goals.  
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The field of photoactuation is growing rapidly, but there is still a long way to go 

before the soft shape-changing materials will be "normal" polymers in our everyday 

lives or make their way to real-world applications. Most accomplishments reported 

are “proof-of-concept” studies in laboratory environment. However, human-

friendly interaction, flexibility, and ease of handling are the most significant points 

for robotics, which have steered the directions of robotic research from traditional 

bulky rigid machines to nascent small soft actuators. In longer term, it is foreseen 

that ever-increasing innovations and triggered applications will be brought to the 

field of soft robotics and other related frontiers, such as sensing, biotechnologies, 

and photonics. 

In conclusion, this thesis has led to advancements in LCN- and hydrogel-based 

photoactuation by introducing novel and advanced control strategies. The value of 

the new information gained in this thesis lies in the added understanding of 

photochemical and photothermal effects and efficient implementation of both in 

controlling photomechanical deformation. The strategies presented here contribute 

new routes towards soft micro robotics that can be self-adapting and smart. 
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