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I. Summary 
 

In this thesis we explore soft polymeric materials that can be steered by light – quite literally. Through 

illumination in suitable settings, these materials cannot only be modulated for example in terms of softness, but 

they can be brought to physically deform, meaning they change shape. The directionality and amplitude of such 

effects laying largely in the hands of the experimenter, a wide playground of new technological scenarios and 

cascading effects is explored. Acknowledging the decade-spanning efforts to elucidate the photo-deformation 

properties of azopolymers in fixed and quasi-static situations, we focus particularly on dynamic situations where 

the light-fueled system interacts, or hopefully will be capable to interact, with other components of a device or 

its environment. During this endeavor, we encounter a range of open-ended questions relating to the maximal 

size of actuating structures, the possibility of overwriting previous shape changes, and even the prospect of 

producing never-ending light-induced motion. The generated insights – for example on interaction effects 

between light-triggered azopolymer parts of a system and passive elastomer surroudings – may benefit the 

further understanding of azopolymer photo-deformation on a fundamental level. On the other hand, the systems 

derived from the pursuit of these questions naturally open for new application scenarios. For example, we 

introduce light-responsive elastic metamaterials which could serve to steer elastic waves, a soft robotic arm 

which may eventually be guided towards the manipulation of objects, and a light-controlled particle flow system 

where propulsion channels can freely be drawn on liquid surfaces. We hope that this approach, together with 

exciting recent examples from literature, may inspire further work in what could be referred to as azopolymer 

system design, aiming not only at azopolymers’ photo-deformation per se, but also at their study and application 

as components of more complex systems and devices. 
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II. Preface  
 
This thesis is submitted to the Norwegian University of Science and Technology (NTNU), for partial fulfillment 

of the requirements for the degree of Doctor of Philosophy, and to the Polytechnic University of Turin (Polito) 

for partial fulfillment of the requirements for the Ph.D. degree in the Graduate School of Polito (ScuDo). 

 

The thesis was conducted as part of a cotutelle agreement between the Institute of Electronic Systems (IES) at 

the Norwegian University of Science and Technology and the Department of Applied Science and Technology 

(DISAT) at the Polytechnic University of Turin (Polito).  

 

The thesis was supervised by Prof. Emiliano Descrovi (Polito) Prof. Dag Roar Hjelme (NTNU) and and co-
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1 Introduction 
 
Stimuli-responsive organic materials and polymers are a vast and thriving research field. Whilst in 

some areas, their use has become industrially relevant already decades ago, for example in display 

technology where electrical signals are routinely used to control the orientation and hence the optical 

properties of organic liquid crystal (LC) molecules1, the concept is of a much more emerging nature in 

other domains. For example, mechanical actuation and deformation of so-called “soft robots” is an 

interesting new field of study, where besides electrical fields, various other parameters such as 

temperature, pH-levels, pressure, magnetic fields or even light can be used to induce physical changes 

in various types of actuators2. Ultimately, many of these materials offer the promise of inexpensive 

polymeric elements being able to perform versatile and complex tasks, guided either by control 

schemes much simpler than for example electronic circuits, or by directly exploiting natural 

environmental conditions, such as e.g., diurnal temperature or humidity variations3,4 and sunlight5,6.  

 

In this thesis, we have employed several photo-responsive azobenzene-based polymeric systems which 

were able to undergo mechanical changes and, in some settings, even large directional deformations in 

response to light. These materials are of particular interest due to several reasons. First, light as a 

stimulus presents important practical advantages. In contrast to other aforementioned stimuli, (e.g., 

temperature, chemical changes, magnetic or electrical fields), which are often used as global 

parameters whose variation will influence entire samples at once, light can easily be spatially patterned, 

and irradiation can be readily localized in specific points of a specimen. More precisely, such 

patterning can be achieved without the use of control structures of similar size to the desired 

modulation (such as for example microelectrodes for highly resolved electric fields)7, but rather 

through focusing of light using modifiable optical setups, made of macroscopic components, and often 

combined with regular microscopes. In addition, light is also a multiparametric stimulus and besides 

intensity, one may control the wavelength (color), propagation direction (incidence), orbital angular 
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momentum (vortex beams) and polarization (vectorial property) of the illumination. As a matter of fact, 

the latter property was heavily employed in the main body of this work, where we used amorphous 

azopolymers which are able to elongate anisotropically in the direction of the polarization of the 

employed illumination. This intrinsically direction-tunable behavior is a second highly interesting 

property of the azobenzene-derived material class that was utilized in this thesis. Finally, it is worth 

noting that, whilst not quite at the intensities of unconcentrated sunlight, the effects shown in this work 

could all be induced at moderate intensities (from below 1 to ~102 W/cm-2) and at visible green 

wavelengths, which are safer and more biocompatible compared to for example ultraviolet (UV) 

radiation. Not limited to dedicated setups, these illuminations may therefore also be achieved using 

inexpensive light-emitting diodes (LEDs) or even the built-in ~10mW laser diodes of standard confocal 

microscopes. 

 

The thesis, a collection of articles comprising several new effects in azobenzene-based polymer 

materials is structured as follows. The first part of this chapter (section 1.1) provides an introduction to 

the fundamental properties of azobenzene-based amorphous azopolymers that were employed in large 

parts of the experimental work shown. A short subsequent chapter introduces a series of distinct, but 

related, azobenzene-based light-responsive material classes which are useful for the purposes of 

comparison (section 1.2). Thereafter, the main body of the introduction is focusing on three topical 

aspects, reversibility, system size, and saturation behavior of light-triggered actuation (sections 1.3-

1.5), which provide additional context to the article collection. We highlight that the addressed issues 

are by no means intended as an exhaustive list of challenges that the field unanimously faces, but rather 

as lines of thought that have inspired the work, and where we deem that existing limitations have been 

shifted to a certain extent by the discoveries made. In chapter 2, the included articles are summarized, 

with special attention attributed to the aspects outlined before. The chapter includes two works where 

the author built upon the optomechanical tuning of elastic metamaterials and developed a simpler 

fabrication method, enabling more versatile structures. The main works then comprise two entirely new 
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research threads, where the directional deformation of amorphous azopolymers was harnessed in 

versatile, polarization-sensitive soft actuators and in novel air-water interface optofluidic systems with 

directional flows. Finally, chapter 3 provides some outlooks linking the observed effects with 

remaining challenges in a more general application perspective. In its entirety, the work reflects our 

attempt to identify, and partially address, some of the issues standing in the way of azopolymers being 

used in active, dynamic devices, as opposed to their more established use in micro- and 

nanofabrication.  

1.1 Fundamentals of Amorphous Azopolymer Deformation 
 

A light-responsive polymeric system needs a photoactive unit permitting the optically induced effects. 

Throughout this work, we have used an azobenzene derivative known as Disperse Red 1 (DR1) to this 

aim, either in its molecular form or integrated into a linear azopolymer as side-chain building block as 

poly[(Disperse Red 1 methacrylate)-co-(methyl methacrylate)] (pDR1m-co-mma). The chemical 

structures relating to both cases are shown in Figure 1. As a matter of fact, illuminating these and 

similar materials with (polarized) light can provoke a multitude of effects across different time and 

length scales, from fast molecular configurational changes and reorientation to the slower generation of 

supramolecular deformation at the micron-scale and beyond. In this section we will briefly outline the 

different effects and their interconnection. For a recent, more comprehensive overview summarizing 

these effects in azopolymers one may refer to the corresponding volume by Xiaogong Wang8. 

1.1.1 Azobenzene trans and cis isomers 
 
The molecular structure of the azobenzene-derived chromophore Disperse Red 1, whose name reveals 

its applicability as strong, deep red dye, shows the typical azobenzene structure comprised of two 

phenyl rings connected by a N=N double bond (Fig. 1a). However, the depicted state is only one of the 

two molecular ground states, called isomers, with distinct shapes. In fact, for azobenzene and some of 

its derivatives, the rod-like trans molecule may be converted into a bent cis shape via a process called 

isomerization, and vice versa (see Fig. 1b) 9. This process, as well as the two isomers, are illustrated in 
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Figure 1b. It should be highlighted that, whilst the trans state, which usually is lower in energy, is 

sometimes referred to as the ground state, both states are ground states in principle. Electronic 

excitation obtained upon optical absorption in either ground state constitutes an intermediate state 

instead, which can facilitate the transition into the other ground state via several possible pathways, as 

discussed and studied in detail and for different azobenzene-derived compounds elsewhere9–14. In 

practice, transitions between the rod-like trans and the bent cis form may be induced either optically 

(with light) or via thermal transitions, with the trans state being the thermally more stable isomer which 

the molecule will eventually relax back to in the dark15,16. For azobenzene-type molecules, UV 

wavelengths needed to go from trans to cis states are well-separated from the blue visible wavelengths 

favoring the reverse transition17 and thermal relaxation is slow18. Such systems can therefore readily be 

used as photo-switchable systems. The targeted switching between differently weighted isomer 

populations using distinct wavelengths is widely used in several of the other material systems which 

will be introduced in section 1.2.  

1.1.2 Photo-orientation and the Weigert effect 
 
In the case of the dye employed here, the situation is slightly different. In fact, DR1 belongs to the class 

of pseudostilbenes18. For this class, due the addition of an electron-donating and an electron-accepting 

group on either side of the azobenzene moiety, the spectra of the trans and cis isomers are red-shifted19 

and show an increased overlap20–22. Instead of photo-switching using two different wavelengths, one 

can then also induce efficient photo-cycling between the two isomers under continuous irradiation at a 

suitable single wavelength, situated around 500 nm (lime/green) for DR1 side-chain polymers (see also 

scheme in Fig. 1c)23. This will cause the following two effects: First, each time the molecule undergoes 

a trans-cis-trans cycle due to two subsequent isomerization events, the spatial orientation of the rod-

shaped trans molecule’s long axis will be altered. Secondly, the absorption of the trans molecule is 

much more efficient when the electric field of the light wave is oscillating along the molecule’s long 

axis. For irradiation with linearly polarized light, this means that trans isomers with their long axis 

initially aligned with the incident polarization are more likely to absorb, undergo a trans-cis-trans 



5 
 

cycle, and end up in a new orientation. This new orientation, if different from the polarization axis, 

leads to a lower absorption/reorientation probability and hence a lower probability to undergo another 

trans-cis-trans cycle. The combination of these effects thus causes a statistical reorientation of dyes 

into the two axes not coinciding with the linear polarization23–26. A two-dimensional sketch of the final 

molecular reorientation is shown in Figure 1d. 

 

The polarization-induced molecule reorientation also causes optical anisotropies which are referred to 

as the Weigert effect, after Fritz Weigert’s initial discoveries of polarization-induced optical 

anisotropies in suitable photographic materials or dyes27,28. In fact, a trivial first consequence of the 

reorientation of rod-like molecules out of the polarization axis - due to preferential absorption in this 

state - is the reduced absorption for this polarization when most molecules have been reoriented. This 

effect, known as dichroism, is well described and can lead to a light penetration depth that increases in 

time, at the characteristic timescale of average reorientation into an orientational equilibrium29. It 

should be noted that absorption reduction also occurs for circularly polarized or unpolarized light30,31, 

as the molecules can always statistically reorient along the optical axis (i.e., the propagation direction 

of the illumination). In practical experimental settings, such as for the photo-deformable materials in 

this thesis, it is useful to keep this effect (which can lead to a reduction in brightfield absorption as well 

as reduced fluorescence in irradiation zones when using circularly/unpolarized light) in mind and not 

automatically attribute changes in absorption to irreversible photo-degradation of molecules32. The 

second anisotropy concerns the refractive indexes and is known as birefringence. At wavelengths 

longer than the absorption peak, the susceptibility is generally higher along the long axis of the rod-like 

trans molecule, giving rise to a higher refractive index along this axis33–35. Birefringence can rotate 

linear polarization and thus make light pass through a setup of two crossed polarizers on either side of a 

birefringent sample with appropriately oriented anisotropy. An example of this effect, which was 

acquired using early precursors of the composites studied in article 3, is shown in Figure 1e. The 

birefringence emerging from the Weigert effect, which for some polymers can be stable over several 
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years in the dark23, made optical storage an early application perspective for such materials36. In 

systems where the birefringence is readily overwritten on the other hand, tunable features can be 

designed, for example to modulate the spectral features of resonant surface modes within anisotropic 

cavities37.  
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Figure 1. Azobenzene-derived materials: isomerization, reorientation, deformation. a) Chemical structure of the azobenzene-derived 
Disperse Red 1 (DR1) dye. b) Scheme of main optical and thermal isomerization triggers for azobenzene. Distinct wavelengths are 
particularly efficient for cis-trans and trans-cis isomerization respectively. c) Scheme of main optical and thermal isomerization triggers 
for pseudo-stilbenes (including DR1). Visible wavelengths can efficiently trigger both isomerization events, inducing photo-cycling. d) 
Sketch showing the statistical reorientation of dyes upon photo-cycling, referred to as the Weigert effect. e) Unpublished data acquired on 
azopolymer-containing composites. Between crossed polarizers, are shown from left to right: the (dark) pristine sample, the laser spot 
with diagonal polarization, the birefringence written after the laser spot is turned off, and the final (dark) sample, where birefringence was 
erased with circular polarization. f) Chemical structure of pDR1m-co-mma, a linear methacrylate azopolymer bearing DR1 and methyl 
sidechains. g) Directional, polarization-dependent (here linear horizontal) deformation of azopolymer nanoparticle layers dried onto 
PDMS pillars. 
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1.1.3 Amorphous Azopolymer Deformation in Milestones 
 

Intriguingly, the molecular reorientation is not the only polarization sensitive effect that can be 

obtained with DR1 and similar dye molecules. Namely, when these dyes are covalently attached as 

sidechains to a linear polymer backbone, mass migration and deformation effects can appear on the 

micron-scale. In the following we will quickly recite some important experimental discoveries relevant 

in the context of this work. By the accounts of some of the first researchers reporting on them, light-

induced deformations in azopolymers were discovered rather unexpectedly23,38. It was during attempts 

to stabilize volume holographic bulk gratings introduced above and to develop new non-linear optics 

polymers, that the groups of Tripathy and Kumar, as well as Nathansohn and Rochon, independently 

discovered a surprising effect in early 1995: namely, that interfering laser beams used to inscribe 

birefringence gratings would actually cause a physical surface relief grating (SRG) to form on top of 

the amorphous azopolymer thin films which could be shown by atomic force microscopy (AFM)39,40. 

These first experiments used interferometric recombination of two equally polarized beams (for 

example p-polarized), hence creating a sinusoidal intensity interference pattern, and early explanations 

for the phenomenon often highlighted the role of intensity modulation41. However, already some years 

later from 1998 onwards, SRGs inscribed by pure polarization interference patterns with homogeneous 

intensity (obtained e.g., by recombining orthogonally polarized beams) were widely demonstrated42–44, 

clearly indicating a role of polarization in dictating the local mass migration/deformation effect. Note 

that such gratings can have half the optical period, since the spatial variation of the polarization follows 

a trajectory on the Poincaré sphere (see also section 3.1.1) dictated solely by a revolving polar angle. If 

the interfering beams are s- and p-polarized, the polarization pattern along this path is +45° linear, 

right-handed circular, -45° linear, left-handed circular. Hence, circular polarization, shown to coincide 

with local depressions in such an experiment45,46, will appear twice per grating period (at the north and 

south pole of the sphere), with only its handedness inverted and with grating vector symmetric linear 

polarization states in between, enabling doubled frequency gratings. After these discoveries, the 
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polarization’s influence on the effect was investigated further in experiments involving the filling of 

pre-inscribed scratches47 and using the polarization-dependent inscription of optical near-field 

features48–50, amongst others in the vicinity of plasmonic structures51,52. 

 

A next relevant milestone is the deformation of prefabricated microstructures, starting from the large 

aspect ratio deformation in the direction of linear polarization of colloidal azopolymer particles, dried 

on a substrate, into ellipsoids by Li et. al. in 200553. These studies were followed by the polarization-

directed deformation of hemispherical cap arrays54,55, lines56, square posts57, and all kinds of 

prefabricated pillars which can either be linearly stretched58–61 or bent62–64. Alternatively, prefabricated 

inverse structures such as microwells65,66, nanoholes67 and the voids in breath figure arrays68–70 have 

also been reshaped using azopolymers as the surrounding material. More recently, and eventually 

leading up to article nr 3 (see section 2.2), the photo-deformation of azopolymer particles was also 

studied when encapsulated in different types of soft matrices made of elastomers or hydrogels71,72. 

Finally, one can mention the deformation-induced oriented wrinkling of azopolymer films on a 

mechanically mismatched compliant73 and even on liquid substrates (floating films)74. In article 4, we 

studied the behavior and interaction of deforming colloidal azopolymer particles on a liquid substrate, 

by adsorbing them to an air-water interface. 

1.1.4 Deformation Mechanism 
 

Despite the long history of experimental studies and practical uses of the polarization-sensitive 

directional deformation in azopolymers, the mechanism of this effect is still somewhat debated75,76. A 

comprehensive review of different models and their technical details being beyond the scope of this 

work, we will instead aim to provide the reader with a certain phenomenological intuition about these 

effects, which we employed in rather application-oriented settings in our own work. Hence, we will 

briefly, and in a somewhat simplified manner, introduce some of the concepts which have been 

proposed. Whilst in early days, a variety of models have been developed to, mainly, explain different 
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type of surface grating formations77, in later years most works dealing with directional azopolymer 

deformations have referred to two explanation types, or versions thereof. These are athermal directional 

photo-fluidization78 and what was termed the photo-orientation approach79,80, respectively.  

 

The first approach seems to originate from a pioneering article by Karageorgiev et.al., inducing 

deformations in the near field of a plasmonic tip47. The authors explicitly showed that the employed 

azopolymer underwent considerable photo-softening in terms of elastic modulus (although less than in 

a molten state) and acquired low viscosity upon irradiation, all the while staying far below the 

polymers glass transition temperature (Tg) and in the absence of significant heating. They also showed 

that homogeneous irradiation of scratched polymer films would make material creep into the scratches 

only when the polarization of light was perpendicular to the channel. They hence employed the term 

anisotropic photo-fluidization, postulating that in this light-induced state of matter small forces are able 

to cause deformation. The anisotropic nature of these forces was attributed to the orientation of the 

azobenzene-derived sidechains, i.e., the Weigert effect (see section 1.1.2), via mechanisms including 

orientation-induced stresses, anisotropic molecular interactions and/or the light-induced vibrations of 

the anisotropically oriented molecules. 

 

The photo-orientation approach, developed largely by the group of Saphiannikova, also takes the 

azobenzene molecular orientation, away from the polarization direction, as starting point. However, it 

specifically attributes the deformation along the polarization direction of amorphous sidechain 

azopolymers to a torque exerted by the oriented sidechains onto the polymer backbone. In this 

framework, the deformation would be driven by the polarization-parallel backbone alignment following 

from the sidechain perpendicular alignment. Indeed, experimental observations favoring this hypothesis 

have been reported. In one study, it was shown that while the elongation of the polymer is parallel to 

the polarization vector when the active sidechains are covalently attached, weakly coupled ionic 

attachment produces an opposite deformation81. This difference was attributed by the authors to the 
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fact, that in the latter case, backbone reorientation may be inefficient, and the deformation 

perpendicular to the polarization may arise due to the side-chain reorientation only. Conceptually 

similar observations have been made by others, which used the same azobenzene sidechains, but 

covalently attached to different polymer backbones82. In this case, the observation was that elongation 

along the polarization direction could only be obtained for the more rigid backbone, whilst the soft 

backbone polymer again experienced a weaker effect in the opposite direction. Finally, in a very recent 

contribution, the deformation of a floating azopolymer film was analyzed via its wrinkling74. Due to the 

high sensitivity of this deformation measurement method, the authors were able to detect a small initial 

elongation perpendicular to the polarization, followed by the expected large elongation parallel to the 

polarization. This first deformation was then attributed to the orientation of sidechains, whilst the 

second, larger effect was associated with subsequent, slower backbone orientation. Interestingly, the 

reported timescales agreed with the well-known quick appearance of birefringence (<1s), due to 

reorientation of azobenzene moieties, followed by the slower polarization-parallel deformation for 

amorphous sidechain azopolymers (seconds to minutes)83. Worth to note that while covalent bonds 

were responsible for strong backbone attachment in the above examples, high efficiency SRGs can also 

be inscribed in some supramolecular azopolymers84, where azobenzene-derived side-chains are 

attached via ionic85, hydrogen86, or halogen bonding87. Finally, while the directional photo-fluidization 

framework does not exclude such sequential orientational effects, we point out that a major difference 

between the explanation types lies in the photo-orientation approach having been used to predict giant 

photo-mechanical stresses up to 1 GPa88. Hence, the authors argued that the yield stress of the glassy 

azopolymer can be surpassed even in the absence of photo-softening effects.  

 

 

Experimentally, it should be highlighted that high stresses around the order of magnitude of GigaPascal 

have been indirectly measured, for example via inscription of surface relief gratings in azopolymer 

films covered with a graphene layer used as strain gauge89 or by grating inscriptions causing cracks 
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within metallic coating layers90. Similarly, in the context of azobenzene-containing polymer brush 

systems grafted to substrates, surface relief grating formation was reported to induce the rupture of 

covalent bonds, leading to estimated stresses of same order of magnitude91,92. On the other hand, photo-

softening in common azopolymers is a well-known effect which has been explicitly distinguished from 

purely thermal effects by dedicated rheological and nanoindentation studies93–95.  Differently from 

heating above glass transition temperatures, significant changes in viscous behavior can occur under 

illumination despite only moderate changes in elastic modulus. This is reflected in fluidization-like 

observations when deforming azopolymers. For example, square posts deformed with circular 

polarization at intensities also used for directional elongation, were reported to end up in a rounded 

dome shape58. In the same work, circular polarization was also used to induce self-healing behavior, 

rendering the ruptured edges of a cracked polymer film completely smooth again. In another example, 

rounded polymer lines were transformed into rectangular cross-section lines using linearly polarized 

light and the soft appliance of a flat PDMS layer96 and hierarchical structures were created by molding 

100-nm features onto the photo-softened top layer of pristine micrometer structures97. Further examples 

of photo-softening effects appearing jointly with light-induced deformation are the overwriting of 

previous deformations in azopolymer particles embedded in an elastomeric matrix71 and the sinking of 

polystyrene particles into a thin film whose surface topography is simultaneously remodeled by the 

light scattered from the spheres98, although the latter example is based on an azo molecular glass 

compound (see below). In fact, already in the seminal study by Karageorgiev et. al., the authors noted 

the apparent absence of a yield stress in the illuminated azopolymer, stating that for nanoindentation 

“the most impressive change upon illumination is the complete disappearance of the region with a pure 

elastic response – the film surface undergoes irreversible deformation by a minute force”47. We note, 

that in recent theoretical frameworks, the incorporation of photo-softening and other illumination-

induced effects into a more generalized photo-orientation model was proposed76.  
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Finally, we point out that polarization-sensitive deformations like the ones described above have also 

been described in other azobenzene-derived systems, which do not even have to include a polymeric 

part. For example, azobenzene-containing molecular glasses are made from low molecular weight 

molecules, which despite the lack of a polymeric structure, also can undergo polarization-directed 

deformation of microstructures99–101 and efficient surface relief grating formation102–106. Their 

phenomenology is to a large extent analogous, although differences in efficiency, depending on the 

type of illumination pattern, have been described107 and their glass transition temperature can be readily 

lowered such as to e.g., produce self-collapsing gratings at room temperature108. To make matters more 

complicated, not all directional photo-deformation phenomena can be explained by simple polarization-

directed elongation or compression. For example, spin or orbital momentum of light has been shown to 

induce features reflecting the handedness of the illumination, generally at comparingly elevated 

intensities. Specifically, azopolymer films can exhibit chiral features when illuminated with focused 

circular polarization (spin orbital momentum)109, and similar effects have been shown for azo 

molecular glass micropillars110. Importantly, when optical vortex beams are used, large spiral patterns 

and other chiral reliefs can appear on azopolymer thin films, which are linked to the phase pattern of 

the illuminating beam and which cannot be simply explained by intensity gradients or polarization 

patterns111–114. 

 

1.2 Other Material Systems 
 
In this section, we will briefly mention some other light-responsive polymeric systems which can 

incorporate azobenzene-derived molecules. Although some of them can be polarization-sensitive, they 

usually do not rely on the photo-orientation effect, but rather on properties stemming from the 

isomerization of molecules. Several of these systems will be occasionally used as comparison systems 

later on in the manuscript. 
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1.2.1 Azobenzene Containing Liquid Crystal Networks 
 
Liquid crystal networks (LCNs) are materials where reactive mesogens, i.e. polymerizable molecules 

which display liquid crystalline properties in the monomer state, are cross-linked into a polymer 

network115–117. This way, the molecular orientation properties of the mesogens can be maintained in the 

final material, whilst the relative positions of the constituents are fixed in the solid material. For the 

sake of simplicity, we will not explicitly distinguish between glassy LCNs and liquid crystal 

elastomers, which are more flexible and less densely cross-linked materials. The literature on LCNs is 

abundant and specialized reviews may be consulted on this topic118. Here we will briefly outline a 

typical working mechanism of such materials, focusing on light-induced mechanical actuation, and 

pick some illustrative application examples. Recent reviews focusing entirely on photo-mechanical 

actuation of LCNs are also available119,120. 

 

Macroscopic actuation in LCNs can arise when the orientational order of mesogens in the polymer 

network is decreased. For example, rod-like mesogens in a uniform nematic state have their long axes 

oriented in parallel, along what is referred to as the nematic director. Decreasing the order of the 

mesogens will then induce anisotropic shrinking of the macroscopic material along the director axis121, 

an effect that can be very large for soft elastomeric networks 122,123. The decrease of order itself can 

result, for example, from a given temperature increase, which may be induced optically if absorbing 

components are present in the network124–126. Alternatively, azobenzene-derived dye molecules may be 

incorporated into the network, which in the rod-like trans state tend to align with other mesogens127. 

Besides photothermal actuation, ensuing from the absorption of the azobenzene compounds, 

photochemical actuation based on isomerization can then be produced in these systems (see scheme in 

Figure 2a)128–130. In this case, an order decrease can be induced by the aligned trans molecules being 

converted to the cis isomer form, thereby reducing the overall degree of order. Using suitable 

azobenzene compounds (see section 1.1.1), one may then reversibly switch between different isomer 

populations by employing two distinct wavelengths and hence switch between related macroscopic 
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actuator states. We note that for some materials, and especially under trans-cis-trans cycling 

conditions, free-volume generation131 (see section 1.2.2) and reorientation effects132 (see section 1.1.2) 

can also be dominant in azobenzene containing LCNs. 

 

A frequently used working mechanism for light-responsive LCN actuators is bending along the long 

axis of a strip. Such bending can for example emerge from inhomogeneous deformation due to the 

absorption across the film thickness (shown schematically in Figure 2b)133. It can also be induced 

without relying on absorption, for example by utilizing a bilayer system134. Such a system can combine 

an actively deforming and a passive layer135 or two orthogonally aligned layers with directors parallel 

and perpendicular to the strip axis136. In the latter case both layers deform, but one of them will expand, 

while the other will shrink along the strip axis. Interestingly, bilayer systems made of two strips with an 

alignment mismatch of 45 degrees137 are one of several138–140 ways to induce curled, helicoidal 

deformation of LCN actuator strips. Finally, a particularly efficient way to induce regular bending is 

splay alignment141–143, in which case the director anchoring is different on each side of the strip 

(perpendicular and planar respectively), producing an effect conceptually similar to the orthogonal 

bilayers. 

 

Applications scenarios for light-controlled LCNs are very wide-ranging. They include for example 

gripping systems based on several assembled strips144,145, applications in haptics146,147, microfluidics 

using optically controlled valves148 and pumping systems149,150, bioinspired photo-controllable 

cilia151,152, dynamic cell-culture substrates153, smart textile fibers154, or physical encryption optics155. 

Feedback-controlled “smart” systems such as self-regulated LCN irises156, structures automatically 

orienting themselves towards light sources and sunlight157,158, or grippers being able to selectively 

grasp objects based on their optical properties159,160 have also been proposed. Finally, large application 

subfields of study are oscillating systems (see section 1.5.2) and photo-mobile ones, which have been 

separately reviewed161. The latter type, i.e. LCN-based soft robots capable of light-actuated 
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locomotion, include directed floating162, swimming163,164, walking165, crawling166,167, as well as rolling 

paradigms168–170. In this context, we mention the recent work of Hu et al. where the deformation of 

floating LCN strips was used to control their capillary interactions at a liquid interface171. Upon 

actuation the strips would not only swim towards each other, but also reversibly assemble due to the 

liquid interface deformation profiles they create upon bending. A similar opto-capillary effect is one of 

the ingredients we applied to deforming azopolymer colloidal particles in article 4, to assemble 

particles and generate large-scale interfacial flows. 

 

In short, the above applications benefit from the high reversibility of LCN actuation as well as its 

programmability via the director alignment procedures. A drawback for some applications, may be that 

the director alignment, once inscribed, can usually not be altered anymore. Efforts to achieve post-

fabrication tunability have for example included the combination of different actuator pieces 

responding to separate wavelengths151,172,173. Similarly, reconfigurability was shown by using one 

wavelength to photo-chemically program and another one to photo-thermally activate versatile actuator 

motions174. Thermo-mechanical remolding of systems consisting of a thermoplastic elastomer and an 

LCN layer are another strategy175. Finally, polarization-sensitive actuation was obtained in polydomain 

LCNs where the domains, whose dichroic azobenzene molecules were aligned with the polarization 

direction, responded most to the illumination176.  

 

1.2.2 Other Azobenzene trans-cis Systems 
 
Apart from LCNs, a wide range of other material systems can also employ the conversion between 

trans and cis states of azobenzene-derived molecules. We will here leave out small scale systems where 

such molecules are for example integrated as triggers directly into biological components (cell 

membranes, micelles, DNA etc.)177, or neural channels178, or used as surface-functionalizing 

monolayers, for example to modulate electrical properties of organic thin films179. Instead, we non-

comprehensively list some macroscopic materials of interest, whose properties can be tailored using the 
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optical trans-cis isomerization of azobenzene-derived molecules or trans-cis-trans cycling effects. 

These have in common that they harness other properties ensuing from isomerization than the 

polarization-induced reorientation of the molecules (section 1.1.2) or the related polarization-sensitive 

deformation (section 1.1.3). 

 

For example, azobenzene-derived molecules can be cross-linked into or simply dispersed in amorphous 

polymeric networks. In the simplest scenario, a single wavelength can then be used to convert the 

population distribution from mostly trans states in thermal equilibrium to a more significant photo-

stationary cis population. Besides heating and its material-dependent consequences, this causes both 

explicit mechanical effects, due to the free volume requirement of the molecular conversion180–182, and 

explicit optical effects, in the form of refractive index changes (see Figure 2c for schematic 

summary)183. It is important to highlight that the latter effect is distinct from the birefringence effect 

introduced in section 1.1.2. In fact, whilst the birefringence effect involves a refractive index lowering 

only for the axis of the illumination’s polarization, due to reorientation of trans molecules away from 

it, the isotropic refractive index decrease is caused by the switching of trans molecules into the cis state 

(with intrinsically different refractive index) as well as by the volume changes33,34. The three 

aforementioned effects, and combinations thereof, can be for example employed as a simple means of 

driving the isotropic volume changes in intricate two-photon printed184,185 and other structures186,187, to 

change the gas permeability of membranes188,189 or to inscribe optical functions such as graded 

refractive index lenses into flat membranes190. Another possibility is the tuning of the Young’s 

modulus of materials for application e.g., in elastic metamaterials191. This was the framework of 

articles 1 and 2, where DR1m was simply dispersed, post-fabrication, in 3D printed elastic waveguides. 

Localized illumination at a trans-cis-trans cycling wavelength was then used to locally change the 

Young’s modulus of these waveguides in specific points of the sample. 
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Figure 2. Scheme of other isomerization-related effects in azobenzene-containing materials. a) Scheme of a liquid crystalline 
polymer network (LCN) containing both azobenzene-derived dyes (red) and other mesogens (black). In real-world networks either 
component may be incorporated as cross-linkers (e.g., bis-acrylate) or sidechains (e.g., acrylates) and backbone compositions vary. Upon 
illumination the isomerization contributes to breaking the order of the LCN, leading to shrinking along the (here vertical) nematic director 
axis. b) Scheme showing laser beam laterally incident onto an azo-LCN strip, leading to a higher shrinking deformation on the incident 
side due to absorption. As a result, the shown strip is expected to bend towards the light source. c) Sketch of a generic polymeric material 
containing azobenzene dyes. Isomerization and photothermal heating will produce several (partly interconnected) effects, such as volume 
changes, refractive index changes and elastic modulus changes. Although these effects will be present in any azobenzene-containing 
network, they are usually dominant in networks where no strong reorientation effects are present (such as in some amorphous sidechain 
azopolymers) and where no pre-alignment of molecules is given (such as e.g., azo-LCNs). 

 

A further interesting mechanism relying on trans-cis conversions are guest-host systems based e.g., on 

azobenzene molecules as guest molecules, combined with cyclodextrin (CD) hosts. These systems 

become switchable when the host molecule preferentially accepts the trans state of the azobenzene 

moiety, forming a photo-reversible bond. They can then be operated in photo-switching mode, with 

two wavelengths, permitting forth and back between trans and cis molecule states, and thus reversible 
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(de)-bonding of the guest-host complex. In macroscopic systems the bond can then be used as a 

switchable cross-linker, permitting reversible sol-gel transitions of hydrogels192 or actuators based on 

expansion-contraction behavior when the network is already cross-linked193. It may also be used to 

enable molecular recognition between gels separately incorporating the guest and the host molecules, 

permitting photo-switchable adhesion between them194.   

 

Finally, we briefly mention photo-sensitive surfactants based on azobenzene containing molecules. 

These exploit a difference in hydrophilicity of the two isomerization states. When e.g., brought to an 

interface, their isomerization can be used to reduce and increase the surface tension locally and create 

Marangoni flows. The systems employing such surfactants can either be operated at two wavelengths, 

photo-switching between different equilibrium states195, or in continuous flow driving mode196, and for 

example be used to guide particles in optically induced Marangoni traps197,198. An elegant way to use 

single-wavelength illumination to drive long-range, stationary flow phenomena based on diffusio-

osmosis is detailed and used as a comparison phenomenon later (section 1.5.3). 

 

1.3 Focal point: Reversibility 
 

We now return to the materials employed in this work and try to outline why the question of 

reversibility is a matter of interest in this work. Precisely, whilst dye isomerization as well as photo-

stationary changes in free-volume, refractive index or temperature are typically reversible processes, 

the polarization-directed deformation of amorphous azopolymers (see section 1.1.3) is not. Instead, it is 

a plastic deformation, where sequential deformations are cumulatively superimposed. This is apparent 

when considering the possibility of superimposing sinusoidal gratings created by two interfering 

beams, which can lead to perfect square lattices for sequential orthogonal grating superposition, beating 

envelope gratings for frequency mismatched constituent gratings, and blazed gratings for phase-

mismatched ones38. In more recent years, such effects have been used to inscribe many more different 
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gratings with varying orientations and frequencies on the same thin film, eventually enabling up to 12-

fold/60-fold rotationally symmetric quasicrystal topographies for azopolymer199/azo molecular glass200 

thin films respectively or complex Fourier surfaces with up to 80 underlying SRGs201. Analogously, the 

deformation of pristine substrate-adhering azopolymer microstructures with distinct sequential linear 

polarizations has been shown to lead to complex, super-imposed, in plane expanded shapes202,203. 

1.3.1 Emergence of the Reversibility Question 
 
Interestingly, the question of reversibility has only recently received major attention in the field of 

polarization sensitive photo-deformable azopolymers. We speculate that this may be linked to the 

deformation effect having first been evidenced on thin films and, for about a decade, mostly used to 

inscribe surface relief gratings (see section 1.1.3). These surface gratings can, in fact, be simply erased 

by heating above the glass transition temperature39,204. Alternatively, partial or full erasure, depending 

on the material employed, can be obtained by homogeneous blanket exposures with linearly (along the 

grating vector), circularly or unpolarized light83,205–209. The latter approach must have been a rather 

intuitive choice initially, since the same method can also be used for the erasure of optically stored 

local birefringence32,210,211 and birefringent volume gratings41,212,213 in thin films, an initial motivation 

for many early works. However, erasure by temperature or e.g., circular polarization will fail or be 

impractical in at least two situations, which were naturally concerning more recent works. First, if the 

azopolymer thin films are immersed in water, the films are less stable and bubble-like islands can form 

upon attempted wet erasure with circular polarization214. Whilst such an effect may be employed as 

optical microfabrication technique215, it is undesirable for bioengineering applications such as 

topography-guided cell culture60,216–218, which intrinsically involve aqueous immersion and where 

heating above the glass transition temperature would be detrimental to the biological materials. 

Mitigation strategies consisting for example in the encapsulation of photo-deformable azo thin films by 

a compliant, hydrophobic protection layer, have been only partially successful so far219 and 

reconfiguration of the surface by temporarily removing the aqueous medium may be functional, but 

cumbersome in final applications220. Secondly, if the pristine structure to be deformed is a prefabricated 
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protruding microstructure, for example a pillar, then circular polarization has been shown to lead to 

isotropic in plane expansion accompanied by pillar flattening58,202. Hence, neither temperature nor 

circular polarization can be used to restore such a structure’s initial state, a priori making conventional 

erasure paradigms only applicable to initially smooth and flat films. In recent years, different strategies 

have therefore been proposed to remediate to this problem. They involved polymer blends59, partially 

cross-linked amorphous azopolymers62,70, tilted illumination schemes221, or embedding of 

microparticles in an external elastomeric matrix71. The latter approach, which we may term “passive 

reversibility”, was employed and expanded to mesoscopic soft actuators in article 3. 

 

1.3.2 Definitions of Reversibility 
 
Since the emergence of the question, reversibility in azopolymers has been assessed and treated in 

various ways. For example, in the very early days of deforming pristine microstructures, reversibility 

was sometimes based simply on the phenomenological aspect of roughly re-obtaining a similar shape, 

for example elongation of structures in the same direction after exposures with varying doses57. Since 

then, the field has evolved amongst others through the works mentioned previously. Yet, the 

assessment criteria and definitions still vary depending on the scope, the targeted applications and the 

underlying systems of different reports. Here, we will try to outline some possible criteria which may 

be used especially in the domain of azopolymers and aim to highlight that several of these may be 

appropriate depending on the context. This categorization is then be applied to characterize the works 

included herein in terms of extent and type of reversibility. 

 

The simplest and strictest criterion that may be used, which we will term “perfect reversibility” would 

be the return to the exact initial state, or in the case of deformable structures, the return to the initial 

shape (Figure 3a). Whilst this is a common feature for example in LCN systems, in the context of 

amorphous azopolymers it may be a very stringent criterion. For example, starting from a spherical 

azopolymer particle, this would imply eventually returning to a spherical state. However, all the 
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deformations induced on azopolymers by a (near) plane-wave illumination condition will lead to a 

compression along the  optical axis (for simplicity defined as z-axis from here on), regardless of the in-

plane polarization state. If the final aim is to return to a spherical state by an all-optical method without 

other external effects, optically induced stretching along the z-direction would be necessary, for which 

strategies are mentioned in outlook section 3.1.1. On the other hand, passive reversibility has been 

demonstrated for sparse azopolymer particles in an elastomer matrix upon exposure to unpolarized 

light, which the authors attributed to isotropic photo-softening71. 

 

In the framework of article 3, a passive reversibility system was obtained by incorporating high 

densities of azopolymer microparticles in an elastomeric matrix. Also in this system, previous 

deformations could be overwritten by subsequent illuminations, which was shown by precisely 

quantifying the strain in both directions tracking an imprinted array of micropillars. However, for any 

first deformation, a significant in plane expansion was observed, which decreased for subsequent 

illuminations. Eventually, the system would enter a stable switching regime, where alternating 

polarization states would induce transitions between different deformation states with similar in plane 

area. To characterize such an overwriting behavior, an alternative, weaker definition of reversibility 

may be induced, which we will refer to as “pre-conditioned reversibility” (Figure 3b). Conceptually, 

this type of reversibility would apply to all systems where reversibility can be obtained after an initial, 

irreversible transformation, i.e., a pre-conditioning step. Yet, depending on the application, such a 

system may still outperform a purely deformation superimposing one. For example, in the 

corresponding article a circular membrane’s bending axis could, after an initial transformation from the 

flat shape, be continuously rotated using the overwriting effect.  
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Figure 3. Proposed definitions of reversibility for azopolymers. a) Strictest reversibility criterion, implying a return to the exact initial 
shape. For a structure deformed by a beam incident from the z-axis, this implies a “de-flattening” deformation, i.e., a transformation 
involving stretching along the z-axis (see also section 3.1.1). b) Weaker definition, allowing for an irreversible pre-conditioning step (here 
an initial deformation by a beam incident from the z-axis) after which reversible shape transitions can be achieved. c) Weakest definition 
which is relevant to some specific applications. While the initial shape is not restored, a higher-level functionality may be restored by 
illumination, which can for example be linked to an azopolymer film exhibiting a smooth continuous surface. An example of this concept 
was introduced by Kang et. al.58, which developed a light-healable conductive polymer. 
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Still, the observed reversibility in the addressed work was not perfect, and a small in plane expansion 

component subsisted for each illumination. To address this partial reversibility feature, we further 

introduced a measure considering the degree of (pre-conditioned) reversibility. This measure was 

introduced for repeated illumination cycles consisting of two illumination steps with different 

polarization and was defined as 𝑅𝑅 = 1 −  δ𝐴𝐴 𝜀𝜀�  where δA was the measured relative area expansion 

after two sequential illuminations (an illumination cycle) and ε was the measured relative strain along 

the linear polarization axis for one of the illuminations (linearly polarized illumination step). This 

measure has the advantage that it returns 1 for full reversibility (since δA = 0 in that case) and 0 for a 

purely cumulative effect, assuming an incompressible material and a small strain regime (see Appendix 

C, section IX). In the context of azopolymers, which tend to expand in the plane and vertically flatten 

under illumination, such a metric, based on the relative area expansion, may be a suitable to distinguish 

reversible and irreversible contributions to the overall deformation behavior. However, care should be 

taken that switching between states associated with orthogonal linear polarizations will produce a 

larger relative deformation than switching between states associated with a linear and a circular 

polarization, as apparent in the Appendix’ small strain calculations. Hence, the same system, for a fixed 

amount of irreversible in plane expansion, would appear more reversible if using orthogonal linear 

polarizations and the exact sequence should be specified if comparing material systems. 

 

Finally, the least stringent definition regarding the deformation of azopolymers could be “reversibility 

in functionality” (Figure 3c). This may account for systems where, whilst the underlying shape is not 

exactly restored, an ensuing property can reversibly be restored. An example for such a case is 

anisotropic wettability, i.e., a state where a droplet deposited on a surface will have different contact 

angles along different directions. Such a property can for example be induced by anisotropic 

deformation of a pristine array of hydrophobic azopolymer micropillars222,223. In such a case, isotropic 

wettability may be restored by rendering the underlying structures isotropic in the plane again, without 
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necessarily reproducing their initial state exactly. Another example can be made for light-induced 

wrinkle erasure, demonstrated for several types of azobenzene-containing polymer films224–226. In these 

works, wrinkling was first induced by compression or expansion of a bilayer system, where there is a 

mechanical mismatch of a top azopolymer film with the soft, underlying substrate. The wrinkled layer 

was then illuminated with a suitable wavelength, which lead to modification or erasure of the wrinkles, 

attributed to stress release in the azopolymer film. If wrinkles of an azopolymer film were now to be 

induced, voluntarily or involuntarily, by a mechanical constraint and subsequently erased by 

illumination the film topography may still be regarded as restorable, even if the final shape of the film 

is compressed or stretched with respect to the initial condition. In practice, such reversibility in 

functionality may be the entire point of an application with azopolymers, such as e.g., in the case of 

self-healing wearable conductors58. In this work, after cracks in the conductor were induced by 

mechanical stresses, the aim was evidently to restore the conductivity by bridging the gap, rather than 

to re-obtain the initial shape. 

 

1.3.3 Reversibility in an Application Perspective 
 
Above, partial reversibility was mentioned. Partial reversibility can stem from irreversible phenomena 

and material fatigue, limiting the number of cycles over which a certain functionality can be provided. 

Whilst the number of actuation cycles is very high e.g.,  in piezo-electric actuators, where up to 1010 

load cycles may be routinely required by engineers227, light-responsive polymeric materials will usually 

show signs of fatigue earlier. In the case of LCNs, known as materials with good reversibility, high 

numbers of oscillating bending strip motions spanning up to 250000 cycles with little fatigue have been 

reported in some systems228. In other reports, evolution of the oscillation mode in an LCN strip, based 

on slight changes in the material, were reported already at much lesser numbers of about 80 cycles229. 

They were attributed to underlying irreversible effects such as dye bleaching and polymer chain friction 

during continuous illumination. As of today, tens of actuation cycles are also what seems feasible for 

systems built from amorphous polymers such as the system studied in article 3.  



26 
 

 

This comparably low number of reversible actuation cycles should hence be outweighed by some other 

benefits of these systems in view of concrete applications. For light-responsive polymeric systems in 

general, such benefits include the low cost of fabrication as well as the ease of remote control instead 

of building fixed circuitry. When the reversible behavior refers to polarization-sensitive actuators, the 

versatility of deformations that can be obtained post-fabrication is added. Such behavior may be 

relevant in bioengineering applications (as outlined in Outlook section 3.1.3), where the position of 

objects such as cells and cell spheroids on a device cannot always be controlled deterministically. 

Hence, being able to choose the location and type of an actuation during the use of the device may be 

advantageous. The obtainable number of reversible actions must then match the application objective. 

For example, disposable actuators grabbing, fixing and releasing objects several times can be imagined. 

Alternatively, this type of reversibility combined with directional deformation control may be used to 

reconfigure an actuator during the completion a specific task, such as wrapping objects, based on 

feedback loops. Finally, the creation of complex three dimensional structures via origami-inspired 

folding techniques175,230 could require bending and folding of the same area several times, a task which 

may also benefit from intrinsic overwriting effects. 

1.4 Focal point: System Scales 
 
Next, we will focus on another factor defining the application scope of light-responsive materials: the 

system scale. It appears that scaling systems towards smaller or larger scales, sometimes stemming 

from a specific application need, other times resulting from mere curiosity, is a valuable driver of 

scientific discoveries in the field of photo-mechanical materials. Correspondingly, when a specific 

property can be transferred to a different characteristic size scale, new application scenarios can almost 

always be sought. Interestingly, the direction of such trends may vary between different subfields, 

depending on the technologies available, the scale on which initial discoveries were made, and the 

presence of fundamental limitations which can be hard to overcome. Here, we will first use selected 

examples to show how in some of the other photo-mechanical materials (see section 1.2) microscale 
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and micro-structured systems have emerged more recently than larger bulk structures. We will then 

argue that in the specific case of amorphous sidechain azopolymers the inverse pathway, towards larger 

systems, may be a fruitful pathway at present. 

 

1.4.1 Scaling Systems – Which way? 
 
As introduced in section 1.2.1, Liquid Crystal Networks can be prepared by “freezing” the liquid 

crystalline order of reactive mesogens by polymerizing them into a cross-linked network. Widespread 

techniques to control the initial mesogen ordering are, amongst others, surface anchoring (for example 

via rubbed polymer (e.g., polyimide, polyvinyl alcohol) surfaces inducing homogeneous planar 

alignment of molecules in vicinity of the surface)231,232 or mechanical stretching before the final 

crosslinking233,234. These techniques, ranging back more than three decades, can then be used in the 

domain of photo-mechanical actuators to fabricate strips with large-scale, well-defined alignments able 

to undergo significant light-induced contractions129,235 or bending133 as a whole. An early approach to 

more local control of the alignment consisted in sequential, masked photo-polymerization steps while 

changing the underlying global LC order236, enabling for example films with selective regions 

deforming and protruding under global illumination237. In recent years, numerous techniques to pattern 

director alignments in LCNs all the way down to the microscale were then developed. These rely for 

example on the adaptation of polarization-guided photo-alignment approaches238–241 to the 

microscale242–245, or on microgroove topographies determining the local surface anchoring and hence 

the local alignment patterns246–248, in addition to methods employing director patterning by 

microelectrodes249 or by molecular self-assembly using chiral dopants250. The resulting LCN films with 

micropatterned director alignment may for example be used to induce corresponding patterns in 

biological cell colonies251 and have complemented the realm of responsive LCNs with (photo-) 

switchable topographies that can be employed for surfaces with tunable friction and wettability, self-

cleaning behavior, switchable diffractive properties or mixing control in microfluidic channels252,253.  
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Another technology that has expanded photo-mechanical LCN concepts to the microscale is the 

increasing availability of two-photon 3D printers. Using such equipment to carve three-dimensional 

microstructures out of pre-aligned LCN precursors, additional application scenarios have emerged. 

These structures are very promising for the direct writing for photonic microstructures254, such as 

tunable optical ring microresonators255 or cavities hosting whispering gallery modes256. In the soft 

robotic domain, an intriguing example was provided by a mobile microrobot capable of directional 

motion by combining longitudinal expansion-contraction behavior with intricately two-photon printed 

anisotropic frictional feet257. Finally, the combination of two-photon printing with an adjustable 

external electric field has been recently used to precisely adjust the local LCN director alignment in 3D 

on the micron scale258. 

 

In this context, it is worth mentioning that also the photo-switchable azobenzene-cyclodextrin host-

guest bond, used for switchable bulk gels (see section 1.2.2), has been increasingly used together with 

micropatterning techniques in recent years259–261. Coating prefabricated microstructures or defining 

micropatterned areas with switchable photo-ligands based on this interaction, cell-substrate adhesion 

can for example be locally and optically controlled259,260. A similar development was seen in photo-

responsive surfactants, which instead of large scale systems only, have recently been combined with 

particles and structures of well-defined microporosity in several studies262–265. This approach allowed 

for the particles to become “active” flow drivers on the microscale, and hence gave control over their 

assembly in lattices with various spacings, clusters of defined shapes and over their expulsion from 

specific zones. The approach also allows for separation of particles in a microfluidic device, precisely 

due to differences in size, porosity and surface properties266. In summary, many photo-mechanical and 

azobenzene-derived systems have expanded their application range in recent years by the advent of 

new microscale fabrication techniques, allowing for the downscaling of specific functionalities, or the 

creation of entirely new ones. 
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1.4.2 Azopolymer Deformation Scales 
 
Curiously, in amorphous sidechain azopolymers, this situation is somewhat inverted. Specifically, these 

deformations were directly discovered on the microscale, via use of optical interference patterns for 

inscription (see section 1.1.3), and have thereafter been rapidly used to develop versatile micro- and 

nanopatterning techniques267. As it turns out, scaling their ample polarization-directed deformations up 

to the macroscopic scale may not be straightforward. On the nano and micron scale relative elongations 

as high as 525 % have been produced for azopolymer particles in the range of 100-1600 nm72. 

Similarly, arrays of pre-structured micropillars of 4.5 μm with large 10 μm spacing can be fused into 

almost uniform lines, corresponding to at least 200% deformation61. On the other hand, only few 

reports have described (the lesser) deformation of wider structures. The exact reasons for the 

polarization-dependent deformation in linear azopolymers being usually restricted to the (sub-)micron 

scale is therefore not entirely clear to us yet and some observations are outlined below. 

 

For example, in large azopolymer particles the achievable deformation was found to be heavily limited 

at particle sizes above 20 μm203. In particular, the largest particles in this study did not undergo 

homogeneous deformation anymore and the small overall deformation showed undulating features and 

several protrusion sites on the same particle edge. This may indicate that the distance over which the 

light induced stresses can smoothly propagate is limited for some of these non-crosslinked amorphous 

polymers. In addition, substrates can have a mechanical restraining effect, as further discussed in 

section 1.5.1. For example, it is evident that an azopolymer thin film deposited on a substrate cannot 

undergo large-scale linear stretching. On the other hand, macroscopic linear deformations for 

centimeter scale films floating on water surfaces have been reported in two cases74,82. The deformation 

extent in both these studies was lesser (around 40-50%), which may however be due to the polymers 

employed, exposure conditions, the thickness of the films and other factors. To our understanding, in 

none of the studies the authors have explicitly tried to maximize such deformations. Closely linked to 

the substrate constraints is the role of absorption throughout large structures which is discussed in more 
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detail in the Outlook section 3.1.2  As an example, photo-deformation of 44 μm high, 17 μm wide pillar 

posts, used to render surfaces hydrophobic, merely produced a slightly protruding edge of the top layer 

(reprinted in Figure 4a)268. In this case, the same azopolymer is frequently used by the Lee and Park 

group and has often been used to inscribe large (>100%) relative deformations in microscale 

features269,270.  For the large 44 μm pillars, due to absorption-induced gradients, the non-deformed part 

of the pillar can take the role of the constraining substrate and lead to a vertically decreasing 

deformation velocity profile, as highlighted by the authors. This may restrain the overall deformation 

and leads to downwards bending of the protruding edge. In addition, surface tension, which the authors 

evoke to explain the smooth top surface after deformation, may also play a role in the small (<1 μm) 

protruding edge eventually folding upon the pillar structure itself during prolonged exposure. We point 

out that in some cases, several of the mentioned effects seem to be at play, as observable in the 

insightful 3D SEM images shown by Jeong et. al.271, which show the saturation of a 4.5 μm 

azopolymer particle deformation ending up in a spindle-like shape (Figure 4b). Here, due to the particle 

size and thus the considerable absorption, only the top half of the particle deforms significantly. When 

the wings of the deforming particle reach the substrate, an additional mechanical constraint comes into 

play. Finally, stress seems to build up in the particle due to the constraint, which leads to collapse into 

an undulating, spindle-like 3D-morphology. Similar collapse into a worm-like shape was observed by 

Ryabchun et. al., for particles deformed to high aspect ratios in an external matrix71. 
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Figure 4. Literature examples showing the deformation of larger azopolymer structures. a) SEM images of 44 μm pillars deformed 
with circularly polarized light, generating a slightly protruding, downwards-bending edge. Adapted with permission from Choi et al.268, 
Copyright ©  2017, American Chemical Society. b) SEM images showing the deformation of 4.5 μm azopolymer particles on a solid 
substrate. Several effects limiting the overall deformation can be distinguished, notably only the top layer initially deforming (absorption), 
the “wings” of the structure adhering to the substrate (mechanical constraints) and the structure collapsing into a non-uniform, spindle-
like shape upon prolonged exposure. Adapted from Jeong et al.271, Copyright © 2018, with permission from Elsevier. 

 

Furthermore, scale limitations also occur in surface relief gratings (SRGs, see section 1.1.3) on thin 

films. Here, the height of surface relief gratings on azopolymer films can be increased by e.g., using a 

larger inscription pattern period272 and by increasing the initial film thickness, recruiting more volume 

for the grating generation and increasing the independence of the surface from the underlying 

substrate273,274. Yet the absolute modulations are usually limited to values below 2 μm85,275, and the 

thickness-amplitude effect in these studies saturates above a certain initial film thickness value, which 

may again involve absorption effects. In an early study, this behavior was compared to a similar 

correlation of surface relief grating amplitude with dye amount, a monotonically increasing function 

which saturates possibly due to higher absorption at higher dye concentrations276.  In summary, we can 

speculate that the expansion of amorphous linear side-chain azopolymers’ directional polarization-
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dependent response to supra-micrometric scales is hampered in most cases by combinations of external 

mechanical constraints (e.g., substrates, matrices), as well as internal ones (absorption-induced 

gradients), surface tension, and possibly a limited propagation length for homogeneous deformation. 

 

One option to ensure homogeneous propagation of the deformations in the polymer matrix is using a 

cross-linked system. In this context, it is worth to mention the work in the groups of White and 

Bunning, which have developed several cross-linked azo-polyimide materials277–279 and glassy 

LCNs280–283 capable of polarization-sensitive deformation when irradiated with trans-cis-trans cycling 

wavelengths. In that case, the cross-linked structure itself provides a matrix that can propagate 

deformations. However, the authors generally found the elongation, which they attributed to the 

reorientation of azo dyes, to occur perpendicular, not parallel to the polarization direction. In the 

context of the works mentioned in section 1.1.4, such effects would be expected to lead to smaller 

deformations, comparable to those induced by side-chain reorientation only in amorphous sidechain 

azopolymers. Indeed, in these studies the deformation was usually harnessed via the ample bending of 

long, thin cantilevers.  

 

Another way of achieving polarization-sensitive deformations in larger systems may be based on using 

strongly deformable azopolymer microparticles, while providing a medium through which they can 

interact and propagate deformation over macroscopic length scales. In other words, the particles may 

push onto each other and create collective deformations if there is a soft material between them which 

allows for particle deformation, but still transmits the created forces between particles. In articles 3 and 

4, two such systems are explored, which utilize an elastomeric matrix and a deformable water-air 

interface as propagation media respectively. 
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1.5 Focal point: Saturation Behavior 
 
Closely linked to the previous focal point (system scales) is the saturation behavior of azopolymer 

deformations. As will be exemplified in this section, saturation of photochemically induced mechanical 

effects under constant illumination is a phenomenon affecting many such material systems intrinsically. 

Apart from temporally varying illumination schemes and systems provoking self-oscillation, systems 

where the illumination zone automatically gets replenished with fresh photo-chemical fuel may be 

designed. Conceptually, these systems may then constantly transform light into continuous directed 

linear motion, opening for new application scenarios. 

1.5.1 Deformation Saturation – Usual case 
 
The maximal deformations of azopolymers for differently sized pristine structures addressed in the 

previous focal point is usually defined upon saturation of the photo-deformation under constant 

illumination. In fact, on the second timescale, the polarization-dependent deformation of azopolymer 

microstructures usually starts with a constant deformation rate, before saturating to a maximal extent 

which can depend e.g., on the employed material284,285 or particle sizes72,286. Mechanical constraints, 

which are thought to play a role in the latter case, can be nicely illustrated for example in azopolymer 

Janus particles (reprinted in Figure 5a)287. In that example, particles consisted of an azopolymer on one 

side and an unresponsive poly (methyl methacrylate) PMMA part on the other. Photo-deformation with 

polarization parallel to the separating interface was shown to be far more constrained, and to saturate to 

much lower aspect ratios, than deformation through orthogonally polarized illumination. Furthermore, 

saturation behavior also occurs for the growth of surface relief gratings using interference 

patterns83,288,289 or for local protrusions created on thin films290. Such behavior is also intrinsically 

predicted by some models such as the orientation approach with an underlying finite orientation 

potential linked to the azobenzene moieties80,291, while it may be attributed to external constraints 

(surface tension, external matrices or stamps) in some of the approaches invoking the concept of 

directional photo-fluidization (see section 1.1.4 for possible mechanisms)96. 
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On the other hand, such saturation behavior under constant illumination is not limited to the 

azopolymers used in this work. It will usually also occur in azobenzene-containing LCNs (see section 

1.2.1), when all effects such as e.g., photo-thermal heating, free volume generation, reorientation and 

the respective isomer populations have reached equilibrium (example shown in Figure 5b)131,292,293. If 

the last mechanism is the dominating one (conventional photochemical actuation), the respective trans 

and cis proportions will define the extent of deformation, although temporal lags in deformation and 

relaxation can occur in some cases due to polymer matrix effects130.  The saturation then directly stems 

from a so-called photo-stationary regime where the different transition mechanisms, for example 

optical transition and thermal relaxation of isomers, are in equilibrium. Finally, saturation in photo-

stationary regimes can also occur for Marangoni flows created by azo-surfactants adsorbed to interfaces 

(see section 1.2.2).  When a delimited zone of the interface is illuminated in such a system, the surface 

tension will locally change due to the different hydrophilicity of the isomerized molecules. For thin 

systems and large irradiation zones, i.e., in the absence of a refueling mechanism including interface 

desorption and diffusive recycling via the bulk196, transient, saturating flows have been reported also 

for these systems195. 

1.5.2 Oscillating Systems 
 
One way to achieve continuous motion in saturating photo-mechanical systems, which so far has 

mostly been implemented in LCN systems, is the provoking of self-oscillation (example from literature 

shown in Figure 5c). One conceptually simple way to provoke such oscillation is the constant 

illumination of a uniform actuator strip from the direction of its long axis (a configuration which may 

be obtained after an initial bending)139,143,294. In this case, for a slight initial deformation one of the strip 

sides will be exposed to the light directly, whilst the other side gets shadowed. When the absorbing side 

contracts, the bending direction of the strip inverts, exposing the other side to illumination and 

eventually causing oscillations which have achieved frequencies up to 271 Hz228. Slightly modified 

mechanisms of self-shadowing can also drive oscillation in non-uniformly, for example splay-aligned 

LCNs which have a preferred bending direction125, and chaotic oscillating systems have been proposed 
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where the oscillation is driven by small local fluctuations in the material (temperature, photo-softening, 

trans-cis populations)5, or by switches between different modes influenced by local material fatigue229. 

Self-shadowing oscillators can also be mechanically coupled, analogous to Huygens’ synchrony 

observations on pendulum clocks295, and if interfaced with an anisotropic support, have been shown to 

permit step-wise directional motion (reproduced in Figure 5d)296. Further, they do not need to have 

standing wave character, but may consist of propagating waves297. In the latter example, a slanted 

incidence angle onto a polymer film would hit crest-like folds in the film from one side. Inducing 

downwards or upwards buckling on the irradiated side, the crest could propagate away or towards the 

light source respectively. The created waves could even transport objects much heavier than the film 

uphill. 

 

Finally, in a wider sense one may also qualify systems as oscillating, though not self-oscillating, where 

one of the illumination parameters is periodically modulated by the experimenter, resulting in periodic 

movement. Using a strip composed of two differently responding materials, the periodic modulation of 

the intensity of a single wavelength may then be used to induce non-reciprocal beating motions, a key 

for transfer of momentum at low Reynolds number and hence for the locomotion of small natural or 

artificial objects298. Along the same line, an intriguing swimming motion of LCN particles that 

undulate directionally under swept sinusoidal light patterns was shown299. Finally, in article 3 we 

employed a polarization sensitive membrane, illuminated from the top side, which would bend around 

the in-plane axis perpendicular to the polarization. By continuously rotating the polarization direction 

of the illumination, this bending axis and thus the membrane shape was continuously rotated. 

 

1.5.3 Continuous Linear Motion 
 
Apart from oscillating motion, linear directed motion may also be obtained, even from saturating 

photo-mechanical materials under constant illumination regimes. As we will attempt to illustrate in the 

following, such a mechanism relies on replacing actuated photo-chemical fuel with non-actuated one, 
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optimally but not necessarily in a closed loop. A simple scheme to implement such a mechanism in a 

trans-cis photo-switching system is by providing illumination with different wavelengths from 

different incidence directions300. Due to shadowing, an irradiated particle will then mostly undergo 

trans-to-cis switching on one of its sides and cis-to-trans switching on the other. If these population 

switching events are for example linked to a mechanical expansion-contraction behavior (as for azo-

LCNs) or to a liquefaction-crystallization behavior (as for some azobenzene crystals), a continuous 

directed motion can be initiated. Schematically, a piece of material will then expand/liquefy on one 

side upon isomerization of the molecules before rolling over to the other side where it 

contracts/solidifies upon inverse isomerization. When it returns to the initial position, it is thus again in 

an actuatable state. The process is continuous, and the constant illumination is transformed into steady 

linear motion. Variations of this principle may either use two wavelengths as described, or one 

actuating wavelength and thermal relaxation effects as its counterpart. They have thus been utilized 

both to induce crawling in azobenzene crystals (example scheme reproduced in Figure 5e)300,301 and 

rolling of LCN strips169,170. Conceptually very similar is the light driven motor demonstrated by 

Yamada et.al. (Figure 5f), which converts light into the rotational motion of two pulleys302. Wrapped 

around the pulleys is a LCN strip that is illuminated with two different wavelengths in two different 

spots, driving expansion-contraction behavior locally and thus eventually linear motion of the strip 

around the system. Still along the same line, a swimmer based on a ring made from an initially straight 

LCN fiber was very recently proposed303. Under irradiation from one side, the pre-strained torus can 

undergo inversion/eversion due to one-sided photo-thermal contraction/expansion respectively, without 

additional costs in elastic energy. After inversion/eversion, the other side of the torus is exposed to the 

light, hence the previously actuated material can cool down while the initially shadowed material is 

heated. Further inversion/eversion will thus occur, and the torus can continuously rotate around its 

azimuthal long axis, propelling itself linearly in exchange with a viscous medium. 
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Another example for sustained motion from a refueling mechanism are the local light-driven 

diffusioosmotic flows discovered by Feldmann et al., which can be driven in the vicinity of a solid-

liquid interface using azo-surfactant molecules304. For example, upon localized UV irradiation, trans 

molecules will be converted to the more hydrophilic cis state, initiating an osmotic outward flow along 

the solid surface, away from the illumination zone. As trans molecules diffuse from the surrounding 

bulk solution back into the illumination zone, fresh photo-chemical fuel is provided to drive the flow 

under constant illumination. In this case, a single trans-to-cis wavelength can drive the flow, as long as 

a sufficient number of trans molecules is available in the surrounding bulk solution. The authors also 

describe how the flow direction can be inverted. In this case, blue light, converting cis isomers to trans 

can drive radial inward flows, towards the illumination zone. However, since the surfactant molecules 

are mostly in the trans state in thermal equilibrium, homogeneous UV illumination is needed to ensure 

a sufficient cis isomer population in the surrounding bulk solution, which can diffuse into the 

illumination zone, be converted, and drive sustained flows. Doing so, the flow becomes quasi-infinite, 

since the same molecules that were converted from cis to trans in the illumination zone can diffuse out 

into the bulk, become cis isomers again and hence undergo closed loops. Intriguingly, diffusioosmotic 

flows can even be driven under completely spatially homogeneous illumination conditions, utilizing 

microporous particles in vicinity of the solid-liquid interface (see also section 1.4.1)263,304. In this case, 

the microporous structure can store the more hydrophobic trans molecules. When part of the molecules 

is converted to the cis form by blue light, they will be expelled from the particles and drive the outward 

flow along the surface. However, even if the illumination is homogeneous, the porous structure can 

continuously and preferentially adsorb new trans molecules from the bulk solution (under blue light the 

photo-stationary trans isomer population is 66%), which then are expelled again, leading to a sustained 

micro-pumping action. Also here, the key mechanism, is a replacement of converted molecules by non-

converted ones. 

 



38 
 

Finally, in article 4, we found a similar concept to drive sustained flows from deformable azopolymer 

particles adsorbed to water-air interface. Although the particles themselves can only deform to a 

limited saturating extent, continuous directional flows emerge. As the particles propagate their 

respective deformation using capillary interactions, heavily deformed particles get expelled from the 

localized illumination zone along the deformation direction and fresh undeformed particles get pulled 

in along the orthogonal direction, refueling the motion under constant illumination conditions. Non 

saturating constant flows ensue, as long as fresh particles are available. 
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Figure 5. Examples of systems showing saturating, oscillating or linear motion under illumination. a) Janus particles containing an 
azopolymer hemisphere (red color) on one side. Mechanical constraints permit different degrees of deformation upon saturation, 
depending on the polarization with respect to the particle axis, as the authors showed in the graph reprinted to the right. Adapted with 
permission from Zhou et al.287, Copyright ©  2016, American Chemical Society. b) Strip bending of a grasping actuator, with equilibrium 
positions depending on the illumination power. Adapted from Wani et al.159 under CC-BY 4.0, Copyright ©  2017, The Authors. c) 
Oscillation of an azo-LCN strip under illumination from the left and optical reflection readout (bottom). Adapted from White et.al.294, 
Copyright © 2008, Royal Society of Chemistry, with permission conveyed through Copyright Clearance Center, Inc. d) Stepwise motion 
of an azo-LCN actuator under self-shadowing conditions on a human hair. The graphs (bottom) show the displacement of the left and 
right feet as well as the position of the laser spot with respect to time (left) and the absolute displacement for longer time intervals (right). 
Adapted from Cheng et al.296, under CC-BY 4.0, © 2021 The Authors. e) Schemes of the crawling (here by liquefaction/crystallization) of 
azobenzene crystals under two wavelengths incident on either side of the particle. Adapted from Uchida et al.300, under CC-BY 4.0, 
Copyright © 2015, The Authors. f) Linear motor driven by an azo-LCN strip irradiated with UV and Visible light at two different 
positions along the strip, driving motion through continuous local contraction/expansion respectively. Reprinted with permission from 
Yamada et al.302, Copyright © 2008, John Wiley and Sons. 
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2 Summary of Articles 
 

Here, we briefly summarize the main results of the included articles. As outlined previously, in all of 

them we use materials integrating the photo-responsive properties of the azobenzene-derived molecule 

DR1. In the first two works, this molecule is simply dispersed in a prefabricated polymer network, 

whilst in the latter two we build systems from a sidechain azopolymer (pDR1-co-mma) incorporating 

the molecule. Hence, the first works exploit the local tuning of an isotropic photomechanical effect, 

whilst the latter two exploit a directional one.  Special attention will be attributed to linking the works 

with the focal points described previously.  

2.1 Articles 1 & 2: Photo-tunable Elastic Metamaterials 
 
In these two articles, we built upon a concept previously developed in the group, which consists of 

including azobenzene-derived dyes in 3D-printed structures to design polymeric, tunable elastic 

metamaterials191. Upon spatially confined illumination, the elastic modulus of the illuminated part can 

be selectively altered resulting in targeted modifications of local resonance conditions and thus 

modulating the properties of the overall structure. Here, a much-simplified method for functionalizing 

the material was tested. Instead of dispersing the dye in the liquid monomer resin prior to printing of 

the structures, the dye was added a posteriori, through swelling of the 3D-printed structure in a solution 

of Disperse Red 1 methacrylate in azobenzene (see Figure 6a). Due to the underlying thermal and free 

volume generation effects during isomerization of the dye, also in absence of cross-linking, efficient 

elastic modulus changes were optically inscribed in the materials obtained by this method. Thus, the 

printing and the functionalization of the structures can be fully decoupled. Finally, the structures were 

used for two demonstration purposes. 

 

 In article 1, we tuned the discrete eigenfrequency of a tunable topological edge mode at the interface 

between two periodic lattices made of cylindrical high aspect ratio pillars with alternating spacing on 

an elastic waveguide slab. The two regions share a bandgap within which the frequency of the edge 
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mode lies. This frequency is in principle determined by the spacing between the two neighboring 

regions. Instead of altering this distance, the edge mode frequency can be equivalently modulated by 

dynamically reducing the elastic modulus in the zone hosting the localized resonance. This is achieved 

via the described mechanism of local illumination of the dye-doped structure with green light. In 

contrast, article 2 reports on a structure whose elastic wave transmission spectrum can be locally 

altered. This is achieved by employing a graded pillar structure (see Figure 6b), where each pillar has 

different height and thus a different eigenfrequency. Each of the pillars then locally produces a bandgap 

centered around this frequency, contributing with a dip to the transmission spectrum. Selective 

illumination of a single pillar allows to tune the corresponding frequency and thus, in principle, to 

selectively displace the associated dip only. Although minor crosstalk occurs in the physical system, 

the principle allows actuation of the system in a keyboard-like manner, where the resulting frequency 

spectrum can be defined by the combination of individual pillars that are simultaneously irradiated, 

similar to pressing multiple keys on the instrument. 

 

Figure 6. Fabrication method for light responsive elastic metamaterial printing. a) Scheme of elastic metamaterial production. 
Intricate structures can be printed using regularly optimized recipes with commercial resins on a digital light processing (DLP) printer. 
The printer projects a UV pattern onto the bottom of the printing vat. As the structure is raised stepwise, layer-by-layer printing is done on 
such a machine, the printing layer thickness being adjusted by the amounts of absorptive components in the resin and the exposure dose 
per layer. The transparent structure is then cleaned and immersed into an acetone bath containing DR1 dye. When homogeneously 
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soaked, the structure can be removed and optionally post-cured. b) Image (left) of heavily, lightly and non-functionalized graded pillar 
elastic waveguides. Scheme (right) of the basic working principle of such a device. As a single pillar is irradiated, the Young’s modulus is 
locally decreased, altering the eigenfrequency of said pillar, and hence the corresponding frequency region in the transmission spectrum 
of the elastic waveguide.  

 
Although simple as a concept, the method of sequential printing and functionalizing by azobenzene 

dyes bears several advantages. First, larger amounts of dye can be inserted into the structure. In fact, 

when the dye is dispersed in the liquid resin beforehand, its strong absorption competes with the photo-

initiators and absorbers present in the resin. This concerns the standard UV wavelengths for digital 

light processing printers (DLP) as used in this work, as well as (for dyes similar to the one employed 

here) the fabrication by multiphoton printers (for two-photon cross-section see also section 3.1.2). 

Besides limiting the total amount of functional dye that may be added, the process also avoids 

recalibration of the printing settings for each different amount of dye. Since a DLP printer prints layer 

by layer, the absorption of the resin and the corresponding dose need to be tuned such as to obtain the 

correct polymerization layer thickness for each printing step. Finally, the a posteriori functionalization 

also avoids photolysis and thus destruction of the functional dyes305, or scavenging of the free radical 

initiators by the latter306. In summary, one may use structures obtained by any previously established 

printing procedure with commercial resins, as long as they can non-destructively be swollen by the 

solvent and permit diffusion of the dye. The functional dyes can then be inserted at the wished quantity 

(see Figure 6). 

 

The functional mechanism of the tunable elastic metamaterials showed good reversibility and was 

obtained at the macroscale. However, in contrast to the two next articles, the work did not concern any 

polarization-dependent deformations. Actually, the material may be regarded as belonging to the Other 

Azobenzene trans-cis systems (see section 1.2.2) and the concept may rather be a candidate for 

miniaturization (see section 1.4.1 Scaling Systems – Which Way?). Indeed, if system sizes were reduced 

to the (sub-) micron scale, absorption effects throughout the final structure would be less prominent, 

and higher dye doping as permitted by the introduced method would become possible. Miniaturized, 
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highly responsive elastic metamaterials could then be produced without the need of altering existing 

fabrication recipes to incorporate the light-responsive azobenzene units. 

 

2.2 Article 3: Polarization Sensitive Soft Robots 
 

 

Figure 7. Polarization-controlled soft actuator (artistic representation based on article data). By rotating the polarization of the laser 
illumination incident from the top, a bent membrane shape can be continuously rotated. The camera display shows the superposition of 
colored frames along such a deformation sequence. 

In article 3, we studied a photo-responsive polymer composite and employed it to develop a new type 

of soft, light-actuated “robotic” manipulator on the millimetric scale. The most intriguing feature of the 

manipulator was its ability to undergo versatile sequences of different actuation modes, which were 

steered by altering the polarization of the illumination used for actuation. The composite incorporated 

light-responsive azopolymer microparticles, which were embedded in a soft rubbery thermoplastic 

elastomer matrix. It was obtained by a facile method relying on the different solubility of the two 

components in Toluene, from which the material was cast after thorough mixing. This material was 

then able to harness the properties of its two constituents in interesting ways. For example, whilst the 

pure azopolymer is a tough, brittle material with a Young’s modulus in the GigaPascal range, the 

composite material benefitted of the stretchability and compliance of the rubber matrix, which is four 
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orders of magnitude softer. Yet, the overall material inherited the main functionality of the incorporated 

azopolymer, namely the capability of polarization-sensitive, directional deformation. Finally, the 

interplay between the two materials was found to be highly relevant as well. Whilst pure azopolymers 

will usually undergo cumulative plastic deformation (see section 1.3), a restoring effect was observed 

for the embedded azopolymer particles. This means that their deformations could be to a large extent, 

although not perfectly, overwritten, a property transferred to the overall composite and enabling the 

actuation sequences. 

 

This reversibility property corresponds closely to the second definition of reversibility which was 

provided in section 1.3.2 (focal point: reversibility) and which was termed pre-conditioned 

reversibility. In fact, the deformation types that could be forced onto the composite by linearly and 

circularly polarized light were uniaxial stretching and isotropic in plane expansion respectively. The 

reversibility discovery reported in the article is that upon subsequent illumination with two different 

polarizations, the deformed state did not become the cumulative effect of the deformation steps, but 

rather resembled the one that would have been obtained by the second deformation type alone, which 

would also apply to further illuminations. Hence there was a switching behavior between states 

provoked by alternating linear-circular or orthogonal linear polarization sequences instead of 

deformations accumulating. For the macroscopic, free-standing actuator, this implied that deformation 

states could be directly overwritten, and the bending axis of a circular membrane could be for example 

continuously rotated.  

 

The system is also an example of a viable strategy to scale azopolymer deformations beyond the usual 

(micrometric) scales (see section 1.4.2, focal point: scaling). Here, both the directional, polarization-

sensitive response and the reversibility effect stemming from elastomer embedding were transferred 

from the individual microparticles to the overall composite. The elastomeric matrix hence provided a 

medium across which the individual microparticles could interact, transmit their deformation and 
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produce macroscopic displacements. It is believed that, employing the right materials, this concept may 

lead to substantially more ample macroscopic, polarization-controlled deformation behavior in the 

future. 

 

2.3 Article 4: Opto-capillary Directional Flows 
 

 

Figure 8. Light-responsive particles at air-water interfaces (artistic representation based on article concepts). Through light-
induced directional deformations, particles become anisotropic and cause local interface deformations. In this new interface landscape, 
capillary forces arise and can be harnessed for the targeted assembly, disassembly and collective flow displacement of particles. 

In article 4, we built a material system from colloidal azopolymer particles which were dispersed at an 

air-water interface. The particles were again fabricated using a comparably simple fabrication method, 
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using solvent evaporation of an emulsion containing dissolved azopolymer. At the air-water interface, 

we discovered an intriguing effect, namely the possibility to create sustained, stationary particle flows 

across the interface. Interestingly, inheriting from the polarization-sensitivity of azopolymer 

deformation, the directionality of these flows could be precisely tuned by changing the linear 

polarization direction of the illumination. In fact, the flows could even be engineered such as to shift 

from a symmetric flow pattern to a pure shear flow, whose directionality could again be switched by 

flipping the linear polarization. Although the effect obviously involved the directional deformation of 

the particles, this was not the whole story. Another ingredient, namely capillary interaction, was 

necessary for this behavior to emerge. In brief, ellipsoidal particles adsorbed to liquid interfaces are 

known to produce anisotropic wetting, due to the combination of their shape with a constant liquid 

contact angle. This produces near-quadrupolar deformations in the interface around the particle. In 

order to minimize the overall interface deformation, and hence the total surface energy, like 

deformations caused by different particles should overlap. This causes strong, far-ranging capillary 

attraction between the particles, leading to their assembly into side-by-side or tip-to-tip structures. In 

the article we hence first showed the in-situ deformation of spherical particles into ellipsoidal particles 

by polarized light at the interface, as well as multi-particle assemblies caused by the ensuing capillary 

effects. Finally, sustained flows emerged when the illumination was left on, leading to the particles 

further deforming. As a result, the assemblies would also deform and fresh particles would be dragged 

into the illumination zone, being themselves inserted into the remodeling assembly. As long as fresh 

particles were available to integrate the assembly and push already deformed particles out of the 

illumination zone, the flow would go on indefinitely.  

 

Compared to the previous article, reversibility (see section 1.3) was not the major strength of this 

system, due to the use of the irreversibly deforming azopolymer particles without e.g., an elastomeric 

matrix to mediate this property. Hence, although a stationary flow regime could be created locally by 

recruiting fresh particles from the surroundings of the illumination area, irreversibly deformed particles 
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would be constantly created, and would be expected lead to the system’s functionality degrading for 

exposures long enough to deplete the pristine, undeformed particles. Regarding the aspect of light-

induced capillary assembly on the other hand, it should be mentioned that we could reverse the 

assembly of deformed ellipsoidal particles by subjecting them to prolonged circularly polarized 

illumination, creating heavily flattened shapes. In this sense, the system is reversible based on the 

weakest criterion provided in section 1.3.2 (focal point: reversibility), termed reversibility in 

functionality, albeit for one assembly-disassembly cycle only. The demonstration of this fundamental 

possibility may thus inspire fully reversibly assembling particle systems at interfaces, if intrinsically 

reversible materials (LCNs, cross-linked azopolymers, etc., see section 1.3.1) were to be used as 

material for the particles. 

 

On the other hand, the system is another example of scaling polarization-sensitive deformation of 

azopolymers (see section 1.4.2, focal point: scaling). Differently from article 3, where an elastomeric 

matrix ensured the transmission of microparticle deformation into an overall deformation involving 

large displacements, here the interface was the transmitting medium permitting interaction. Via 

capillary forces, as well as the interfaces incompressible behavior, millimetric displacements of 

particles could be obtained from the collective deformation of many micrometric particles.  

 

Finally, the flows are a good example of an “indefinitely photo-deforming” system (see section 1.5.3, 

focal point: saturation). Due to the constant recruitment of fresh particles driving the flow, the 

deformation saturation of the individual particles can be easily circumvented to create arbitrary overall 

displacements. This also ensures an ongoing conversion of light, provided by a constant stimulus, into 

work. Although azopolymer systems circumventing the saturation limitation are still scarce, it is 

believed that there are many other ways to create conceptually similar behaviors which still are to be 

discovered. 
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3 Outlook and Conclusions 
3.1 Outlook 

3.1.1 Reversible Degrees of Freedom 
 
Reversibility of actuation movements becomes more interesting, the more versatile the reversible 

deformations are. This versatility may be measured in terms of (reversible) degrees of freedom. For the 

simplest type of actuator, for example a strip that can be reversibly bent along one direction, the 

number of reversible degrees of freedom would be one. This degree of freedom, if the actuator is light-

responsive, will usually be controlled via the illumination intensity, or dose, and be reflected by the 

amplitude of deformation. In this thesis, the work focusing most on reversibility is article 3. There, due 

to the polarization-dependence, the number of reversible degrees of freedom was two. In the following, 

we will first try to underline this explicitly and then reflect on how a third degree of freedom may be 

enabled. 

 

As described in the article summary, the composite studied in article 3 was able to reversibly switch 

between in plane flattened states and anisotropic states of similar overall deformation extent, induced 

by circularly and linearly polarized illumination respectively. The deformation extent was determined 

by the illumination dose, which was maintained constant for all illumination steps in an experiment. 

Yet, it was not only the anisotropy of the deformations that could be controlled reversibly, but also the 

orientation of the anisotropic deformation. This was confirmed by inducing switching behavior with 

orthogonal linear polarizations. In summary, for a given dose, one can then switch reversibly between 

distinct deformation states associated directly to a corresponding polarization state. This polarization 

state is controlled by two distinct waveplates (a quarter-wave plate for ellipticity and a half-wave plate 

for major axis orientation), which can be independently adjusted and experimentally represent the two 

reversible degrees of freedom. More abstractly, one can experimentally move between distinct 

deformation states associated to the polarization states on a Poincaré quarter-sphere, as illustrated in 

Figure 9a. In this example, we consider the upper hemisphere only, as no difference in deformation due 
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the handedness of the polarization is produced. Hence, the north and south half-sphere would map the 

same deformation states. The same reasoning applies for linear polarizations flipped by 180 degrees 

with respect to each other, which produce the same deformation. Yet the deformation states, 

represented here as particle deformations rather than overall composite deformations, are evidently 

mapped onto the two-dimensional surface of the quarter-sphere, along which the system can reversibly 

wander. 

 

The key to a third reversible degree of freedom is the radius of the Poincaré half-sphere mapping the 

deformation states. The experiments described above relied on fixing a dose, which determine this 

radius by fixing the extent of deformation of the attainable states, as depicted in Figure 9b.  Crucially, it 

was not possible to return to the pristine, initial state of deformation or more generally, to a state with 

much lower deformation extent. Doing so would require restoring a more spherical particle shape, 

instead of overwriting by in plane expanded disk-like or prolate ellipsoidal shapes only. Yet, if 

implemented successfully, one would be able to reversibly access the full three-dimensional space 

spanned by all the possible quarter-spheres pictured in Fig. 9c.  
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Figure 9. Deformation space mapped onto the Poincaré sphere. a) Each polarization on the quarter sphere (light green) corresponds to 
a deformation state of a particle. When reversibly moving between these deformed states, one is then moving on the corresponding two-
dimensional deformation space surface, leading to two reversible degrees of freedom. b) For different intensities used in the deformation 
switching procedure, the radius of the sphere is altered, which is reflected by different extents of particle deformation. c) In order to add a 
third degree of freedom, i.e., to move through the entire three-dimensional deformation space given by the sum of all surfaces at fixed 
intensity in b, one would need a mechanism to reverse particle flattening. This implies stretching along the z-axis. d) Trajectory of 
particles in the capillary assembly part of article 4. Here the particles are first rendered anisotropic by linear polarization (step 1), which 
will provoke anisotropic wetting and interface-mediated particle assembly. The particle orientation is then randomly altered by diffusion 
and rotation during assembly (step 2), in the absence of illumination. Finally, circular polarization is used to flatten the pre-deformed 
particle, leading to a vertical trajectory (step 3). During this displacement, the in-plane aspect ratio is reduced, and the particles are 
flattened, leading to particle disassembly. However, since the flattening cannot be reversed (as discussed in c), no subsequent assembly 
steps are possible. 

Several strategies can be imagined, to achieve the return to spherical particle states and initial 

composite shapes optically. A first strategy may rely on thermal effects. In fact, in a seminal work 

Ryabchun et. al., studied sparsely distributed particles inside an elastomeric matrix using an 

azopolymer with lower glass transition temperature (the temperature above which the polymer 
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considerably softens), compared to article 3. They established that sample heating above this 

temperature can passively restore the initial spherical shape71. Elegant methods may induce this heating 

optically at a wavelength outside of the azopolymer absorption spectrum. Indeed, in the context of 

LCNs, incorporating orthogonal dyes with non-overlapping absorption spectra have been used several 

times and allowed for independent addressing of different functionalities137,174. The single-wavelength 

alternative to this opto-thermal approach would be direct overwriting by an azopolymer deformation 

that avoids compression along the z-axis. Such an inscription must necessarily result from a 

polarization state containing a non-zero longitudinal electrical field along z. If light is incident from this 

direction, a significant Ez component may be created using tight focusing by a high numerical aperture. 

This approach has been previously shown to for example permit inscription of vertical protrusions in 

azopolymer thin films307–309. However, since the light is focused in one spot, general actuation by this 

procedure would require beam scanning procedures. A different approach, using plane waves, is the 

use of tilted illumination. Although this concept has been explored in the context of reversible 

azopolymer particle deformation221, full reversibility according to the strictest criterion of section 1.3.2 

was not yet shown. A viable strategy could include a first inscription by a beam aligned with the z-axis, 

followed by a secondary deformation using two incoherent tilted beams. In this case, propagating 

electric field vectors can be used which partially point along z, since the beams come from a different 

incidence direction than the first illumination. The approach could also be generalized to multiple 

beams and may lead up to five reversible degrees of freedom if both polarization and incidence angle 

can be freely chosen in space. This can be visualized by considering a spherical particle that can be 

strained into a general ellipsoid along three principal axes. However, due to the incompressibility 

reported for large azopolymer deformations72,82, the strain along the two first axes will define the strain 

on the third, leading only two independent strain parameters. For an arbitrary incidence angle, the 

resulting ellipsoid may then freely be rotated in space, leading three more angular parameters. As 

simple example for these additional degrees of freedom, we highlight that a prolate ellipsoid which is 

uniaxially stretched along the z-axis is not represented in the three-dimensional deformation space of 
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Figure 9a. We also note that the outlined theoretical possibility of up to five degrees of freedom comes 

with increased experimental complexity, and the feasibility of its implementation may depend on the 

system to be designed. For example, deformation of actuators in 3D can change the incidence angle of 

static illuminations onto the actuator surface as well as lead to shadowing effects, whose observation is 

mentioned in article 3 and introduced more generally in section 1.5, and which may interfere with the 

full control over irradiation angles.  

 

Finally, we point out that the deformation space introduced above may also be useful in the context of 

the light-induced capillary assembly aspect in article 4. Here, particles were first rendered elliptical in 

the plane, using linearly polarized light. Rotational diffusion as well as the assembly of particles could 

then change the orientation of the major axis of the particle in absence of illumination. Finally, 

prolonged illumination with circular polarization cumulatively added a strong isotropic in-plane 

expansion on top of the first. The corresponding trajectory in the three-dimensional deformation space 

was sketched in Figure 9d. Upon reduction of the in-plane aspect ratio and further particle flattening, 

the capillary interactions were observed to weaken and the particles disassembled. However, 

subsequent cycles cannot be induced in this case, since any additional deformation will further increase 

the distance from the origin and particle flattening cannot be reversed, both inhibiting the return into a 

deformation zone suitable for capillary interactions. Particles with some built-in reversibility 

mechanism may achieve this, and for full reversibility paradigms restoring the initial spherical shape, 

any point of the deformation space would be attainable multiple times permitting full tunable (re-) 

assembly control. 

3.1.2 Scaling in the Third Dimension 
 
In section 1.4.2 the scaling of systems containing amorphous azopolymers towards larger length scales 

was discussed, especially with respect to translating polarization-dependent, light-induced directional 

effects in azopolymers from microstructures to the millimetric scale, and possibly beyond. The 

polarization-dependent actuators in article 3 and the large area interfacial flows in article 4 are 



53 
 

examples of such a mechanical transmission, where the deformation of micron-sized particles is 

translated via an external medium into the overall deformation of structures which largely exceed the 

individual particles’ size. However, in both these cases, the scaling of the material concerns mostly two 

dimensions, as will be briefly outlined below. 

 

In article 3, the composite actuators hosting the deformable particles are extremely thin (10-20 μm) 

compared to their millimetric lateral sizes, such that the overall volume that needs to be deformed in 

order to actuate the structure is comparatively small and sub-millimetric (~10-2 mm3). Macroscopic 

three-dimensional effects were displayed only by exploiting the bending of the actuator, as shown in 

the Figures 6 and 7 of article 3. In these experiments, by shining light onto the actuator from the top, a 

deformation gradient could be created across the thin side of the actuator (z-axis), which translated into 

a large movement of the strip ends along the optical z-axis due to the large, millimetric lateral 

dimension over which the bending occurred. In this way, a 2D interface deformation on the top of the 

actuating strip is giving rise to a large displacement along the third dimension, although the initial 

actuator size is micrometer-ranged along this direction. In summary, three-dimensional movement, 

here, is achieved through bending of a quasi-two-dimensional strip. 

 

In the case of article 4, the system was even more evidently quasi-two-dimensional, as the particles 

were trapped at - and interacted via - deformation of an air-water interface, which is a flat two-

dimensional surface in the undeformed state. On the interface, when deformed particles formed 

assemblies via capillary interactions, they were able to span structures over millimetric dimensions 

sideways. Similarly, collective flows were demonstrated over length scales of 100ths of microns along 

the interface when continuously deforming the assemblies, hence constituting mesoscopic deformation-

mediated systems in the interface plane. On the other hand, even in the deformed state, the interface 

which mediated the forces was limited in height by the size of the largest particles, since capillary 

interface deformations due to anisotropic shapes are essentially a wetting phenomenon310. In summary, 
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large deforming and collectively flowing assemblies could be created in an interface plane and interact 

in a two-dimensional mesoscopic system. The third dimension (bulk fluid) was concerned only in that 

high-speed flows occasionally were observed to drag liquid and out-of-focus bulk particles along, as 

discernible in Supplementary Movie 13 of the corresponding work.  

 

Given these examples, one may naturally wonder if it would be possible to expand azopolymer based, 

micro-structured systems along all three dimensions, such as to obtain fully millimetric systems with a 

directional, polarization-dictated response. We will argue here that the limitation to overcome in such a 

case is mainly absorption from the azopolymer itself, which limits the depth over which deformations 

can be induced in practice. In fact, common azopolymers such as poly(Disperse Red 1)methacrylate 

can absorb so strongly that extinction lengths from one hundred to several hundred nanometers have 

been reported at the most efficient deformation inscription wavelengths of 500-530 nm29,35,311. One 

may take into account that the reorientation of dyes away from the axis of polarization (see Weigert 

effect in section 1.1.2) can lead to a reduction of absorptivity for the inscribing polarization and thus 

favors slightly deeper penetration29. Still, the deformation is intrinsically a surface effect when system 

sizes largely exceed these short extinction lengths. This is reflected by the reports on mushroom shaped 

structures obtained from irradiated larger structures (several microns high)312, with sometimes just the 

very top sheet being deformed, as reported for example in the case of  very large 14 μm diameter azo 

molecular glass particles313 or even higher 44 μm azopolymer pillars268. Conversely, the absorption-

induced deformation gradient effect has been used to selectively deform the lateral surface on only one 

side of either micro- or nanopillars via tilted illumination, thus easily producing bent pillars which 

would be difficult to obtain via conventional lithographic approaches62–64. 

 

One strategy for the scaling of azopolymer deformation systems along the third dimension may be to 

directly work with the role of linear absorption. Indeed, recent studies have focused explicitly on the 

role of wavelength in shaping the three-dimensional deformation profile of larger pristine azo-
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microstructures (Figure 10a)314,315. Essentially, deeper deformation profiles were systematically shown 

for less absorbed wavelengths in these studies, as the latter can penetrate further into and cause 

deformation deeper in the structure. Yet, to our knowledge, this avenue is still scarcely explored in 

view of finding the limiting wavelengths where one might induce deep, homogeneous deformation by 

high-power, weakly absorbed irradiation. If such a strategy were to be combined with the micro-

structured composites developed in this thesis (article 3), large scale, bending-free three-dimensional 

actuation might be possible, even in millimetric bulk materials. Alternatively, the absorption of the 

material at conventional actuation wavelengths may be reduced by simply reducing the concentration 

of the absorbing dye, or in this context, of the azopolymer particles. In such a case however, the 

efficiency of the local photo-deformation and its transmission into the overall structure would both 

have to be excellent such as to obtain exploitable effects. In this context, it is worth to mention 

supramolecular azopolymers, where ample surface gratings (170 nm) were inscribed using a material 

containing a particularly low amount of 1mol% hydrogen-bonded azobenzene-derived sidechains316. 

 

The other possible strategy to penetrate deeper into azopolymer-based composites would be to switch 

over to non-linear absorption (see Figure 10b). Interestingly, the chromophore employed in this work, 

DR1 has a two-photon absorption cross-section as high as 110 GM317. Although, polarization-sensitive 

two-photon induced deformation of azopolymer thin films, analogous to the linear case, was 

demonstrated over a decade ago318, this possibility has not been widely exploited yet. Due to the 

prospect of inducing deformations in very specific points along the optical axis, non-linearly induced 

deformations may serve the creation of more complex three-dimensional structures, for example from 

pristine high aspect ratio azopolymer templates. For large millimetric composites as introduced in this 

thesis, non-linearly induced deformation effects may be used to address regions otherwise fully 

shadowed by absorption. Since sufficiently strong non-linear effects are usually tightly confined in the 

area of the focal spot, essentially two scenarios can be thought: Either one may target deformation at 

precise locations deep inside the bulk material, or one may, at the cost of long exposure times, attempt 
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homogeneous deformation of the whole material via scanning procedures. In either case, one would 

end up scaling the size of the largest polarization-sensitively deformable material cube along all three 

dimensions. 

 

Figure 10. Scenarios to increase illumination penetration depth for azopolymer actuators. a) Scheme and SEM images from 
Januariyasa et al.314, highlighting the dependence of the 3D deformation profile on the wavelength used for inscription. Adapted under 
CC-BY 4.0, copyright © 2023, The Authors. b) Scenarios to increase the penetration depth, for example in the case of a composite 
incorporating deformable azopolymer particles. From left to right: Different wavelengths (in the range suitable for DR1), absorptivity 
(tunable e.g., by particle density or polymeric dye content), and the possibility of inducing deformation in the tightly confined focal 
region using nonlinear effects. 

 

3.1.3 Application Perspectives 
 
In this section, we will briefly discuss the more general application perspectives of the two main 

findings reported in this thesis: azopolymer-driven opto-fluidics and azopolymer-based composite soft 

actuators. Both these systems showed high versatility since they could be steered by the polarization of 

the illumination. In the opto-fluidic system for example, shear flow channels were inscribed on the air-

water interface by orienting the polarization diagonally with respect to the channel defined by the light 



57 
 

intensity pattern. The resulting flows, which under appropriate conditions could even show turbulent 

behavior, may constitute an efficient interfacial mixing strategy. In fact, since the shear flow is driven 

by the diagonally oriented elongation of the particles, this flow mode intrinsically incorporates 

transverse components known to be crucial to efficient mixing in microfluidics319. It will be interesting 

to see if parts of the general conceptual approach can be translated to other fluidic systems, which do 

not rely on the experimentally and device-implementation-wise limiting use of air-water interfaces as 

deformation and flow propagation medium. In this regard, we highlight that light-responsive 

approaches in microfluidics draw strong motivation from the goal of eliminating bulky compressors 

used to induce flows and control pneumatic valves, which can largely exceed the size and cost of the 

actual microfluidic device320. Existing light-responsive microfluidic concepts outlined in the referenced 

review article encompass polymer actuators as light-controlled valves, switchable channel features or 

peristaltic pumps, photo-responsive surfactants for tunable flow regimes and methods to propel various 

types of particles and micro-vehicles, some of which were mentioned earlier in this work and some of 

which are reproduced in Figure 11a. On the other hand, the direct driving of fluid motion by light, such 

as for example in the case of the diffusioosmotic azo-surfactant flows shown in the rightmost panel (see 

also sections 1.4.2 and 1.5.3), seems much less explored. 

 

Finally, also the composite soft actuators displayed intriguing polarization-guided manipulation 

possibilities. As briefly discussed in section 1.3, this ability to undergo complex deformations – at the 

cost of perfect reversibility for high numbers of cycles – may be well-suited to address challenges in 

bioengineering applications. In the same section, multiple studies were mentioned where cells were 

guided by light-controlled azopolymer topographies. While the developed material may play a role in 

this such endeavors due to its increased reversibility, the complex 3D deformations may open for 

completely different scenarios. Here, we draw inspiration from concepts such as the recently 

introduced “e-flower” (reprinted in Figure 11b)321. In this work, the authors integrated a microelectrode 

array on top of a humidity actuated, flower-shaped strip assembly. They demonstrated how they could 
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then use the swelling-induced actuation of the flower to wrap the electrode array around brain 

spheroids and measure the latter from all sides instead of just the substrate-exposed one. Apart from the 

intrinsic benefit of light-actuated structures to be actuated on demand (to enable for example trap-

release schemes), the polarization-guided approach can be imagined permitting additional features. As 

an example, objects might be displaced or rotated, using sequences of soft actuator shapes like the ones 

demonstrated in Article 3 (see Figure 7), potentially serving various purposes such as all-around 

imaging or exposure to different stimuli.  

 
Figure 12. Inspirational Works on Light-Controlled Microfluidics and Soft Actuators. a) Light-controlled hydrogel valves in a 
microfluidic channel. Adapted from Sugiura et.al.322, Copyright © 2007, with permission from Elsevier. b) Peristaltic pumping of liquids 
from one reservoir to another by directional displacement of a fluid-filled bump created between a solid substrate and a light-responsive 
azo-LCN strip. Adapted from Dradrach et.al.150, under CC-BY 4.0, Copyright © 2023, The Author(s). c) Diffusioosmotic flows driven in 
the vicinity of a solid-liquid interface using azo-surfactants. Reprinted with permission from Feldmann et al.262, Copyright ©  2020, 
American Chemical Society. d) Schemes (left) and images in action (right) of a humidity-driven soft actuator flower integrated with a 
microelectrode array, wrapping and measuring a single brain spheroid. Adapted from Martinelli et. al.321, under CC-BY-NC 4.0, 
Copyright © 2024 The Authors. 

 

3.2 Conclusion 
 

The light-responsive materials studied in this work are a fascinating phenomenon, which has not ceased 

to amaze the author even after four years of intense study. The possibility to simply place polymeric 

materials under a microscope and guide their large mechanical deformations, flows and shape-changes 

by – in the simplest case – just using a laser and some polarization control is a rather unique tool. 
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Despite its intuitive potential, and the soon 30 years since the first discoveries, the phenomenon seems 

not yet highly known outside its scientific field and so far, has found limited application for 

technological or industrial solutions. Yet, promising solutions are being developed and new application 

scenarios are still emerging, as highlighted by some of the exciting works referenced throughout the 

manuscript. In this context, the thesis followed from an attempt to extend the range of potential utility 

of azopolymers, inspired by the “focal point” key concepts: scaling, reversibility, and saturation. The 

material systems that resulted from work guided by these objectives had the following points in 

common: 1) They utilized facile fabrication methods, not necessitating any high-tech equipment to 

obtain the effect in its simplest form. 2) They led to the quantifiable emergence of new physical effects, 

occurring at a higher system level than the underlying deformation and molecular isomerization 

processes. 3) They open for the potential application of these materials, and especially the polarization-

sensitive deformable amorphous azopolymers, in domains where these have not been widely used yet, 

such as millimetric soft actuators or free-form opto-fluidics. This underlines that, while some 

understanding of the general underlying phenomenology is being corroborated in the field and a large 

choice of materials with different optimization targets is available, the application space of these 

polymers is still widely untapped. We hope that some of the findings presented here will inspire further 

discoveries extending this application space. 
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A potential weakness of topological waveguides is that they act on a fixed narrow band of frequencies. However,

by 3D printing samples from a photo-responsive polymer, we can obtain a device whose operating frequency can be

fine-tuned dynamically using laser excitation. This greatly enhances existing static tunability strategies, typically based

on modifying the geometry. We use a version of the classical Su-Schrieffer-Heeger (SSH) model to demonstrate our

approach.

Topological edge modes perform robust wave localisation

at specific frequencies. This makes them an appealing start-

ing point for designing wave control devices. A topological

edge mode is formed when symmetries are broken in a peri-

odic system that has a topologically non-trivial band gap, cre-

ating an interface along which waves of specific frequencies

travel. Due to the underlying band gap material, the waves

are unable to propagate away from the interface into the bulk,

giving a strong waveguide. The original “topological insula-

tors” were developed in quantum mechanics1–3, but the prin-

ciple has since spread across classical wave physics, including

electromagnetism, acoustics, elasticity and mechanics4–7.

An important feature of topological waveguides is that they

are frequency specific. This is either a strength or a weakness

(depending on perspective) but it means that it is important

that the operating frequency can be tuned to suit the applica-

tion. There are a variety of tunability strategies in the liter-

ature, which often rely on geometric manipulation, achieved

for example by manufacturing new samples8,9 or physically

moving meta-atoms10. Tunability can also be achieved by

modulating active elements11. Building on these ideas, we

have developed a simple approach for tuning the eigenfre-

quency of the topological edge mode dynamically and re-

motely by using a laser to locally alter the material mechanical

parameters.

We will study a one-dimensional topological system, based

on the well-known Su-Schrieffer-Heeger (SSH) model12, real-

ized with periodically spaced rods on an elastic beam (Fig 1).

The SSH model is often regarded as the simplest configura-

tion supporting a topologically non-trivial band gap. One-

dimensional topological models are not only convenient toy

models but also have important applications, for example

in energy harvesting13 and lasing14. The basic principle of

the SSH model is arranging elements in pairs with alternat-

ing ‘strong’ and ‘weak’ coupling strengths (in many classical

wave settings, this is realised by alternating ‘short’ and ‘long’

separation distances). In this one-dimensional case, the rele-

vant topological index is the Zak phase15 and edge modes can

be created by making a perturbation that creates an interface

with different associated Zak phases on either side.

Our approach to tunability has two steps. The first step is

FIG. 1. Tuneable edge mode by dislocation: Frequency domain FEM

simulations showing change in edge mode frequency with disloca-

tion length d between two SSH chains s1, s2, with unit cell width

a. We supplement this with dynamic tunability through the use of a

photo-responsive material.

to select a geometry that yields an edge mode with the desired

eigenfrequency. In the context of the SSH model, this can

be done straightforwardly by altering the separation length at

the interface, as depicted in Fig 1. Tunable topological edge

modes based on this principle have been studied theoretically

in both one-dimensional16 and three-dimensional17 models.

It was shown that varying the separation length causes the

eigenfrequency of the topological edge mode to move across

the band gap (Fig 1). This idea was motivated by related no-

tions of spectral flow that have been studied in elastic18 and

quantum19 systems.

The dynamic part of our tunability strategy relies on using

photo-responsive polymers for fabrication20. Azobenzene-

containing dyes are very common molecular photo-switches

capable of undergoing a conformational change between two

isomeric states upon light absorption21. When the two iso-

mer absorption bands have some overlaps, as in this case,

photo-isomerization can be cyclic and continuously triggered

by single wavelength radiation22. In such a disordered ar-

rangement of azo-dyes, the photo-thermal effect is then en-

hanced by photo-isomerization, leading to fast light-induced

changes in the polymer mechanical properties23. As detailed

below, our samples are 3D printed from a commercial elastic
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FIG. 2. (a) Schematic of experimental setup. (b) Unit cell geometries. (c) Dispersion curves for bare elastic beam (orange) and for the unit

cells shown in (b) (green), plotted against normalised wavevector such that kn = 1 ≡ k = π/a. Floquet-Bloch quasi-periodic conditions are

employed in the FE eigenfrequency model, shown by the blue surfaces in (b). The out-of-plane displacement (w) in the z-direction (measured in

experiments) is also shown. The colourscale in (c) shows normalised Fourier spectra, obtained via time-domain FE simulation (supplementary

material), and shows the expected edge mode of frequency ω0 within bandgap. This frequency ω0 can be shifted down by increasing the power

of the exciting laser.

resin that is impregnated with a dispersed azo-dye, producing

significant variations of the Young’s modulus upon laser illu-

mination. This presents a mechanism for altering the eigen-

frequency of topological edge modes. This is valuable, firstly,

for correcting some of the effects of any manufacturing imper-

fections that may undermine our geometric tunability strategy.

However, the photo-responsivity is stronger than this as it aug-

ments our tunability strategy by adding the possibility for the

eigenfrequency to be tuned dynamically.

We first briefly outline the design of the SSH interface in an

elastic wave system consisting of periodically spaced rods on

an elastic beam. Such systems have been theoretically shown

to support edge modes, with applications in elastic energy

harvesting13. A schematic of the full structure, and experi-

mental setup, is shown in Fig. 2(a) with the SSH interface

marked by a vertical white dashed line. The structure com-

prises a horizontal elastic beam of thickness t = 1.5 mm and

width a = 7 mm. A periodic array of elastic rods is formed,

comprising of a unit cell of width a, with two rods of height

h = 20 mm and radius r = 0.5 mm, separated by a distance

si about the cell centre that mediate the ‘strong’ and ‘weak’

couplings (Fig. 2(b)). The total length of the support beam

is then dictated by the number of unit cells included in the

array. We denote the rod separation distance, from the cen-

tre of each unit cell, si where i = 1,2 to distinguish between

the two sides of the interface. Due to the non-uniqueness of

the unit cell, a periodic array with chosen s1 = a/3.9 repro-

duces the same array as one with a separation s2 = a− s1,

as shown in Fig. 2(b). The unit cells are related by a mere

translation of a/2; they have identical dispersion curves and

share a common bandgap. The dispersion relations of each

cell are shown in Fig. 2(c) (evaluated by an eigenfrequency

simulation employing the Finite Element Method (FEM), us-

ing COMSOL Multiphysics24 - see supplementary material).

We form an interface between two arrays (comprising 9 cells)

of each configuration, that is, one with central separation s1

and the other with s2. We are guaranteed that this interface

supports a topologically protected interface mode by virtue

of each configuration sharing a common bandgap in addition

to the distinct Zak phase associated with the bands of each

geometry25,26. Leveraging the notation of quantum mechan-

ics, the Zak phase for each dispersion curve, ϕ , is defined as

ϕ = i

∫

BZ

〈uk|∂k|uk〉dk, (1)

where |uk〉 is the wavefunction (eigensolution) of the elastic

field at a wavevector k within the first Brillouin Zone (BZ).

Several efficient schemes exist to calculate such invariants27.

We numerically confirm the existence of this edge mode via

a time domain simulation of the experimental setup, shown

by the Fourier spectra in Fig. 2(c) where the edge mode is

labelled ω0. The introduction of a local defect by altering the

material parameter at the interface can fine-tune the frequency

of the edge mode. This is achieved by decreasing the Young’s

modulus, locally, at the interface position on the supporting

beam by increasing the control (blue) laser power.

A more precise estimation of the effect of laser illumination

on the edge mode properties can be derived from frequency

domain FEM simulations, again performed using COMSOL

Multiphysics. A detailed description of the numerical meth-

ods is provided in the supplementary material. The sample

geometry illustrated in Fig. 2(a) is considered, with an overall

beam length of 196 mm, corresponding to 28 unit cells of lat-

tice parameter a. A harmonic boundary load is applied on the

underside of the fourth unit cell from the edge, correspond-

ing to the location of the piezoelectric transducer in Fig. 2(a)

- shown in Fig. 3(c). The corresponding transmission loss

(calculated as the ratio between transmitted and input power

for out-of-plane vibrations) is then evaluated at various points
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along the sample, on top of the rods, in the 5 to 13 kHz range.

Adopted material properties are Young’s modulus E = 1 GPa,

Poisson’s ratio ν = 0.4, density ρ = 1100 kg/m3. Damping

is accounted for by introducing an isotropic loss factor of η
= 0.02. The resulting spectra are shown in Fig. 3(a). Despite

being in a band gap (shaded in orange), the localized mode is

detected (occurring at approximately 9.5 kHz), and visualized

as an isolated peak. We are able numerically (and experimen-

tally) to detect the edge mode with this excitation configu-

ration due to the finite length of the sample coupled with the

length of the decay of the mode within the band gap; the decay

lengths of frequencies within the gap (which can be predicted

through High Frequency Homogenisation16,28) reach the in-

terface and ignite the edge mode. In contrast, in Fig. 1(c) we

excite in the time domain (as in the experiment) at the inter-

face position (supplementary material). In Fig. 3(a) curves of

different colours, representing measurements at different spa-

tial locations, indicate an exponential amplitude decay of the

mode when moving from the central defect region ("Pos. 0")

to the edge of the sample ("Pos. 3"), as illustrated in Fig. 3(c).

The effect of laser illumination on the transmission loss spec-

trum is shown in Fig. 3(b): a Young’s modulus reduction of

up to 0.3 GPa ("100%") occurs in the central region of the

photo-responsive sample for maximum laser power, and this

leads to a frequency downshift of the localized mode of ap-

proximately 600 Hz, demonstrating that the tunablility of the

edge mode can, theoretically, occur over a significant fraction

of the width of the band gap (approx. 35%).

Experimental samples were fabricated using a commercial

3D digital light processing printer (Solflex SF650, W2P En-

gineering GmbH) with a Solflex Tech polymeric resin (ma-

terial properties given above). Polymerization was induced

with a 385 nm wavelength UV-LED with a power density of

8±0.5 mW/cm2. The nominal lateral resolution is 50 μm and

printing was performed in layers of 50 μm, each exposed for

1.5 s, leading to a dose of 12 mJ/cm2 per layer. After printing,

the sample was washed with Isopropyl Alcohol (IPA), soni-

cated in IPA, and dried thoroughly. It was then soaked for

10 minutes in an acetone bath containing 0.25 mg/mL photo-

responsive azo-dye Disperse Red 1 methacrylate (DR1m),

swelling the pre-cured structure, and thus permitting homoge-

neous dye dispersion. Finally the swollen structure was dried

for 1 hour until the pristine shape was recovered before being

UV-post-cured for 1 hour under all-around illumination in the

wavelength range 320–450 nm.

The experimental setup is shown in Fig. 2(a): a 20 mm di-

ameter piezoelectric transducer was glued to the sample at one

end and a frequency sweep between 5 kHz and 13 kHz (with

a duration of 1 s) was injected into the sample using an Ag-

ilent 33500 function generator, amplified by a linear ampli-

fier (FLC Electronics, A400DI). The transducer was glued to

the underside of the sample, but is shown on the top side of

Fig. 2(a) for clarity. The out-of-plane (z-direction in Fig. 2)

vibration velocity amplitude was measured at various points

along the sample, on top of the rods, using a Polytec OFV-

505 laser vibrometer. Using an additional 405 nm-wavelength

laser beam impinging laterally on the central region of the

sample (see Fig. 2(a)), the material’s Young’s modulus can

be reduced locally by light stimulation. The laser has a max-

imum power output of 250 mW and can be focused on an

approximately 30 mm2 area.

The Fast Fourier Transform (FFT) of the acquired signals

is plotted in Fig. 3(d), clearly showing the band gap region

and an isolated peak corresponding to the localized mode near

9 kHz. As the signal detection point moves from the cen-

tral position 0 to the lateral position 3 (Fig. 3(f)), the FFT

peak amplitude drops exponentially, as predicted theoretically

and in simulations, while other spectral features remain rela-

tively unchanged. The experimental peak widths appear larger

than those in simulations, due to an oversimplified viscoelas-

tic model which neglects significant damping. Illumination of

the central defect region with the laser, for increasing values

of output power, is shown in Fig. 3(e), demonstrating that the

peak relative to the localized mode shifts to lower frequencies,

approaching the band edge while reaching a maximum vari-

ation of approximately 300 Hz for 250 mW, compared to the

original frequency. The variation is qualitatively similar to the

predictions by theory and simulation, but less drastic due to

the fact that the adopted laser power is not sufficient to gener-

ate a full photo-isomerization of the azo-units in the polymeric

material. The peak shift is fully reversible when removing il-

lumination or decreasing illumination power in any number

of cycles. Similar results were obtained on a second speci-

men with different geometric parameters (see Supplementary

Material).

In summary, we have demonstrated experimentally the pos-

sibility of dynamically fine tuning the frequency of topo-

logical edge modes in SSH arrays consisting of appropri-

ately spaced rods on a beam, realized in a 3D-printed photo-

responsive polymer. The frequency shift due to local illumi-

nation of the sample is linearly dependent on laser power and

can reach the band gap edge, and is fully reversible when illu-

mination is removed. Measurements have been performed on

two different sample geometries and provide similar results,

demonstrating flexibility in design possibilities.

This work shows the potential to use photo-responsive ma-

terials to create topological edge modes with dynamic tunabil-

ity. This builds on existing strategies for tunability through

geometric manipulation. This principle could be developed to

multi-dimensional topological systems, to add dynamic tun-

ability to topological waveguides and energy splitters. By pro-

viding a means to dynamically alter the operating frequency,

this would greatly increase the the versatility of these devices.

SUPPLEMENTARY MATERIAL

Details of the FE modelling, along with an additional sample

geometry, are presented in the supplementary material.
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FIG. 3. Frequency domain FEM simulations and Experimental results: existence and tunablility of protected edge mode. (a) Numerical

confirmation of edge mode shown by the transmission loss as a function of frequency, evaluated at different positions along the sample.

Exponential decay with position of the edge mode amplitude is observed away from the interface, as expected. (b) Tuning the frequency of

the edge mode by introducing a defect (altered Young’s modulus, E). (c) Schematic with ‘measurement’ positions (pos. 1-3), defect region

shown in blue, and boundary load excitation. (d) Experimental confirmation of edge mode shown by the magnitude of the Fourier spectrum,

measured at different positions along the sample. Exponential decay with position of the edge mode amplitude is observed, as expected. (e)

Tuning the frequency of the edge mode by introducing a defect with increasing laser power (altering the Young’s modulus, E). (f) Schematic

with measurement positions (pos. 1-3), defect region shown by laser spot blue, and transducer position shown.
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The introduction of metamaterials has provided
new possibilities to manipulate the propagation of
waves in different fields of physics, ranging from
electromagnetism to acoustics. However, despite
the variety of configurations proposed so far,
most solutions lack dynamic tunability, i.e., their
functionality cannot be altered post-fabrication. Our
work overcomes this limit by employing a photo-
responsive polymer to fabricate a simple metamaterial
structure and enable tuning of its elastic properties
using visible light. The structure of the metamaterial
consists of graded resonators in the form of an array
of pillars, each giving rise to different resonances and
transmission band gaps. Selective laser illumination
can then tune the resonances and their frequencies
individually or collectively, thus yielding many
degrees of freedom in the tunability of the filtered
or transmitted wave frequencies, similar to playing a
keyboard, where illuminating each pillar corresponds
to playing a different note. This concept can be used
to realize low-power active devices for elastic wave
control, including beam-splitters, switches, and filters.
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1 Introduction
Elastic and acoustic metamaterials derive unconventional dynamic properties from the combined
behavior of artificial structural elements [1–3]. Generally speaking, metamaterial functionality
depends mainly on unit cell design, but material properties play a role in determining the
frequencies at which these effects take place. To date, elastic and acoustic metamaterials exploit
three main distinct mechanisms for the control of wave propagation: (i) Bragg scattering, (ii) local
resonances, and/or (iii) inertial amplification [4, 5]. The wave manipulation effects that can be
achieved with these mechanisms include elastic wave scattering [6], acoustic wave absorption [7],
negative refraction [8], cloaking [9], focusing [10], one-way [11] or scatter-free propagation [12],
and topological protection [13]. These effects can be exploited for numerous applications across
scales, from isolation of large scale vibrations [14–16] to energy harvesting [17], from noise
abatement [18, 19] to speech recognition [20].

Despite their scientific interest and their numerous applications, most elastic and acoustic
metamaterials lack dynamic tunability, i.e., their functionality is fixed once the structure has
been fabricated. To address this limitation, the coupling of metamaterials with different external
fields, such as piezoelectric [21–25], thermal [26–28], mechanical (prestress/prestrain) [29–32], and
electromagnetic [33–38] ones, has been explored. Alternative approaches include the use of soft
magnetoactive composites exploiting instabilities [39, 40], strain-tunable dielectric elastomers [41]
or magnetorheological metamaterials exploiting nonlinear effects [42], leading to the concept of
“soft, smart matter” [43].

However, practical implementations often involve considerable complexity, both in specimen
fabrication and in the implementation of the control mechanism. In contrast, here we propose
an approach that exploits light responsiveness into a 3D printable polymeric material, enabling
simple, non-contact and low-power tunability [44].

In previous work, we have demonstrated the controlled decrease of the Young’s modulus
of polymers containing azobenzene dye by means of laser illumination and the corresponding
modification of the transmission properties of a metamaterial structure fabricated with this
material and consisting in an array of pillars on a waveguide. Selective local illumination affects
the vibration eigenmodes of individual resonant pillars, significantly affecting the waveguide
transmission spectrum [45, 46]. These effects occur on a time scale of less than a minute and are
fully reversible. In this work, we present a continuation of previous investigations, extending
the analysis to graded structures, thus allowing to increase the possible degrees of freedom in
tunability of the system, and conceptually introducing the possibility of "playing" a metamaterial
keyboard.

2 Specimen design and numerical analysis
In a system consisting of multiple photoresponsive pillars of identical heights on a waveguide (see
Fig.1a), each pillar exhibits a similar dynamic behavior, eigenfrequencies (schematically shown in
Fig.1b) and eigenmodes. When excited at their resonant frequencies, they collectively generate
a band gap with a specific centre frequency and width. If one of these pillars is selectively
illuminated, its resonance frequency decreases (since the material undergoes softening), causing
the band gap to move to lower frequencies (Fig.1c) [46]. On the contrary, in a scenario where
each pillar has a different height (Fig.1d), the resonant frequencies also differ, resulting in
individual pillars attenuating the propagation of waves around different centre frequencies
(Fig.1e). This system is reminiscent of the so-called "resonant metawedge", which has been
extensively discussed in various contexts of elastic wave manipulation [14, 17]. In our case, when
one of the photo-responsive pillars is illuminated, the corresponding band gap width remains
approximately the same but shifts towards lower frequencies (Fig.1f). This behavior, together with
the selective illumination of one or more graded pillars, enables the tunability of the transmission
properties of the entire structure.
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(a) (b) (c)

(d) (e) (f)

Figure 1: Schematic representation of the proposed concept: a) pillar array acting as a
metamaterial filter; b) the local resonance properties of all pillars coincide and lead to a single
band gap (BG1) at a characteristic frequency; c) laser illumination of a single photorespoinsive
pillar leads to a downward shift of its resonance, and an overall widening of the bandgap. d) In
this work, we consider an array of pillars of variable height, whose spectral response is given
by e) the superposition of resonances at different frequencies, i.e. various potentially overlapping
bandgaps; f) illumination of a single pillar allows manipulation of the filtering properties in a
specific frequency range.

To guide the design of the resonator arrays, a first numerical investigation on the modal
properties of the individual pillars is performed. The system can be considered as an array of
subwavelength responators that can trap and spatially segregate certain frequencies, when the
traveling waves in the beam efficiently couple with the pillar resonances, i.e., an impedance
matching condition occurs. To determine this condition, we calculate the dispersion spectra of
the individual pillars and their resonance frequencies as a function of their height. We design the
array so that there is no overlap between the lowest bandgaps of the different pillars, identifying
four distinct pillar heights that satisfy this condition.

The dispersion spectrum of the resonator array, whose unit cell is shown in Fig.2(a) with
its characteristic dimensions (a hosting base of width a and height hb, supporting a pillar
of width b and height hp), is computed using Finite Element (FE) analysis. The models are
meshed using quadratic hexahedral solid elements (nodal displacements ux, uy , and uz) with a
characteristic length of approximately 0.5mm. Material properties are considered homogeneous
and isotropic, with a Young’s modulus value 2.75GPa, Poisson’s ratio 0.3, and specific mass
density 1120 kg ·m−3. Bloch-Floquet periodic conditions are enforced at the edges of the
one-dimensional unit cell in the x-direction [47], resulting in an eigenproblem in the form
K(k)u= ω2Mu, where K(k) is a wavenumber-dependent stiffness matrix, M is a mass
matrix, ω2 are the eigenvalues which correspond to propagating frequencies, and u are the
eigenvectors which represent the nodal three-dimensional displacements. This eigenproblem
is solved by considering the wavenumber k within the corresponding irreducible Brillouin
zone [48], spanning the values between the points Γ(k= 0) and X (k= π/a), since we are
considering 1D propagation along a waveguide. Additionally, an out-of-plane polarization metric
[49] expressed by p(u) = (

∫
V |uz |2 dV )/(

∫
V |ux|2 + |uy|2 + |uz |2 dV ), with p∈ [0, 1], is computed

for the subset of displacement vectors u considering the volume of the hosting beam (region
marked in blue in Fig.2(a)), which we consider as indicative of the flexural behavior of the beam
in the experimental setup. For the considered values of a= 5mm, hb = 2mm, and b= 3.75mm,
the dispersion relations are computed for the heights hp of (i) 7 mm, (ii) 9 mm, (iii) 11 mm, and (iv)
13 mm, and shown in Fig.2(b) along with the computed polarization values (p) for the propagating
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frequencies of a branch that presents significant coupling between the in- and out-of-plane motion
of the hosting beam. This behavior is illustrated for hp = 7 mm by the wave modes computed
at Γ1, P1 (k= π/2a), and X1, which display, respectively, the propagating frequencies of 45.1,
50.6, and 71.3 kHz. The polarization values of these points are 0.70, 0.54, and 0.10, indicating a
predominantly out-of-plane behavior for the hosting beam at Γ1 and in-plane at X1. On the other
hand, the wave mode at P1 presents a high degree of coupling between the in- and out-of-plane
behavior of the hosting beam, which is also observed on the combined motion of the supported
pillar (see wave mode in Fig.2(b)). The out-of-plane behavior of the hosting beam at Γ1 suggests
that corresponding peaks will arise in the transmission of a finite structure formed by these unit
cells for an out-of-plane excitation. The polarization values decrease monotonically in this branch,
thus suggesting that for a continuous frequency range, a coupled behavior between in- and out-of-
plane motion is expected, which in turn, may yield a reduction in the transmission of out-of-plane
excitation due to coupling with the pillar motion. A similar behavior is observed for each case
of the pillar height, as shown in the dispersion spectra in Fig.2(b). The propagating frequencies
of the corresponding branches at Γ for the pillar heights of 9, 11, and 13mm are respectively
33.6, 25.9, and 20.5 kHz, thus indicating a trend of decrease in the propagating frequencies
as the pillar height increases. We also expect these points to be associated with peaks in the
transmission of out-of-plane excitation in a finite system. Interestingly, a shift in the computed
frequencies can be achieved through the variation of the pillar height while maintaining a fixed
lattice length, therefore indicating the prevalently locally resonant nature of the wave modes. The
corresponding polarization values for these pillar heights are computed, respectively, as 0.57,
0.45, and 0.35, thus suggesting that an effective coupling between in- and out-of-plane motion
can be expected for narrower frequency ranges as the pillar height increases. Upon illumination,
the softening of the material of the pillars (whose Young’s modulus changes to approximately
2.0 GPa for maximum illumination power) leads to a lowering of the propagating frequencies
at Γ to the new values of (i) 38.5, (ii) 28.7, (iii) 22.1, and (iv) 17.5 kHz, thus corresponding to an
approximate decrease of 15% from the initial values of these frequencies.

Figure 2: Dispersion properties of the photo-responsive pillars. (a) The characteristic dimensions
of the unit cell are described by a hosting beam with base width a and height hb, supporting
a pillar with width b and height hp. (b) Dispersion relations computed for the values hp =

{7, 9, 11, 13}mm. The polarization metric (p), computed considering the hosting beam volume,
is used to indicate the behavior of a branch supporting flexural waves whose behavior shifts
between the wave modes shown at the lower (Γ1) and upper (X1) points, indicating a highly
coupled in- and out-of-plane behavior for intermediate values, and hence reduced transmission.
Vibration modes at the points Γ1, P1 and X1 are also shown on the left of the subfigure.
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We now numerically model the finite structure considered experimentally (Fig.3a), constituted
by the described pillars arranged in a one-dimensional array on a thin beam (40 mm in length, 2
mm in thickness) acting as a waveguide, located between a 40x40 mm slab used to excite input
signals and a 40x4.5 mm beam where output signals are detected. To reinforce the locally resonant
effect of each pillar, each height is repeated twice, leading to an 8-pillar structure, whose collective
transmission properties are approximately expected to be the superposition of those of the four
individual pillar types. This is based on the assumption of limited coupling between vibration
modes of the various pillars in the considered frequency range.

To verify this hypothesis and determine the structure’s overall transmission properties, we
perform FEM frequency-domain numerical analysis using the COMSOL Multiphysics software.
The finite structure geometry is reproduced and meshed using tetrahedral elements, as shown in
(Fig.3b). MEchanical properties are those indicate above. A harmonic boundary load is applied
on one side of the waveguide (corresponding to the location of the piezoelectric transducer in
experiments), as shown in (Fig.3b), and the corresponding transmission loss (calculated as the
ratio between transmitted and input power for out-of-plane vibrations) is then evaluated at the
beam location opposite to the pillar array (also indicated in (Fig.3b)), in the 10 to 70 kHz range.
Pillar illumination is simulated by locally reducing the Young’s modulus to 2 GPa.

Figure 3: a) Experimental sample and measurement set-up. The heigths of the pillars are hp1 =

13 mm, hp2 = 11 mm, hp3 = 9 mm, and hp4 = 7 mm. b) FEM mesh used in frequency-domain
simulations; boundary conditions are also illustrated.

The computed spectrum (blue continuous line in Fig.4(a)) clearly shows the presence of
four band gaps, appearing approximately in the frequency ranges predicted in the dispersion
spectra (see Fig.2). Some variation in the band gap width is observed, mainly due to coupling
effects between pillars. The effect of laser illumination at selected locations of the sample is then
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evaluated. As an example, we consider the case when the 1st (4(a)) and 6th (4(b)) pillars are
illuminated. In the first case, the pillar resonance frequency is related to the lowest band gap (I),
at about 25 kHz. Figure 4(a) illustrates the variation in the transmission spectrum (red dashed
line) upon softening of the first pillar, with the lowest band gap widening to lower frequencies
(highlighted by red shading in the figure). In the second case, the sixth pillar is associated to the
third band gap (III) at about 42 kHz, which undergoes widening and a shift to lower frequencies
when the pillar undergoes softening (Fig.4(b)).

Figure 4: Numerically computed transmission spectrum of the considered 8-pillar structure. a)
without ("Laser off") and with laser illumination on the first pillar ("Laser on 1st pillar"). Four band
gaps (shaded in light blue and labelled from I to IV) appear in the spectrum; laser illumination on
the tallest pillar results in a widening of the lowest bandgap to lower frequencies (red shading).
b) without ("Laser off") and with laser illumination on the sixth pillar ("Laser on 6th pillar"). This
results in a widening and lowering of the third band gap to lower frequencies (red shading).
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3 Experimental realization
We now verify the numerical results through experimental tests. For the fabrication of the light-
responsive specimen we follow a protocol described in [46]. The samples are first fabricated with
a Digital Light Processing (DLP) 3D printer, using a commercial polymeric resin. Light-mediated
tunability is then achieved by diffusing the responsive azo-dye Disperse Red 1 methacrylate
(DR1m) into the as-fabricated samples prior to UV post-curing. Process parameters are selected
so as to maximize homogeneous dye dispersion while preserving the integrity of the structure.
The modulus of the material can thus be locally altered through illumination with visible light,
producing continuous photo-isomerization cycles of the dye.

The experimental setup shown in Fig.3(a) is designed to detect the collective dynamics of the
graded pillar structure. One side of the thin slab is designed to accommodate a thin piezoelectric
transducer, whose mass is considered negligible. The transducer serves as the mechanical
excitation source, generating elastic waves that propagate along the beam waveguide, crossing
the array of pillars with varying heights, starting from the highest. The collective response of the
structure is monitored by measuring the spectral response at the opposite end of the waveguide
using a Laser Doppler Vibrometer (LDV). An additional laser, operating at a wavelength of
λ= 405 nm, is positioned orthogonally to the structure on a motorized linear stage. This allows to
selectively illuminate individual pillars (see Fig.3(a)).

To explore the frequency response of the structure, we perform a frequency sweep ranging
from 10 kHz to 70 kHz, capturing the system’s response using the LDV to monitor the output
of the structure and performing Fast Fourier Transform Analysis to determine the transmitted
spectrum. The results reveal, as expected, the emergence of four distinct bandgaps, each
characterized by an increasing width for increasing frequencies. These bandgaps correspond
to the lower bandgaps of each pillar pair (as illustrated in Fig.4(a), solid blue line). The central
frequencies of these bandgaps align well with the positions predicted from the modal analysis of
individual pillars and with those calculated in frequency domain simulations. As the frequency
increases, there is a slight deviation between the experimental data and the predictions, due to
the mentioned excitation of in-plane modes and coupling effects between pillars.

The subsequent phase of the experiments involves the selective illumination of the structure at
selected locations. Fig.4(a) shows results when illuminating the first (tallest) pillar, responsible for
the formation of the lowest frequency bandgap. The illumination induces a reduction of the elastic
modulus in the illuminated pillar, resulting in a resonance frequency shift and a corresponding
broadening of the first bandgap towards lower frequencies, as predicted numerically. In this case,
only one of the two identical adjacent pillars undergoes a modification in its elastic behavior. At
the edge of the first bandgap, this translates into a substantial difference in signal transmission
of approximately 20dB at approximately 23 kHz before and after illumination. This illustrates
the significant potential of the photo-induced modulation of material properties in modifying
the structural response at specific frequencies, providing clear evidence of the tunable nature
of the considered graded pillar metamaterial structure. Illumination of the first pillar also
produces noticeable effects at other frequencies in the spectral response, due to the effect on the
modification of higher modes (Fig.4(a), red line). The temporal evolution of the entire structure’s
elastic response is visually represented in the color map presented in Fig.4(b), with time depicted
on the vertical axis. The illumination of the pillar begins after 700 seconds (lower horizontal white
line), reaching a steady state approximately 150 seconds later. Subsequently, the structure returns
to its initial state in roughly the same time interval after the laser is switched off (upper horizontal
line in the map), demonstrating full reversibility of the process.

Similar effects are observed for the other case considered in simulations, i.e., when illuminating
the sixth pillar in the array, which is responsible for opening the third bandgap. In this
instance, the softening of the structure appears to have more pronounced effects, partly because
the illuminated area covers a larger percentage of the pillar volume (Fig.4(c)). As a result,
the second and third bandgaps combine, while the response at other frequencies remains
relatively unchanged (Fig.4(d)). This dynamic response further emphasizes the versatility of the

Appendix B (Articles): Page 15 of 89



8

royalsocietypublishing.org/journal/rsta
P

hil.
Trans.

R
.S

oc.
A

0000000
..........................................................................

graded pillar structure in achieving tunable and selective control over specific frequency ranges,
illustrating its potential for targeted reversible modulation in applications requiring tailored
dynamic behavior.

(a) (b)

(c) (d)

Figure 5: Transmission spectrum of the finite structure considered experimentally. a) Measured
spectra before (blue) and after (red) illumination of pillar 1. Band gaps are highlighted in light
blue and numbered from I to IV; b) Corresponding colour map representing transmission vs.
frequency and time (vertical axis) when switching laser illumination on (t = 700 s) and off (t =
2300 s); c) same as a), with illumination of pillar 6; d) same as b), with illumination on pillar 6.

In addition to the experiments involving illumination of individual photoresponsive pillars,
we explored the possibility of simultaneously illuminating multiple or all pillars in the system. We
illustrate here the latter case. For this experiment, a laser was mounted on a linear stage, allowing
the light beam to traverse back and forth across the array of pillars. Due to the inherent time delay
in photoresponsive material property modification (a finite time is required to activate/deactivate
the photo-isomerization ), the continuous movement of the laser is effectively equivalent to
quasi-simultaneous illumination of all pillars. As expected, the collective effect of simultaneously
illuminating all pillars results in the cumulative effect of individual illuminations, in this case
manifesting itself as a rigid spectral shift toward lower frequencies across the entire spectrum,
as shown in Fig.6. The possibility to manipulate the optical response of multiple elements
simultaneously highlights the versatility of our system.

Finally, we explore a practical application. Specifically, we inject a composite signal comprising
two frequencies, f1 = 21.5 kHz and f2 = 71.5 kHz changing the selective laser illumination of
the sample in time to observe the change in spectral response, as illustrated in Fig.7. During
the first phase (from t0 = 0 to t1 = 50s), none of the pillars are illuminated, resulting in both
frequencies exhibiting comparable spectral weights. Subsequently, at t1, we selectively illuminate
the fourth pillar. This action induces a local softening of the structure, effectively suppressing
f2 and causing a slight increase in f1. Subsequently, the laser is switched off (from t2 = 100s to
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(a) (b)

Figure 6: Transmission spectrum of the finite structure considered experimentally. a) Measured
spectra before (blue) and after (red) illumination of all pillars simultaneously. A rigid down-shift
of the whole spectrum is observed; b) Corresponding colour map representing transmission vs.
frequency and time (vertical axis) when switching laser illumination on (t = 300 s) and off (t =
1600 s).

t3 = 150s), so that the system returns to its initial state. Finally, in the last phase (from t3 onwards),
we illuminate the first pillar. This leads to a selective softening of the this pillar, resulting in a
significant amplitude reduction of f1 in favour of f2. The relative spectral weights of the two
frequencies thus become fully modifiable, offering a dynamic and reversible means of controlling
signal components within the structure. This provides an example of how the tunable graded
pillar structures can be used to actively modulate the spectral characteristics of injected signals.

Figure 7: Dynamic modulation of signal frequencies (f1 = 21.5 kHz, f2 = 71.5 kHz) in a graded
pillar structure. The different temporal intervals depict tunable suppression and enhancement of
specific frequencies through selective pillar illumination.

4 Conclusion
In conclusion, we have shown how it is possible to exploit graded locally resonant structures
in conjunction with light-responsive polymers to obtain metamaterials with multiple degrees
of freedom of dynamic tunability. The selective modulation of the elastic properties of a
photosensitive polymer by means of laser illumination provides a controlled and reversible
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means to manipulate the elastic characteristics of the waveguide. The spatial arrangement of
pillars, each acting as a different resonator, provides a rich platform to explore the interplay
between static and dynamic gradings. In this sense, we can compare this system to a piano
keyboard, where the activation of different key combinations produces various note sequences, or
melodies, in output. In our case, the analogy is between pillars and piano keys, and between laser
illumination and finger pressure on the keys. As in the case of a piano keyboard, key combinations
can be used to obtain combinations of output frequencies, or tones. Preliminary experiments on
even a relatively simple structure (8 pillars of 4 different heights) indicate that due to the complex
resonant behaviour of the pillars and their coupling, there is rarely a one to one relation between
illumination of a single pillar and shift of a single band gap. Thus, to use such a "metamaterial
keyboard" in applications, an accurate "map" of the frequency output needs to be determined,
either numerically or experimentally. This will be the subject of future investigations.

Our work adds to other advances in metamaterial research that address the challenge
of dynamic tunability, which allows to go beyond traditional metamaterials. Our approach
introduces one possible avenue for achieving this dynamic control over elastic wave
manipulation. The ability to selectively tune and suppress specific frequencies over time opens
possibilities for innovative applications, particularly in dynamic signal processing, where tailored
frequency responses are crucial. This is of particular relevance in active devices for elastic wave
control, such as beam-splitters, switches, and filters.
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Polarization-driven reversible actuation in a
photo-responsive polymer composite

David Urban 1,2, Niccolò Marcucci 2, Christoph Hubertus Wölfle3,
Jan Torgersen3, Dag Roar Hjelme1 & Emiliano Descrovi 2

Light-responsive polymers and especially amorphous azopolymers with
intrinsic anisotropic and polarization-dependent deformation photo-response
hold great promises for remotely controlled, tunable devices. However,
dynamic control requires reversibility characteristics far beyond what is cur-
rently obtainable via plastic deformation of such polymers. Here, we embed
azopolymer microparticles in a rubbery elastic matrix at high density. In the
resulting composite, cumulative deformations are replaced by reversible
shape switching –with two reversible degrees of freedom defined uniquely by
the writing beam polarization. We quantify the locally induced strains,
including small creeping losses, directly by means of a deformation tracking
algorithm acting on microscope images of planar substrates. Further, we
introduce free-standing 3D actuators able to smoothly undergo multiple
configurational changes, including twisting, roll-in, grabbing-like actuation,
and even continuous, pivot-less shape rotation, all dictated by a single wave-
length laser beam with controlled polarization.

In the fast-growing domain of stimuli-responsive materials, photo-
responsive polymers hold a prominent position thanks to several
advantageous features, such as their intrinsically contactless control
and the large variety of light sources and compounds available to tailor
material responses1. Amorphous sidechain azopolymers are an intri-
guing sub-class of light-responsive polymers since many of them can
undergo directional, anisotropic deformations when irradiated with
linearly polarized visible light. This effect occurs below the glass
transition temperature, with the polarization direction generally
determining the axis of elongation2. Although this phenomenon is
known to be linked to the Weigert effect3 (statistical reorientation of
azobenzene moieties perpendicular to the polarization), different
mechanisms are still under debate to explain it4,5. In the meantime,
polarization-dependent deformations in side-chain azopolymers have
been widely used for the thin film inscription of surface relief gratings
(SRGs) by pure polarization interference patterns6,7, polarization-
dependent patterning through surface plasmon interference8, as well

as directional reshaping of both nanoparticles9,10 and pre-fabricated
micro-/nanopillar structures11–15. Whilst these approaches are very
appealing to the realm of advanced micro- and nanofabrication
techniques16, or self-healing devices17, deformations are usually plastic
and tend to apply to the materials in a cumulative manner. Achieving
deformation reversibility has therefore been a major goal in recent
works, where approaches included the use of azopolymer cross-linked
networks18,19, erasure of SRGs by complementary interference patterns
or circular polarization irradiation20, and embedding of azopolymer
microparticles in elastomeric materials21. Furthermore, in concrete
applications such as photo-switchable topographies guiding cells,
obtaining intrinsic reversibility has been identified as a key
challenge15,22,23.

Controlling the deformation direction and reversibility is also of
paramount importance in light-responsive soft actuators. In this con-
text, working schemes have involved linear actuators based on asym-
metric volume expansion in various materials such as hydrogels or
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azopolymer-coated substrates24,25, bidirectionally actuatable cross-
linked azo-polyimides26, and photo-responsive liquid crystal elasto-
mers/networks (LCNs)27. The latter is maybe themost well-known type
of light-responsive soft actuators28 and can benefit from excellent
reversibility and actuation speeds, due to their cross-linked nature,
which permits the design of light-responsive oscillating29–32, wave-
propagating33, and even mobile actuators33–36. However, LCNs usually
require a molecular alignment procedure to be performed during
fabrication, which, at least locally, fully predetermines the direction-
ality of their response. In addition, inscribing the sophisticated align-
ment patterns needed for complex actuation shapes is still far from
being trivial37,38. To overcome these limitations, several post-
fabrication tunability strategies have been proposed. Examples
include multi-wavelength schemes with several dyes39–41, the use of
constituents exhibiting an enhanced polarization-sensitivity in
absorption42, or reconfigurability based on a combination of photo-
chemical and photothermal effects43. Polarization-driven actuation in
polycrystalline LCN has also been proposed as an interesting
option44,45. However, performing reversible complex actuations at
room temperature via polarization-driven control remains a relevant
challenge.

Here we introduce an isotropic composite based on amorphous
azopolymer nano-/microparticles embedded at high density within a
soft rubbery Styrene-Ethylene-Butylene-Styrene (SEBS) matrix, the
latter having been previously used in electrically driven soft
actuators46. The azopolymer employed is poly [(methyl methacrylate)-
co-(Disperse Red 1 methacrylate)] (pDR1m-co-mma, characterization
details provided in Supplementary Fig. 1), and the composite will
simply be referred to as azo-SEBS in the following. Upon irradiation
with linear polarization, the azopolymer particles transmit their ani-
sotropic strain along the polarization direction to the overall matrix,
thus producing a controlled deformation. During consecutive irra-
diation steps, cumulative deformations that would be expected from
the uncross-linked amorphous azopolymer are replaced by a more
reversible behaviour, which emerges from the interaction of the par-
ticles with the surrounding elastomeric matrix. A similar effect has
recently been observed for sparsely distributed, single azopolymer
microparticles21.

In the following, a detailed analysis of the local in-plane defor-
mation of thin composite layers of azo-SEBS deposited on poly-
dimethylsiloxane (PDMS) slabs is presented, providing a benchmark of
the overall degree of reversibility upon several illumination cycles.
Thereafter, from an application perspective, soft actuators based on
free-standing membranes are proposed. We showcase that ample,

reversible, and continuous complex actuation can be performed by
merely controlling the polarization state of an illuminating laser beam.
In Fig. 1, the fundamental actuation scheme for both thin coating layers
and free-standing actuator membranes is illustrated.

Results
Deformation of planar substrates
To characterize the stretching of the azo-SEBS composite quantita-
tively, the thin coating layers (thickness 3-20μm)were decorated with
a periodic pattern of micro-pillar markers for precise deformation
tracking (Fig. 2a). Since all light-induced deformations were observed
to persist with switched-off illumination, the fast-scanning focused
laser beam of a confocal microscope was used to illuminate tens of
microns wide rectangular areas precisely and homogeneously. A
movie of the repeated anisotropic deformations induced by a
sequence of illumination steps with alternating linear and circular
polarization of the scanning beam (wavelength λ = 561 nm, intensity
I = 5.02W·cm−2, step time t = 15 s) is provided in Supplementary
Movie 1. Whilst polarization along the x-axis induces stretching along
said direction, circular polarization seems to induce a return to the
previous state. The associated material displacements can also be
observed to extend beyond the directly illuminated zone shown in the
movie, to accommodate thedeformationof the latter. This is displayed
in Supplementary Fig. 2, where a differential image of a wider area was
used to compare the initial state and the stretched state after a single
illumination step with x-oriented polarization.

Deformations within the area of irradiation were then analyzed in
Fourier space (Fig. 2b), where reciprocal lattice peaks of the hexagonal
pattern of cylindrical markers are detected and tracked at each illu-
mination step. This approach of focusing only on the light-induced
changes in the spatial harmonics of the lattice was found to provide
greater independence from small lateral and out-of-plane sample
drifts, as well as tiny contrast changes produced in the collected ima-
ges over many repeated illumination steps. The photo-responsive
layer’s adhesion to the underlying PDMS substrate also mitigates
effects such as gradual out-of-plane bulging and wrinkling, which we
observed in similar experiments on suspended azo-composite layers
(Supplementary Movie 2, Supplementary Fig. 3) and which have
recently been reported for floating azopolymer thin films47. In the
Methods section, more details on how polarization-induced defor-
mations affect the film topography in both direct and reciprocal
(Fourier) space are provided. Red arrows in Fig. 2c depict the vectorial
shiftsΔk of the latticepeaks after an illumination stepwith linear x-axis
polarization, taking the configuration before illumination as a

a c d

b

Azopolymer SEBS PDMS Polarization

Fig. 1 | Sketch of light-induced deformation mechanisms. a azo-SEBS film
deposited on a PDMS layer, (b) self-standing azo-SEBS membrane; (c) illustrative
deformation of azopolymer microdomains upon linearly polarized laser irradia-
tion, leading to overall stretching of the azo-SEBS layer on PDMS along the

polarizationdirection; (d) inhomogeneous stretchingof the free-standing azo-SEBS
membrane and corresponding bending caused by the gradient of absorbed light
through themembrane. Both SEBSand PDMSare translucent/transparentmaterials
in the real world.
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reference. In agreement with the x-axis elongation observed in direct
space, peaks shift inwards along said axis in reciprocal space, whilst
direct space compression behaviour leads to arrows pointing out-
wards in the orthogonal direction. Figure 2d shows a similar arrow
plot, wherein the reference configuration is compared to the result
after two irradiation steps, with a linear x-polarization (X-POL) step
followed by a circular polarization (CIRC-POL) step (equal power and
dose). This two-step procedure is referred to as the full illumination
cycle hereafter. For the full illumination cycle, arrows aremuch smaller
and point inwards everywhere, thereby indicating slight isotropic in-
plane expansion, as opposed to complete reversal. In-plane expansion
of azopolymers upon irradiation with circular polarization has
been previously reported in microparticles dispersed in external
matrices21,48, microstructures anchored on flat substrates12,17, wall
thickening of breath-figure arrays18,49 and in floating thin films47. It is
often described to compete with a photo-softening effect of the azo-
polymer, also attributed to the circularly polarized irradiation21,47. To
get more insights on the effects of repeated exposures with linearly
and circularly polarized light, we quantified the stretching behaviour
over 20 consecutive illumination cycles on a previously
unexposed area.

In particular, when considering the ith illumination cycle, new
experimental lattice peak positions were fitted with ki defined upon
applying the transformation in Eq. (1) to the previous peak vectors ki−1.
The transformation represents pure stretching along two principal
axes in Fourier space, with associated direct space engineering strain
parameters (ε1, ε2) and a principal stretching axis angle (θ) ranging
between ±45 degrees with respect to the x-axis.

ki =
cosðθÞ � sinðθÞ
sinðθÞ cosðθÞ

� �
� ð1 + ε1Þ�1 0

0 ð1 + ε2Þ�1

 !
� cosðθÞ sinðθÞ

� sinðθÞ cosðθÞ

� �
� ki�1

ð1Þ

Furthermore, the stretching due to the illumination with linear
polarization only was evaluated by applying the procedure described
above to the peak positions obtained after the X-POL step alone (half
illumination cycle), using the same reference positions ki−1.

Typical R2-values of the fits (see Methods section) were
0.71 ± 0.03 for X-POL steps and 0.49 ± 0.11 for illumination cycles

respectively. The angle θ was distributed as −4.3 ± 1.4 degrees for the
X-POL steps, making ε1 close to horizontal, as expected from linear
x-polarization inducing stretching along said axis. For full illumination
cycles, it was foundmore useful to estimate the relative area expansion
(per cycle) of the substrate, which can be expressed as δAcycle = ε1 + ε2
(first-order approximation). Therefore, in the following ε1 and ε2 will
refer to the X-POL steps, while δAcycle refers to the illumination cycles
(X-POL +CIRC-POL). The typical timeevolution of ε1, |ε2 | and δAcycle for
20 consecutive full illumination cycles at laser intensity I = 1.30W·cm−2

and step time t = 15 s, is shown in Fig. 2e.
Interestingly, one can observe an initial transient behaviour,

where the horizontal elongation strain ε1 upon linear x-polarized irra-
diation ismuch larger than the absolute value of the associated vertical
compression strain |ε2| = −ε2, approximately by a factor 2. However,
after a few cycles, the absolute values of the two strains converge to a
very similar and nearly constant value. The asymptotic values for both
strains will be referred to as ε1,∞ and ε2,∞ hereafter and are calculated as
the respective mean values of ε1 and ε2 over the last 10 X-POL steps.
Furthermore, similar transient behaviour can also be observed for the
relative area expansion δAcycle at each illumination cycle. Starting at a
high initial value, δAcycle decreases rapidly and stabilizes to a small and
constant value δAcycle,∞, indicating much less in-plane area expansion
and thus significantly better relative reversibility after a few cycles.

To explain this behaviour, we note that in a small strain regime, a
factor -ε2 /ε1 = 0.5 is associated with volume conservation for uniaxial
stretching, whilst -ε2 /ε1 = 1 conserves the area of observation. In the
following, we presume that the observed macroscopic engineering
strains are proportional to the deformations of the embedded azo-
polymer microdomains. This assumption is discussed with the help of
afinite element (FE)model in the next section. In Eq. (2), wewrite down
isochoric (volume-preserving) small strain deformation gradient ten-
sors corresponding to x-axis stretching (F1) and in-plane expansion
(F2) respectively. Both tensors are constrained to induce the same
z-axis compression and δ is a scalar parameter.

F1 =

1 + δ 0 0

0 1� 1
2δ 0

0 0 1� 1
2δ

0
B@

1
CA,F2 =

1 + 1
4δ 0 0

0 1 + 1
4δ 0

0 0 1� 1
2δ

0
B@

1
CA ð2Þ
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Fig. 2 | Analysis of 2D deformations. a Confocal microscope transmission image
of the 33.8 × 33.8 μm2 area decorated with 1 μm spaced, 1 μm wide pillars, before
illumination. b Fourier transforms the image of a, with detected peak locations
(pink squares). Inset: 2D Gaussian fitting of exact peak position. Shift of peaks in
Fourier space after irradiation with (c) linear polarization and after irradiation with
(d) linear and subsequent circular polarization (illumination cycle). Red arrows:
data, blue arrows: fit. Arrow magnification: x45. e Extracted fit parameters for 20
illumination cycles: relative horizontal elongation strain ε1 per X-POL step (blue

circles), absolute value of relative vertical compression strain |ε2| = −ε2 per X-POL
step (red asterisks), relative area expansion δAcycle per full illumination cycle (X-POL
+ CIRC-POL) (green triangles). Dashed green line: asymptotic behaviour. Solid blue
line: zero deformation limit. Short/tall x-axis ticks: X-pol step/two-step illumination
cycle. Error bars: Sample standard deviation (s.d.) of 3 acquisitions on distinct
areas. Inset: Confocal image of the sample’s fine structure (bulk) showing the size of
the azopolymer domains. Inset scale bar: 3 μm.
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Assuming axial symmetry about the x-axis for the very first (X-
POL) illumination step50, the observed deformation seems to be
associated with an isochoric stretching of the azo-microparticles
along the x-axis. Indeed, a deformation described by F1 results in an
engineering strain ratio −ε2 /ε1 ≈ 0.5 = −(�1=2δ /δ). This agrees well
with observations reported for free azopolymer nano-/micro-
particles wherein irradiation with linear polarization isochorically
transforms spherical particles into ellipsoids elongated along the
polarization direction10. After completing the first illumination cycle
with circular polarization, however, substantial in-plane expansion
δAcycle subsists. Thus, in opposition to previous reports on single
particles of a different side-chain azopolymer embedded in SEBS21,
circular polarization does not reverse the initial deformation here. In
some cases, spherical azo-particles irradiated with circularly polar-
ized light were reported to expand in the plane into disk shapes, as
evidenced in previous works on azobenzene-based molecular glass
particles in hydrogels48. The transformation corresponding to this
deformation can be described by F2. Interestingly, however, after
multiple illumination cycles, δAcycle is reaching a very low asymptotic
value meaning that the in-plane area is almost fully conserved
through each cycle. Still, within those cycles, the X-POL illumination
steps cause relatively high, constant asymptotic stretching ampli-
tudes ε1,∞ and ε2,∞, therefore indicating a reversible, stationary
deformation behavior. This evidence suggests that deformations
induced by alternating illumination with linear and circular polar-
izations cannot be simply described by sequential applications of F1

and F2, which would produce a constant and substantial in-plane
expansion during every cycle. As a possible explanation, we propose
a reversible switching regime occurring asymptotically, between two
distinct shapes of the azo-microparticles, resembling the ellipsoids
elongated along the x-axis and the in-plane expanded disk-like
shapes introduced above. These shapes are found experimentally to
have a similar in-plane area (-ε2,∞/ε1,∞ ≈ 1) and similar compression
along the z-axis, assuming incompressibility (see Methods section).
We may therefore represent the switching from disk-like to x-axis
stretched ellipsoid by a third transformation F3, defined as

F3 =F1�ðF2Þ�1 =

1 + δ

1 + 1
4δ

0 0
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where the final expression is based on a first-order approximation (see
Supplementary Note 1), and F3 is consistent with the area conservation
during X-POL steps observed at later cycles. Also, the small overshoot
of ε1 during the first illuminationsmay be explained by the x-axis strain
being larger for a transformation from a spherical to the x-axis
stretched ellipsoid shape (F1), than from a disk-like to the same
ellipsoid shape in the switching regime (F3). Similar reasoning holds
for the y-axis strains and the initial undershoot of |ε2 |.

Obtaining a reversible switching regime is remarkable since the
plastic deformations of sidechain azopolymers are typically cumula-
tive. For example, SRGs with square/tetragonal geometries have been
demonstrated by simply adding a second interference pattern on top
of an already inscribed one7,22,51 and multi-SRG superposition can
additively create up to 12-fold rotationally symmetric structures52.
Cumulative deformation sequences have also been used to create
complex 3D shapes from pristine hemispherical microstructures12. For
example, applying a linear polarization to pre-deformed pillars made
of similar side-chain azopolymer poly(Disperse Red 1 methacrylate)
(pDR1m)15 does not erase the first inscribed shape, but simply adds
another deformation, flattening the individual pillars further (Supple-
mentary Fig. 4). On a macroscopic level, applying the methodology of

this work to a pure pDR1m-co-mma film on PDMS, weaker, however,
fully cumulative deformations were observed (Supplementary
Movie 3, Supplementary Fig. 5). In that case, the relative area expan-
sion remained high for all cycles and the −ε2 /ε1 relationship for X-POL
steps stayed close to 0.5 (as in F1), indicating no switching behaviour.
During later frames, degradation of the pillar lattice could be observed
also here (Supplementary Fig. 5b). Finally, it should be noted that the
reversibility of the switching process reported for azo-SEBS, while
being far from a purely cumulative effect, is not complete, since δAcycle

approaches a non-zero value indicating that a (much smaller) irrever-
sible in-plane expansion persists during later cycles also in the case of
the composite.

Finite element modeling of the deformation mechanism
In the previous section, the observedmacroscopic engineering strains
of the composite were assumed proportional to the deformations of
the azopolymermicrodomains embeddedwithin. To verify the validity
of this assumption, as well as to better understand themicrostructural
strain field causing the composite’s macroscopic deformations, a 2D
continuum model of a representative section of azo-SEBS composite
with randomly placed, non-intersecting domains of pDR1m-co-mma
(azo-domains) was set up using the FE software Abaqus/Standard. A
detailed description of the model is provided in the Methods section,
whilst further comments on the accuracy of the 2D modelling
approximation are provided in Supplementary Note 2. In brief, both
phases (azo-domains and SEBS) were considered incompressible and
the constitutive model of the rubbery matrix was parametrized with
mechanical data from tensile tests for SEBSof the samehardness grade
and manufacturer performed by others53. As is common for rubbery
materials, the stress-strain curve was shown to be non-linear at high
strains in the cited study (see Supplementary Fig. 6a for more details).
We note, however, that this non-linearity becomes dominant in such
experiments at strains roughly above 20%, which is far above the
macroscopic average strains measured in this work. To estimate the
internal matrix strains associated with the composite’s deformation,
the effect of illumination was modelled via deformations imposed
directly onto the embedded azo-domains. Linear x-polarization and
circular polarization were modelled by the deformation gradient ten-
sors Flin and Fcirc, respectively, which are defined in the Methods
section, and which correspond to F1 and F2 of Eq. (2) for small strains
(first order approximation, see Supplementary Note 1).

Figure 3a shows the resulting logarithmic (Hencky) normal strain
in x-direction, denoted by εHxx , over the whole simulation domain. As
one can observe, the highest strain values are the uniform ones
imposed on the azo-domains, while the surrounding matrix accom-
modates the inclusions’ deformation via lower local strains. Phenom-
enologically, compressive strains arise in x-direction between azo-
domains lying close to each other horizontally, since the elongation of
the inclusions in this direction compresses the material in between.
Figure 3b shows the local relative area change (to the first order)
εHxx + ε

H
yy ffi εxx + εyy also indicating a net in-plane compression

between horizontally neighboring azo-domains. The opposite holds
for vertically neighboring azo-domains, where in-plane expansion is
observed, due to azo-domain compression along the y-axis. Both those
observations illustrate how the deformation of individual domains
drives the overall material’s response. To expand on this, the coeffi-
cients of transmission between azo-domain deformations and the
overall composite deformations will be discussed below along with
their dependencyon themagnitude of the imposed azo-domain strain.

After denoting the engineering strains imposed onto the azo-
domains by εaz and the average macroscopic engineering strains by
εm, we define the scalar transmission ratio of normal strains along any
of the principal axes (i = x,y) generically as T type

ii : = εmii =ε
az
ii (type = {lin,

circ} when applying fFlin,Fcircg to pristine spherical azo-domains
respectively). Figure 3c shows T type

ii as a function of εazii for both
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deformations studied and along either y- or x-axis, leading to four
distinct data series. Since Fcirc has axial symmetry about the z-axis, the
resulting values of Tcirc

xx and Tcirc
yy coincide. Further, one can observe

that the transmission values do not depend on the amplitude of εazii in
the range of experimentally observed strains. Finally, all transmission
factors are rather similar, which was further verified for a sequential
application of Flin and Fcirc deformations. Although slight offsets
between the different data series, which are likely due to the 2D nature
of the simulation (see Supplementary Note 2) can be appreciated, the
results from the FE model support the qualitative assumptionmade in
the previous section about linear transmission between the azopoly-
mer microparticles’ and the overall material’s deformation.

Varying illumination conditions and sample fine-structure
The above FEmodel also predicted the transmission intomacroscopic
strains to be independent of microparticle deformation amplitudes.
Therefore, we attempted to vary the latter by altering the illumination
parameters. The result of varying laser powers and illumination step
time is displayed in Fig. 4 for the asymptotic values ε1,∞ and ε2,∞. Both
values are found to be dependent on the illumination step dose, rather
than irradiation intensity, and follow the same sublinear trend. This
sublinear behaviour agrees with reports on the deformation of single
microparticles in a SEBS matrix as a function of irradiation time21. A
similar trend is also observed for δAcycle,∞, (see Supplementary Fig. 7)
whose relative amplitude with respect to the stretching parameters is
unaffected by the illumination parameters. Instead, this ratio can be
sensitive to different fine structures of the azo-SEBS composite, as will
be detailed below.

Note that all measurements up to this point have been carried out
on what will be referred to as sample 1 hereafter. As described in the
Methods section, it was possible to cast pDR1m-co-mma:SEBS blends
at different degrees of dilution. In this way, samples with increasing
thickness containing (larger) azopolymer aggregates could be
obtained for decreasing amounts of solvent (Table 1).

Figure 5a shows the measurement of 20 actuation cycles con-
ducted with the same illumination parameters which were used

Fig. 4 | Influence of illumination conditions on macroscopic strain. Plot of
asymptotic strain parameters ε1,∞ (a) and ε2,∞ (b) respectively as a function of
applied dose (intensity times the exposure time) per illumination step. The
asymptotic values are based on acquisitions whose graphs are shown in Supple-
mentary Fig. 8. Error bars are three times the standard error of themean (s.e.m.), as
detailed in the Methods section.
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- 3.22e-01
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+1.35e-02
- 5.89e-02
- 1.31e-01
- 2.04e-01
- 2.76e-01
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Fig. 3 | Finite elementmodel. Logarithmic normal strain in x-direction εHxx (a) and
first-order in-plane expansion εHxx + εHyy (b) around the azo-domains stretched along
the x-axis using Flin to model the illumination-induced eigenstrain of the azo-
domains associated to linear x-polarization. Solid and dashed white lines provide a
guide to the eye for identifying compression/expansion zones, respectively. The
shear component and logarithmic normal strain in y-direction are shown in

Supplementary Fig. 6b, c. c Normal strain transmission factor T type
ii as a function of

imposed azo-domain strain εazii for each type of deformation (type = {lin, circ}) and
principal axis (i = {x,y}). Error bars: sample standard deviation from 9 simulations
with different randomly generated azo-domain arrangements. For simplicity of
representation Tcirc

xx and Tcirc
yy are plotted with the same marker type due to their

substantial overlap.
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previously (see e.g., Fig. 2e), yet carried out on sample 2, which has a
slightly thicker azo-SEBS layer, with larger (<2 μm) azopolymer aggre-
gates (see inset of Fig. 5a and Supplementary Fig. 9b). The most
striking difference in this case is that the in-plane expansion per illu-
mination cycle (δAcycle) has an asymptotic value of 0.26 ±0.02%, which
is much higher than in the case of smaller azo-aggregates (sample 1).
However, the anisotropic stretching values (ε1,∞, ε2,∞) remain similar.
We therefore quantify the reversibility by defining an irreversibility
factor Rirr ≡ δAcycle,∞/ε1,∞, a measure that will result in 0% for full
reversibility in the switching regime and 100% for purely irreversible
(cumulative) deformations. For sample 2, we obtained Rirr = 41 ± 7%
which, compared to Rirr = 18 ± 2% for sample 1, highlights the higher
irreversibility of this sample. In addition, ε1,∞ lies slightly above ε2,∞ for
sample 2, confirming that more significant incompressible plastic
deformation is occurring in the asymptotic regime, which for the case
of uniaxial stretching along the x-axis indeed implies ε1 higher than |ε2|
(see F1 in Eq. (2)). To evaluate whether higher irreversibility is corre-
lated to large azo-aggregates, sample 4, cast fromeven less solventwas
considered. The largest aggregates were wide enough (<70 μm) to
perform measurements in areas lying completely above a single
aggregate. Results for 10 illumination cycles are displayed in Fig. 5b. In
this case, deformations were much smaller, approaching the limit of
the detection technique used. Nevertheless, the previously observed
trend continued, with the irreversibility parameter reaching
Rirr = 80 ± 9%, and the ratio −ε1,∞/ε2,∞ equaling 1.9, indicating almost
fully plastic cumulative deformations at every illumination step (note
the similarity to the graph obtained using a pure azopolymer film in

Supplementary Fig. 5a mentioned above). Measurements performed
on the same sample, but on areas lying in between the large azopoly-
mer aggregates (Fig. 5c) revealed an opposite behaviour with an irre-
versibility ratio as low asRirr = 17 ± 7%,most likely due to the absenceof
big azopolymer aggregates in those interstitial areas (Supplementary
Fig. 10). This suggests that not only the presence of larger aggregates
but also their density could play a role in determining the average
irreversibility of the overall material. In particular, interstitial volumes
containing only smaller aggregates may continue to behave in a more
reversible way. In fact, sample 3, which contains larger aggregates than
sample 2, displays a similar average reversibility likely owing to this
effect (Supplementary Fig. 11). The above findings are summarized in
Table 1.

In conclusion, the preceding section shows that larger azopoly-
mer aggregates should be avoided whenever possible, as they lose the
shape-switching property and undergo the cumulative deformations
of pure azopolymer instead. Furthermore, the analysis of illumination
conditions shows that emerging shape-switching behaviour does not
depend on a particular laser intensity or illumination dose within the
investigated range. The dose however defines the amplitude of the
induced deformations, meaning that intensity can be traded against
illumination time, allowing for application-dependent adjustments.

3D actuation of free membranes
A potential application for the polymer composite presented herein is
soft actuators able to perform complex movements in 3D21. To this
aim, free-standingmembranes were cut out and detached fromPDMS,

Table 1 | Summary of geometrical features and the asymptotic strain values obtained for different samples, made from
different solid content during the casting process

Name: Solute @ casting
(wt%)

Estimated aggregate
size (μm)

Estimated thick-
ness (μm)

ε1,∞ (%) ε2,∞ (%) δAcycle,∞ (%) Rirr

Sample 1 0.7 1 3.1 ± 0.5 0.52 ± 0.03 -0.54 ±0.03 0.095 ±0.004 0.18 ± 0.02

Sample 2 5 2 5.4 ± 0.8 0.64 ±0.07 -0.45 ±0.05 0.26 ±0.02 0.41 ± 0.07

Sample 3 10 15 12.9 ± 1.0 0.49 ±0.06 -0.40 ±0.01 0.19 ± 0.03 0.40 ±0.10

Sample 4* 15 75 14.4 ± 2.0 - - - -

*on top of aggregates - - - 0.10 ± 0.01 -0.05 ±0.01 0.080± 0.003 0.80 ±0.09

*between aggregates - - - 0.34 ± 0.07 -0.33 ±0.08 0.06 ± 001 0.18 ± 0.07

Uncertainties are based on the s.d. of three measurements for thickness, the s.e.m. of three independent acquisitions for ε1,∞, ε2,∞, δAcycle,∞ and on the error propagation for Rirr.

Fig. 5 | Influence of sample fine structure. Plot of fitted parameters for multi-
ple actuation cycles for Sample 2 (a) and Sample 4 on top of large aggregates (b)
and in between aggregates (c). Relative horizontal elongation strain ε1 per X-POL
step (blue circles), absolute value of relative vertical compression strain |ε2| = −ε2
per X-POL step (red asterisks), relative area expansion δAcycle per full illumination

cycle (X-POL+CIRC-POL) (green triangles). Dashed green line: asymptotic beha-
viour. Solid blue line: zerodeformation limit. Short/tall x-axis ticks: X-pol step/Two-
step illumination cycle. Error bars: s.d. of 3 acquisitions on distinct areas. Insets:
confocal images of samples’ structures and aggregate sizes. Inset scale bars: (a)
3μm, (b, c) 75 μm.White frames on insets in (b,c) show a typical illumination area.
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in view of exploiting bending motion due to deformation gradients
(Fig. 1b, d). Supplementary Movie 4 shows a circular membrane patch
(diameter: 3.4mm, thickness: ~20 μm) on the tip of a needle, experi-
encing downward bending along the continuously rotating axis of
linear polarization of an incoming laser beam (top illumination).
Selected frames from Supplementary Movie 4 are displayed in
Fig. 6a–c and a superposition of 18 rainbow-coloured frames is shown
in Fig. 6d. During the photo-actuation of the free membrane, defor-
mations are observed to occur in a basically non-cumulative way as
well. When the polarization orientation is altered, the induced
expansion/compression of the membrane is found to simultaneously
erase (most of) the previous deformation state, thus permitting a
continuous shape rotation. Worth to mention in this context that the
reversible switching behaviour on patterned planar films, introduced
previouslyby analyzing (X-POL/CIRC-POL) illumination cycles, canalso
be observed in the case of alternating linear polarizations along the
x-and y-axis (see Supplementary Fig. 12).

It should be noted that this continuous rotation was performed
with the membrane immersed in water. In fact, as shown in Supple-
mentary Movie 5, when applying the same illumination sequence with
alternating perpendicular polarizations to a circular membrane in
water and in air, a drastic difference in behaviour is observed. Whilst
the membrane in water reversibly bends along the orthogonal polar-
ization directions, without visible fatigue (7 steps), the first deforma-
tion shape in air seems irreversibly inscribed and subsequent
illuminations lead to much smaller deviations from said shape. Fur-
thermore, re-immersing the same membrane in water, the reversible
behavior is not fully restored. Possible reasons for this behaviour are
elaborated in the Discussion section.

Finally, the circular membrane was seen to mainly experience
uniaxial, elongation-associated downwards-bending, away from the
light source and in the direction of the illuminating polarization.
Although not systematically investigated in this article, a tendency for
smaller and thinner membranes to display more simultaneous upward
bending in the direction orthogonal to the polarization (where com-
pression was measured on planar substrates) can be reported. The

resulting saddle-shape, together with a single linear boundary condi-
tion, is exploited in the actuator experiment shown in Fig. 7. Here, a
slightly trapezoidal strip of smaller dimensions (lateral:
1–1.2mm× 1.6mm, thickness ~10 μm) is glued to a glass slide, which
forms a rigid boundary condition on the smaller side of the trapezoid
(Fig. 7a). A colouring post-process is used to enhance the visibility
of the actuator deformations (Fig. 7b). When linearly polarized light
hits the sample from the top, elongation of the top surface in direction
of the polarization causes downward bending, whilst the orthogonal
direction shows compression-associated upwards-bending, leading to
combined shapes. Merging the latter with a rigid boundary condition
will produce both deformation andmovement of the strip surface. For
example, as shown in Fig. 7c, d, polarization at a 45-degree angle with
respect to the constrained boundary causes one corner to bend
upwards and one corner to bend downwards with respect to the
boundary constraint, effectively producing a twist. Such photo-
actuated polymer film twists have also been reported in the context
of polydomain LCNs45, cross-linked azo-polyimide cantilevers54, and
monodomain LCN stripswith liquid crystal directors oriented diagonal
to the cantilever32,55. In Ref. 55, repeated helicoidal (de-)curling of
rectangular strips along a predefined direction was demonstrated. In
the example presented herein, ample twisting motions to either side
canbe forcedonto the soft strip by simply changing the polarization of
the incoming light, permitting effective placement and reorientation
of the actuator surface in 3D. Another interesting interplay between
the two orthogonal bending directions and the boundary constraint is
observed when the polarization is oriented parallel/perpendicular to
the latter (Fig. 7e, f). Specifically, in Fig. 7e, the actuator front edge
moves upwards whilst the two adjacent corners bend downwards
simultaneously, resembling a grabbing motion. Switching the polar-
ization by 90 degrees, the bending directions are reversed, and the tip
now moves downwards, with the two adjacent corners bending
upwards. It is worth noting that, in practice, the balance between the
two orthogonal bending directions depends on a multitude of para-
meters, such as the geometry of the actuator, but also the amplitude of
deformation. For example, strong deflections for downward-bending
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Fig. 6 | Continuous rotation of bending axis on a circular membrane patch.
a–c Snapshots from Supplementary Movie 4 showing different bent states in
response to illumination with linear polarization in different directions (green

arrow). d Rainbow-coloured chronological superposition of 18 movie frames,
illustrating the continuous rotation behaviour. Illumination is provided from the
top, along the z-axis.
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were able to cause full roll-in of the strip, with weaker orthogonal
bending (Fig. 7f). More generally, Supplementary Movie 6 allows a
better understanding of all the specific features occurring during the
full deformation sequence. In case circular polarization is employed, a
general in-plane expansion of the illuminated side is observed (see
Supplementary Fig. 13). A dependency of the strip movement on the
previous deformations is observed at large actuation amplitudes,
which can be attributed to the change of incidence angle of the laser
beam onto the sample in motion. This may cause different projections
of the polarization direction onto the sample surface, as well as sha-
dowing effects and even the bottom surface of the sample being
directly illuminated. Such effects have already been exploited to drive
uniaxial oscillation of LCN strips with steady light stimuli29,30,42,56. To
summarize, whilst the detailed actuation behaviour is more complex
than one might expect at first glance, the overall nature of the defor-
mation only depends on the polarization state. Moreover, fine-tuned
experimental paradigms may lead to exploiting the more intricate
details of the deformation pathways deliberately, for example, to
design non-reciprocal movement sequences with single wavelength,
homogeneous illumination56.

Discussion
The emergence of a reversible shape-switching behaviour upon
embedding an amorphous azopolymer into an external rubberymatrix
has been shown and quantified experimentally. Since both materials
are commercially available, and no polymerization and/or molecule
alignment techniques are needed, we believe this type of material will
open new possibilities for wider use of polarization-sensitive light-
responsive materials. As to why the switching behaviour emerges,
several possibilities could be imagined: in the framework of the photo-

orientation model, describing optically induced ordering of main
chains parallel to the polarization as deformation driving force47,50,57,
one could assume that the deformation states saturate for the micro-
particles, i.e., that the azo-domains’ z-axis compression stops, when all
main chains are oriented into theplane.However, the timescale for this
(<1min in all experiments) would be rather short, compared to other
works10,21. In addition, longer illumination was shown to induce larger
deformations at all stages, speaking against a saturation effect and
rather for a continuous strain build-up10, which however must be
influenced by the previous state of deformation. One may therefore
conclude that the switching behaviour is due to interaction effects
between the azo-domains and the elastic SEBS matrix (e.g., surface
tension, elastic restoring forces). Note that although the glass transi-
tion temperature (Tg = 108 °C) is not reached during laser irradiation
(Supplementary Fig. 14), photo-softening effects may be present.

On the other hand, a small irreversible component of plastic
deformation wasmeasured also in the switching regime and shown to
locally depend on the size of embedded azopolymer aggregates. A
possible explanation lies in larger aggregates inducing higher local
heating, relaxing the elastic constraints in the surrounding matrix.
Indeed, SEBS is a thermoplastic elastomer, which is physically, not
chemically, cross-linked, and whose thermoplastic creeping behaviour
is expected to increase with rising temperature, up to the point where
it permits injection molding of the material at temperatures above
150 °C. Another observation of the negative effect of heating on
reversible actuation is the drastic improvement of reversibility repor-
ted for 3D actuators immersed inwater acting as a coolant, well known
toplaya crucial role for example inphoto-thermal LCNactuators35,58. In
this case, however, the increase of temperature is also due to a larger
membrane thickness (see Supplementary Fig. 14), as compared to the

Fig. 7 | Trapezoidal actuator. a Snapshot of undeformed actuator. b False-
coloured version of (a), highlighting contrast differences. c–f Image groups
showing selectedmovie frames displaying twist to the right (c), twist to the left (d),
upwards movement with transverse downward bending (e) and downwards

movement with transverse upwards bending (f). Each image group consists of a
schematic drawing of the deformation mechanism (left), one B/W image of the
strongly deformed actuator (middle) and its false-coloured version (right). Green/
white arrows: Polarization orientation/beam incidence direction.
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patterned thin films which showed the best reversibility. Finally, irre-
versibility stemming from other sources, such as aggregates interact-
ing differently with the external matrix due to e.g., absorption
gradients or larger volume/interface ratios, cannot be excluded.
Future development of this type of material in view of beating the
reversibility benchmarks set up in this work will likely include further
reduction of large azopolymer aggregates.

Wewould like topoint out that reversibility, as it wasdefinedhere,
only refers to the continuous transition between in-plane expanded
states and linearly stretched states along arbitrary directions,while the
pristine state of the composite cannot be restored. Nevertheless, this
leads to two reversible degrees of freedom, linked to the direction and
the ellipticity of the polarization. In order to recover the very initial
microdomain state, mechanisms based on heating the azopolymer
above the glass transition temperature have been proposed and
experimentally validated21.

Regarding biological applications, the possibility of tuning both
strain magnitude and direction locally may open for interesting
experimental paradigms combined with deformations propagating
readily outside of the directly irradiated area. Worth mentioning here
is that a similar approach has been utilized previously in our group to
modify topographic features around cells without directly exposing
them to light, which could potentially affect their viability. In this case,
however, cells had tomigrate before retrieving the topographic cues15.

Finally, the proposed 3D soft actuators showed ample bending
deformations based solely on the absorption and thus strain gradient
throughout the membranes’ thickness, without a bilayer system to
amplify bending25,59. Nevertheless, such an approach could become
interesting in view of miniaturizing the system, which could lead to
several application prospects. For example, the possibility of control-
ling smooth, continuous membrane deformations, generally not pos-
sible in polycrystalline photo-chemical LCN actuation where UV-
inscribed shapes first need to be erased by visible light44,60, may con-
stitute an efficient tool to transfer rotation from a polarizer to the
shape of microscopic membranes. In addition, the use of saddle-
shapes, which although observed in monodomain LCNs34, are usually
not reported for polydomain LCN membranes44,61, combined with
boundary constraints, was shown to permit the precise inscription of
complex membrane shapes. Such shapes may be particularly adapted
to manipulating small objects, an application attracting increasing
interest58,62,63.

Methods
Photo-responsive layer preparation
Poly[(methyl methacrylate)-co-(Disperse Red 1 methacrylate)] (Sigma-
Aldrich) was dissolved in toluene at 0.2wt% whilst stirring for 1 h at
60 °C on a regular hotplate. Subsequently, block copolymer poly(-
styrene-ethylene-butylene-styrene) (SEBS, Mediprene 500120M, Hex-
pol A/B) was added at 0.4wt% and stirring at 60 °C was continued for
at least 2 h. The solution was then cast on a micro hole-patterned
polydimethylsiloxane (PDMS, Sylgard 184, DOWCorning)mold, either
directly or after further evaporation of the solvent in an open beaker.
The PDMS mold was obtained by soft lithography from an etched
silicon master mold and treated with trichloro(1H, 1H, 2H, 2H-per-
fluorooctyl) silane (Sigma Aldrich) in a vacuum desiccator to avoid
excessive sticking. Densified solutions (>1 wt% solid content) were
directly sandwiched between the mold and an oxygen plasma treated
(100% O2, 3min, Diener Electronics Femto) flat PDMS receptive layer,
then dried at room temperature, whilst the most dilute solution was
transferred from the mold onto the receptive PDMS layer after drying
(firm pressing, then bonding at 90 °C for 1.5 h). Free-standing mem-
branes for 3D actuation were prepared via the same preparation pro-
tocol, but using two stiffer, fluorosilane-treated, flat PDMS (Sylgard
182, Dow) layers instead of a mold and a receptive layer. 3D actuators
were then cut by means of a razor blade (trapezoidal membranes) or

with a sharpened copper straw (round membranes). After they had
been cut on the supporting PDMS, the membranes were carefully
peeled off. To favour the peeling process and prevent self-wrapping
caused by electrostatic forces, a few drops of deionized water mixed
with salt (NaCl) and soapwere poured on the surface of themembrane
prior to peeling. Peeled membranes were laid onto a piece of oil-
treated paper and spread out to remove all wrinkles, with the help of
additional water droplets if required, before drying with optical grade
cloth and/or low-temperature heat. The trapezoid membrane was
glued to the edge of a glass slide with common fingernail varnish.

Planar substrate actuation
The planar samples were imaged and actuated under a confocal
microscope (Zeiss 800 Airyscan, Objective: Plan-Achromat 63x oil,
NA = 1.4) using the 561 nm laser line for continuous scanning illu-
mination (writing mode, default: linear horizontal polarization) and
the 640 nm line for transmission or scattered laser beam imaging
(reading mode) of the sample. For actuation with circular polar-
ization, a λ/4 plate was inserted in the optical path via the beam-
blocker slit and circular polarization of the laser beam was verified
in polarized optical microscopy (POM) mode. The waveplate was
removed for all image acquisitions. Irradiation powers for planar
substrates were defined as laser power divided by the total rectan-
gular scanning/illumination area (33.8 × 33.8 – 101.4 × 101.4 μm2)
and in writingmode the scanning speed was set to its maximal value
(pixel dwell time 0.59–0.91 μs, frame time 233–360ms). Time-delay
between the end of a writing illumination step and onset of the next
writing interval was approximately 45 s.

Planar substrates data analysis
In Supplementary Figure 15a, b, a schematic illustration of the defor-
mations produced on a hexagonal pattern illuminated by a linearly
polarized radiation is presented. For sake of generality, the incident
linear polarization is oriented at an angle θ with respect to the x-axis.
Two engineering strains ε1 and ε2 along two orthogonal axes are
associated to light-induced stretching and compression, respectively.
Such a deformation can be also described in the Fourier space as a set
of transformations applied to the (reciprocal) hexagonal cell. As shown
in Supplementary Fig. 15c–f, the initial lattice cell undergoes a first
rotation by an angle – θ, then a stretching/compression along vertical
and horizontal directions respectively, and finally a second rotation by
an angle θ. Worth recalling that stretching in the direct space corre-
sponds to compression in the reciprocal space and vice versa. Such
transformations in the Fourier space are embodied in the matrix
relationship of Eq. (1) used for fitting experimental data.

Data Analysis on collected images was conducted in MATLAB
2021®. After a 2D fast Fourier transform, peaks with a prominence
above a peak prominence threshold were identified using the find-
peaks function and further selected based on having the largest pro-
minence in a neighborhood sized slightly below the expected pillar
marker reciprocal lattice constant. The position was further adjusted
using a two-dimensional Gaussian fitting procedure on the 25 pixels
surrounding the detected peak. Finally, peak shifts between images
were foundby comparing the respective peak sets and formingpairsof
peaks if their distance is belowa limiting distance. Theywere displayed
using MATLAB’s quiver plot feature and fitted with a least squares
approach using Eq. (1), to extract the engineering strainparameters (ε1,
ε2) and the angle θ between the axis of ε1 and the x-axis. The code is
fully automatized and made available.

The R2 value of the reciprocal space fitting results was defined in
analogy with the linear case as

R2 : = 1�
P

i jjaf ,i � ad,i jj2P
i jjad,i jj2

ð4Þ
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where af ,i and ad,i denote the fitted and the data arrows respectively
(Fig. 2c, d). Where parameters are given as a single value for a whole
actuation cycle set (R2, θ), their value and spread are provided asmean
and sample standard deviation (s.d.) for the whole actuation set. The
s.d. was also used to compute error bars on Fig. 3c, based on 9 ran-
domly initialized simulations, and to plot error bars for ε1, ε2, and
δAcycle based on 3 acquisitions in different areas for the illumination
sequences displayed in Fig. 2e and Fig. 5. The asymptotic values ε1,∞,
ε2,∞, δAcycle,∞ (Table 1) were defined as themean of the last 10 values of
the respective parameters in such averaged illumination sequences, 8
values in the case of Fig. 5b. Their uncertainties were computed as the
standard error of the mean (s.e.m.) over the 3 individual 10-point
means. The spread (s.d.) of those individual 10-point means was found
on average over all measurement series to be ~3 times larger than the
spread expected by computing the s.e.m. over the last 10 points for
individual acquisitions, indicating that new acquisitions in different
areas contribute in a non-negligiblemanner to the spread of themean.
Therefore, for the dose plot in Fig. 4, who relies on single acquisitions,
measurements were carried out in closely neighboring areas and error
bars estimating the spread were computed as the s.e.m. of the last 10
points corrected by a multiplicative factor 3.

Planar substrate further characterization
The thickness of the activemembranes was estimated by cross-section
imaging with a tabletop scanning electron microscope (SEM) after
sputter-coating of 10 nm of Pt-Pd. Example SEM images are shown in
Supplementary Fig. 9a. Thicknesses and uncertainties provided in
Table 1 are based onmeanand s.d. of threemeasurements. Samplefine
structure, as displayed in the insets of Fig. 2e and Fig. 5, was imaged
with the same confocalmicroscope used for actuation, but in Airyscan
mode. Microparticles and aggregates can be detected due to the weak
fluorescence of the azopolymer upon green light irradiation. The lar-
gest aggregates’ size was estimated based on binary images obtained
through local mean filtering (~5% of image size), after smoothening
with a median filter accompanied by multiple erode/dilate operations
in ImageJ. Example images from areas of comparable size to the
actuation zones, together with the obtained particle outlines and his-
tograms are displayed in Supplementary Fig. 9b.

3D actuation
Recordings of the actuation were taken by means of a CMOS camera
(iDS UI-1540LE-M-GL) whose upper edge was rotated slightly towards
the sample (side-top-view). Themembraneswere placed parallel to the
measurement table and irradiated with normal laser beam incidence
from the top (λ = 532 nm, I = 1W⋅cm−2). The Polarization state of the
laser was controlled by means of a linear polarizer followed by a half-
wave plate adjusting the polarization direction and, when required, by
an additional quarter-wave plate to obtain circular polarization. The
half-wave plate was inserted into a motorized rotating stage (Thorlabs
K10CR1/M). The image collection path further contained a 40mm
achromatic lens, a 550nm long pass filter blocking the laser beam, and
an iris placed in the focal plane of the lens to increase the depth of field
of the imaging system.

Finite element model
A two-dimensional finite elementmodel of a representative unit cell of
composite with unit edge length was set up under plane-stress con-
ditions for a mechanical analysis in the commercial software Abaqus/
Standard. Periodic displacement boundary conditions were enforced
on opposing edges of the simulation domain. The azopolymer was
modeled with N = 25 non-intersecting, randomly placed and initially
spherical domains, taking up 33% of the simulation area, correspond-
ing to the azopolymer content in the physical samples. To model the
irradiation-induced eigenstrain of the azo-domains, which drives the
deformation of the composite, a homogeneous deformation gradient

was prescribed in the azopolymer phase. For linear and circular
polarization, this deformation gradient is denotedby Flin andFcirc, and
defined as follows:

Flin =

a 0 0

0 1=
ffiffiffi
a

p
0

0 0 1=
ffiffiffi
a

p

0
B@

1
CA,Fcirc =

b 0 0

0 b 0

0 0 1=b2

0
B@

1
CA ð5Þ

where the stretching factors a and b can be adjusted and only the four
left top elements corresponding to the x-y subspace are applied
explicitly to the finite elementmodel. Tomodel thematerial behaviour
of the SEBS matrix, the hyperelastic Marlow model64 was fit to the
tensile test data given byKollosche et al53. to accuratelymodel the non-
linear elastic response. Further, SEBSwasconsidered incompressible46,
with the Poisson ratio reported in the literature being 0.4965. The
azopolymer inclusions, which exhibit significantly higher stiffness, are
modelled hypoelastically (Young’s modulus E = 4GPa, Poisson’s ratio
ν =0.5). They were considered incompressible, i.e., conserving their
volume from one state to another in the simulation, based on previous
reports on the photo-deformation of such polymers10,50. Their
incompressibility was also considered unaffected by the surrounding
SEBS matrix whose Young’s modulus E ≈ 244 kPa is orders of
magnitudes lower53. Both phases were assumed to be isotropic. The
macroscopic strains were derived from the relative displacement
between the reference nodes used in the periodic boundary condition
definition to represent the average position of one edge of the
simulation domain each. The resulting macroscopic strains are
averaged by taking the mean over a set of 9 individual simulations
with different randomly initialized azo-domain distributions. Asso-
ciated error intervals refer to the sample standard deviation of that set.
Finally, the scale invariance of the model was verified by varying the
number of azo-domains as N = 15, N = 25 and N = 35 at a constant 33%
azo-phase for linear stretching with a = 1.125. It was observed that the
variation of the output is on the order of the sample standarddeviation
obtained when varying the random azo-domain distributions atN = 25.

Data availability
The authors declare that raw data supporting the analysis of thin film
deformations is publicly available on figshare repository at https://doi.
org/10.6084/m9.figshare.24123156. All other data is available from the
authors upon request.

Code availability
MatLab codes for extracting strain parameters from the raw dataset
are available on figshare repository at https://doi.org/10.6084/m9.
figshare.24123156.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 - Molecular structure, weight, and absorption spectrum of pDR1m-

co-mma

Supplementary Figure 1: (a) Molecular structure of poly [(methyl methacrylate)-co-(Disperse Red 1 methacrylate)] 
(pDR1m-co-mma). The approximate ratio of DR1 chromophores (m) was indicated as ~15 mol% by the manufacturer. 
(b) Absorption spectrum of pDR1m-co-mma measured at room temperature and dissolved at 0.0025 mg/mL in acetone.
Vertical lines indicate the wavelengths used in this work. 640 nm: planar substrates reading mode. 561 nm planar 
substrates writing mode. 532 nm: 3D actuators writing mode. The spectrum mainly refers to the absorption by DR1 
molecules in the trans isomeric state. (c) Normalized molecular weight distribution obtained by gel permeation 
chromatography (Agilent Technologies LC 1260) of the polymer dissolved in Tetrahydrofuran (THF) at room 
temperature, using a polystyrene standard. Inset: Values obtained for weight/number average molecular weight (Mw/Mn) 
and polydispersity index (PD).
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Supplementary Figure 2 - Propagation of displacement outside the illuminated area

Supplementary Figure 2: Overview differential image of planar substrate before and after irradiation with linear 
horizontal polarization, qualitatively showing the amplitude of local displacement. Some displacement is seen to extend
outside the region of irradiation (yellow frame), accommodating the deformation of the latter. Note that while 
displacement can be seen to occur in both x- and y directions (and is null in the center indicating absence of translation),
the direction of displacement can hardly be discerned on such a plot. For directionality of deformation, see Supplementary 
Movie 1 (direct space) and/or Figure 2c,d (Fourier space).

Supplementary Figure 3 - Wrinkles on suspended AZO:SEBS film upon irradiation with linear 

horizontal polarization

Supplementary Figure 3: Wrinkles upon irradiation with linear horizontal polarization: zoomed-in version of frame 58 
of Supplementary Movie 2. Wrinkles have been highlighted through increased contrast and multiple iterations of local 
background subtraction and Gaussian blurring.
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Supplementary Figure 4 – Cumulative sequential deformation of pDR1m micropillars

Supplementary Figure 4: (a,b) Early/final state of elongation during irradiation with linearly vertically polarized light. 
(c,d) Early/final state of deformation when subsequently illuminating the same pillars with perpendicular horizontal 
polarization. Green Arrow: Direction of polarization.

Supplementary Figure 5 – Light-induced deformation on a pure pDR1m-co-mma film 

Supplementary Figure 5: Analysis of deformations on a 33.8 x 33.8 μm2 area of pure azopolymer pDR1m-co-mma
patterned with 1 μm spaced, 1 μm wide pillars, illuminated at intensity I = 5.02 W·cm-2. (a) Graph showing relative 
horizontal elongation strain ε1per X-POL step (blue circles), absolute value of relative vertical compression strain |ε2| per 
X-POL step (red asterisks) and relative area expansion δAcycle per full illumination cycle (green triangles). Parameters are 
shown for the 15 first illumination cycles only, due to gradual degradation of the pillar lattice by cumulative deformations
as exemplified in (b), showing the direct space image after 20 illumination cycles (see also Supplementary Movie 3).
Error bars: sample standard deviation for 3 acquisitions on different areas.
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Supplementary Figure 6 - FE Modelling Details

Supplementary Figure 6: (a) Fitting of the tensile testing data from literature (Kollosche et. al, 2010) with three models: 
Marlow model, Neo-Hookean model and Neo-Hookean model with up to 60% strain input data. Green dashed line: help 
line for transferring logarithmic strain into linear engineering strain (right vertical axis). Inset: Zoom-in on small strain
region. (b,c) Simulated strain fields’ off-diagonal logarithmic (Hencky) strain and logarithmic normal strain 
components around the elliptically deformed azo-domains.

Supplementary Figure 7 - Influence of irradiation parameters on AZO:SEBS film deformation

Supplementary Figure 7: Plot showing the asymptotic value of the relative area expansion δAcycle,∞ per illumination 
cycle as a function of applied dose, using the same measurements as in Figure 4. Error bars are three times the standard 
error of the mean (s.e.m.), as detailed in the Methods section. 
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Supplementary Figure 8 – Deformation parameters in several illumination conditions

Supplementary Figure 8: 20 illumination cycles on areas of sample 1, using different laser powers and doses. (a-j)
Graphs showing relative horizontal elongation strain ε1 per X-POL step (blue circles), absolute value of relative vertical 
compression strain |ε2| per X-POL step (red asterisks) and relative area expansion per full illumination cycle (green
triangles), for increasing value of the dose per illumination step. Helplines visualize the asymptotic values used in Figure
4 and Supplementary Figure 7 and are based on the mean of the last 10 respective datapoints.
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Supplementary Figure 9 – Azopolymer domains in samples with different solvent content

Supplementary Figure 9: (a) Examples of SEM cross-section images of different samples. Top-bottom: sample 2-3,
inset: zoom-in on thickness measurement areas. (b) Examples of confocal images used for characterization of the largest 
aggregate sizes. Left to right: sample 1-3. Histograms show particle sizes summed over 5 similar images from distinct 
areas for each sample.

Supplementary Figure 10 - Sample 4 fine structure.

Supplementary Figure 10: Confocal image of interstitial area in-between large aggregates on sample 4. Scale bar: 3 
μm.
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Supplementary Figure 11 – Deformation of AZO:SEBS film with larger azopolymer domains  

Supplementary Figure 11: Plot of fitted parameters for 20 illumination cycles for Sample 3. The graph shows relative 
horizontal elongation strain ε1 per X-POL step (blue circles), absolute value of relative vertical compression strain |ε2| per 
X-POL step (red asterisks) and relative area expansion δAcycle per full illumination cycle (green triangles). Error bars: 
sample standard deviation for 3 acquisitions on different areas. Inset: confocal image of sample fine structure and 
aggregate size. Scale bar: 10 μm.

Supplementary Figure 12 - Deformation induced by alternating linear polarizations

Supplementary Figure 12: Illumination cycles consist of horizontal linear followed by vertical linear polarization 
(instead of horizontal linear followed by circular polarization). Plot of fitted parameters, i.e., horizontal elongation strain 
ε1 per X-POL step (blue circles), absolute value of relative vertical compression strain |ε2| per X-POL step (red asterisks)
and relative area expansion δAcycle per full illumination cycle (green triangles), for 20 illumination cycles on a sample 
similar to sample 1. Error bars: sample standard deviation for 3 acquisitions on different areas. Note that the characteristic 
feature of mostly reversible actuation (δAcycle approaching a low asymptotic value) and area conservation for horizontally 
polarized illuminations in the switching regime (ε1 comparable to ε2) are still observed.
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Supplementary Figure 13 - Effect of circularly polarized illumination on membranes

Supplementary Figure 13: From left to right: two co-planar cantilevers with similar widths and different lengths (initial 
state) are illuminated with a linear polarization transverse to the cantilever axis (“longitudinal bending” state). Then, the 
linear polarization is rotated, bringing the cantilevers into a "corner bending” state, similar to Figure 7c,d. The polarization 
is finally varied to circular. Both cantilevers revert bending, quickly reaching a planar configuration recalling the very 
initial state. With further illumination, a smooth convexity is observed to appear.  This effect is likely to result from the 
adirectional in-plane expansion of azopolymer domains on top of the membrane.

Supplementary Figure 14 – Temperature on laser-irradiated AZO:SEBS films

Supplementary Figure 14: Top line: measured temperature excess on azo-SEBS films on PDMS slabs. Sample type 2 
and 4 are considered, wherein average azopolymer aggregate size and film thickness are smaller for sample 2 than sample 
4. Bottom line: illustrative thermocamera images referred to sample 4 mounted on a 2-axis translational stage and being 
irradiated with a 532 nm wavelength CW laser at different power densities.
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Supplementary Figure 15 – Deformation scheme of a pillar pattern on AZO:SEBS film

Supplementary Figure 15. (a) Illustrative hexagonal lattice in the direct space. Exemplary lengths d1 and d2 are taken 
along directions parallel and perpendicular to the incident polarization respectively, which is tilted by an angle with 
respect to the x-axis. (b) Photo-responsivity of the composite results into stretching ( 1>0) and compression ( 2<0) along 
said two orthogonal directions. (c) Reciprocal lattice cell in the initial state. (d) Reciprocal lattice cell after the first rotation 
by an angle – . In this representation, the horizontal and vertical axis are aligned to the directions of compression and 
stretching in the Fourier space, respectively. (e) Lattice cell stretched and compressed along vertical and horizontal 
directions, respectively. (f) Deformed lattice cell in the final state, after a rotation back by an angle .
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Supplementary Figure 16 – Impact of a two-dimensional computational model

Supplementary Figure 16. Ratio of y-axis compression to x-axis elongation upon ellipsoid deformation, compared to 
the incompressible case with true axial symmetry around the x-axis (solid red line).
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SUPPLEMENTARY NOTE 1 – First order approximations

The explicit computation of the switching tensor proposed in Equation (3) can be obtained from 

and , defined in Equation (2) in the article, via the following computation:

(6)

where the first line corresponds to inverting the individual elements to obtain the inverse of the 

diagonal tensor , the third line to a Taylor expansion writing elements up to the first order of and 

the fourth line to retaining only the first order elements. 

Similarly, the tensor from Equation (5) can be shown to reduce to from Equation (2), in a first 

order approximation:
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(7)

where we have replaced a by ( ) and retained only the first order elements of in the Taylor 

expansion of each matrix element. In this framework can be associated to ε1 (and -1/2 to ε2), hence 

the Taylor expansion procedure can be seen as small strain approximation. A similar development 

can be done for reducing to in a first order approximation. In that case, to enforce equal 

compression along the z-axis, one should set and therefore start the Taylor expansion 

with , leading to:

(8)
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SUPPLEMENTARY NOTE 2 – Accuracy of the 2D modelling approach

To assess the accuracy of the 2D modelling approach, one may compare it to a full 3D simulation of 

an isotropic representative volume of the azo-SEBS composite. In the 3D case, the axial symmetry 

around the x-axis, for uniaxial stretching along said axis by a factor a, should lead to equal lateral 

compression values for both perpendicular directions. Given the incompressibility assumption for all 

constituents of the material, the total simulation volume should be conserved as well, forcing the two 

lateral compression values to a factor as apparent from the deformation gradient tensor for the

incompressible deformation corresponding to uniaxial tensile loading, , shown in Equation (5).

In a small strain setting, one will then recover the Poisson ratio , whilst for larger 

strains, incompressibility will dictate that , a line which is plotted in the 

Supplementary Figure  16 (red line).

Whilst the imposed azo-domain deformations fulfill that condition by definition, the macroscopic 

average strains computed for the entire simulation domain deviate slightly from that ratio, by about 

10 % averaged over the 9 different random geometries we studied. In practice, that means that the 

simulated y-axis compression of the overall material is slightly stronger than expected, at the expense 

of the not explicitly computed compression along the z-axis. Roughly speaking, the 2D simulation 

makes it easier for the composite to get pushed out along the z-axis than what would be expected for 

an isotropic 3D material. 

This effect is reflected in Figure 3c, where the transmission in the simulation using is slightly 

higher along the y-axis ( ) than along the x-axis ( ). Furthermore, the normal transmission

factors for the in-plane expansion of azo-domains upon applying , i.e., and , are the 

lowest. This is likely again due to the 2D simulation permitting more material to be pushed out along 

the z-axis during this in-plane expansion than what would be the case in a 3D isotropic material.

Finally, it should be stressed that the actual experimental samples lie somewhere between these 2D
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and 3D cases, since the largest domain/aggregates are of comparable size to the photo-responsive 

layer’s thickness (see Table 1).
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ABSTRACT 

Colloidal particles experience long-ranged capillary attraction at liquid interfaces. The magnitude and 

directionality of these interactions depend on the particles’ shapes. Since these shapes are typically 

fixed during the fabrication process, the capillary interactions are also fixed, often leading to self-

assembly into persistent interfacial structures. Here, we demonstrate an active material composed of 

polymeric particles at a water-air interface whose shape and, therefore, interactions can be altered by 

illumination with polarized light. By directionally deforming the particles, we alter their self-

assembly at the interface and drive sustained, large-scale interfacial flows with velocities up to 

90 μm/s. We tailor the directionality and overall patterns of these flows by controlling and modulating 

the polarization and intensity of the light. We expect this direct control over the capillary interactions 

between photo-deformable colloidal particles at interfaces, along with the ensuing interfacial flows, 

to enable new forms of mixing, manipulation, and assembly of soft matter at liquid interfaces. 
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INTRODUCTION 

Capillary interactions are a fundamental phenomenon at liquid interfaces. In fact, when small objects 

are adsorbed to an interface, they deform it. These deformations increase the surface tension and are 

therefore energetically unfavorable. As a consequence, lateral forces between the objects emerge to 

minimize the surface tension and the surface deformations. This mechanism enables the emergence 

of intriguing natural phenomena. For example, some insects can climb the slippery curved slopes at 

a pond edge by adopting quasistatic body postures at the air-water interface1. In doing so, they actively 

create surface deformations that interact with the external edge meniscus so that they are propelled 

uphill. Biological entities can also use surface deformations to interact directly with each other, for 

example, by means of anisotropic shapes creating long-ranged, directional capillary attraction forces. 

Correspondingly, ordered capillary assemblies have been reported on several length scales, including 

oval beetle bodies2, ellipsoidal mosquito eggs3 and boomerang-shaped ruppia maritima pollen4. 

 

Regarding artificial systems, shape-mediated capillary forces were first demonstrated on the 

mesoscale by guiding the ordered interfacial assembly of millimetric synthetic particles with 

anisotropic geometries and patterned hydrophilicity into well-defined static patterns5. Building upon 

this concept, tunable systems have recently been reported. Using temperature6,7, magnetic fields8 or 

light9,10, the mutual interaction and assembly of mesoscale objects was controlled directly at the liquid 

interface. In all these works, thin, sheet-like rafts were employed, with lateral sizes comprised 

between 50 μm and several millimeters. The rafts relied on significant contour undulations stemming 

from well-defined wrinkles, folds or bending to pin the liquid interface to different heights and to 

induce large, tunable interface deformations.  

 

Downscaling this shape-mediated capillary control to colloidal particles, with sizes between 100 nm 

and several μm, is of great interest considering the prospect of assembling and manipulating large 

numbers of particles simultaneously but involves the challenge of controlling the interface 
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deformation geometries at much smaller scales. Thus, researchers have studied the capillary 

interactions of interface-adsorbed particles with anisotropic shapes such as cylinders11, curved 

disks12, cubes13, or ellipsoids14, which can be prepared by methods involving e.g., 

photolithography11,12, hematite synthesis13,15, or mechanical stretching16,17. In fact, on the scale of a 

colloidal particle, a smooth prolate ellipsoidal shape can be sufficient to induce a sizeable near-

quadrupolar interface deformation around a particle due to the constant wetting angle18,19. Minimizing 

these quadrupolar deformations, particles were then reported to assemble for example in large-scale 

tip-to-tip or side-by-side stackings14,19–22. However, since these works relied on prefabricating 

particles with fixed shapes, the assembled particle phases were static.  Versatile tunable assembly 

phase changes have been recently predicted in simulations using an external control mechanisms 

based on magnetic fields to tilt magnetic ellipsoidal particles at the liquid interface, thereby tuning 

the induced interface distortions and particle interactions23,24. Yet, experimental realizations of 

tunable colloidal assemblies, based on direct control over shape-mediated capillary forces, have so 

far remained elusive. 

 

Here, we experimentally introduce a 2D-confined colloidal system that permits us to directly control 

capillary inter-particle attraction forces and to generate sustained flow patterns. The system consists 

of colloidal azopolymer particles adsorbed to an air-water interface, whose shape can be altered using 

polarized visible light. This effect, which can be anisotropic and polarization-dependent25, has 

frequently been used in nanofabrication contexts to optically inscribe surface topographies in thin 

films26–28 or to reconfigure microscale features and particles bound to solid substrates29–32, embedded 

in soft matrices33–35, or within microporous films36,37. Here, we start by extending this 

phenomenology to the interface-adsorbed, mobile azopolymer particles, inducing both anisotropic 

and in-plane isotropic deformations depending on the illumination’s polarization. We then show how 

the resulting shape-mediated capillary effects permit local assembly and disassembly of particles. 

Finally, the continuous deformation of local capillary assemblies in denser particle settings is 
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discovered to enable steady particle flows, whose intriguing properties can be controlled by simple 

intensity patterns with defined polarization.  

 

RESULTS 

Shape-morphing particles at an air-water interface  

We start by considering the behavior of single azopolymer particles adsorbed to a liquid interface 

when subjected to illumination with polarized visible light. Specifically, we show that these 

particles can be deformed into anisotropic shapes directly at the air-water interface by laser 

illumination with suitable polarization, complementing the studies that have shown this effect on 

dry substrates29,31,32. 

 

The photo-deformable azopolymer particles were prepared by a solvent evaporation method, using 

the commercial light-responsive polymer poly[(Disperse Red 1 methacrylate)-co-(methyl 

methacrylate) pDR1m-co-mma (Fig 1a). In brief, a chloroform solution of the polymer was added 

to a surfactant-containing aqueous solution and emulsified by sonication while the chloroform was 

continuously evaporated (see Methods for details). This generated a polydisperse set of particles 

with diameters up to 3 μm (see Supplementary Fig. S1a). These particles were spread at the air-

water interface in a sealed sample cell, where their movement was confined to two dimensions. 

Optical deformation was induced by illuminating the particles with an expanded green laser (λ = 

532 nm) while observing them under an inverted optical microscope with white background 

illumination (Supplementary Movie M1). 

 

When using a linearly polarized illumination beam, we were able to anisotropically stretch the 

particle along the polarization direction into a rod-like shape (Fig. 1b). Similar stretching behaviors 

have already been shown for similar azopolymer particles but on solid substrates29,31,32. Some 

studies also reported this transformation to be close to the uniaxial, isochoric one (i.e., the polymer 
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being incompressible and the deformed particle being symmetric around the axis of polarization and 

elongation)32,34.   

 

Next, we observed circular polarization to induce in-plane isotropic flattening of particles, leading 

to an axially symmetric oblate, disk-like shape (Fig. 1c), again matching with previous studies 

focusing on immobile microstructures30,35,39. In Fig. 1c, note that the particle becomes less visible 

due to its flattening, reducing the lateral differences in optical path length (i.e., distance times 

refractive index, integrated along the optical axis), and hence the contrast.  

 

Finally, elliptical polarization can be used to produce an intermediate result, i.e., a flattened 

ellipsoid with lower in-plane aspect ratio (Fig. 1d). Also this intermediate has been shown 

previously on solid substrates30,37 We note that, even in the theoretical case, such an ellipsoid will 

have three independently adjusted principal axes (no axial symmetry). A similar result can be 
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obtained by using sequential illuminations with different polarization as done in the context of 

capillary assembly and disassembly in the next section.  

Figure 1. Optical deformation of azopolymer particles at an air-water interface. a) Scheme of a pristine spherical 
azopolymer particle (red), chemical structure of the polymer and scheme of the optical setup with particles adsorbed 
to the air-water interface. The laser beam (green) illuminates the sample from below. b-d) Schemes (left) and snapshots 
from Supplementary Movie M1 (right) showing the in-situ deformation of particles with linearly (b), circularly (c) and 
elliptically (d) polarized light, leading to rod-like, disk-like and flattened ellipsoidal particle shapes respectively. 
Illumination intensity: I = 219 W/cm2, Scale bars (white): 5 μm. Blue/orange scheme arrows indicate respective 
expansion/contraction. Contrast levels in b-d adjusted individually for each row. 

Optically controllable capillary interactions and assembly 

Next, we illustrate how capillary-driven self-assembly — well known from studies with 

prefabricated anisotropic particle shapes11–14,19–22,38 — can be induced in situ via light-induced 

particle deformation directly at the interface. To do so, we study sample regions where several 

pristine spherical particles are diffusing along the interface in close vicinity. When shining 
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elliptically polarized light on these particles, they deform into ellipsoids, approach each other and 

bond in a stable side-by-side configuration (Fig 2a, i-iii, Supplementary Movie M2).   

 

This behavior can be attributed to the anisotropic, saddle-like interface deformations which are 

known to be induced by the constant three-phase contact angle around ellipsoidal particles18,19, and 

which have been illustrated in the corresponding schemes shown in Fig. 2b, i-iii. The resulting 

long-range capillary forces, with quadrupolar symmetry, can significantly exceed the thermal 

energy kBT14,38,40, and lead to directional particle assemblies. Thereby, the observed side-by-side 

configuration constitutes the minimum energy configuration for two ellipsoidal particles in 

contact3,21,41. The intermediate frames in Supplementary Figure S2 show how the two particles 

rotate into this configuration upon contact40,42. The underlying capillary mechanism is overall 

surface energy minimization of the liquid interface, which can be achieved by superposing 

matching deformations, e.g., matching surface elevations or depressions38. 

 

Interestingly, the stable capillary bond between the particles can be reversed by a subsequent 

illumination with circular polarization (Fig. 2a, iv-v). This second illumination induces an isotropic 

flattening of the particles, which is applied on top of the previous deformation since azopolymer 

deformations are plastic, superposing processes28,31,34. Although the particle cross-sections do not 

become perfectly circular again during this process, the particles consistently disassemble during 

prolonged exposure.  

 

This is likely due to a combined effect of in-plane ellipse aspect ratio reduction, intrinsically 

reducing the anisotropic interface deformation, and out-of-plane particle flattening (see schemes in 

Fig. 2b, iv-v). In fact, since the interface deformation causing the capillary attraction stems from 

contact line undulations around the physical particle, the maximal deformation height is 

approximately limited by the (gradually vanishing) particle height38. By flattening the particles, the 
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increasingly sharp edge of the flattened particle associated to a diminishing out-of-plane curvature 

radius, is expected to become the dominant factor and to suppress the capillary attraction.  

 

Figure 2 Shape-mediated particle (dis)assembly induced by light. a) Experimental snapshots from Supplementary 

Movie M2, showing two undeformed, spherical azopolymer particles at the water-air interface (i), which are stretched 

into ellipsoidal particles upon irradiation with elliptically polarized light (ii) and subsequently bond to minimize the 

overall interface deformation (capillary effect) (iii). When they are deformed and expanded in the plane with circularly 

polarized light at a later stage (iv), they de-bond as they become flattened particles (v). b) Schemes depicting the 

corresponding stages with interface deformations emphasized for illustration purposes. c) Snapshots from Supplementary 

Movie M3, repeating the sequence in an area containing multiple particles. Note that particles continue to assemble due 

to their ellipsoidal shape, also after the elliptically polarized illumination has been switched off. They remain rigidly 
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assembled until their shape is remodeled by illumination with circular polarization. Scale bars (white): 5 μm. Light blue 

squares in the lower right indicate total acquisition time, green font indicates respective time from illumination onset. 

Finally, this tunable capillary assembly and disassembly behavior can be extended to cases 

involving multiple particles (Fig. 2c; Supplementary Movie M3). It can also be performed using 

linearly polarized light, which deforms the particles into higher aspect ratio rod-like shapes 

(Supplementary Fig. S3; Supplementary Movies M4/M5), although the disassembly time with 

circular polarization tends to increase in this case. Worth to point out that in cases involving pre-

assembled structures with many particles, the onset of circular polarization can produce interesting 

dynamic sequences, where the flattening particles rearrange continuously. With increasing 

rounding, they typically evolve towards tip-to-tip configurations — the minimum energy 

configuration of multiple lower-aspect ratio ellipsoids41 — before eventually disassembling (Fig. 

S4; Supplementary Movie 6). Although the initial conditions, and hence the exact sequences, differ 

slightly each time, this nicely illustrates the ongoing remodeling of the surface energy landscape.  

 

Sustained light-induced particle flows 

We now report on the emergence of a collective, dynamic flow phenomenon arising from the 

combination of the previously described particle deformation and capillary assembly processes (Fig 

3, Supplementary Movie M7). This intriguing effect was discovered when we increased the density 

of particles at the interface significantly, from sparsely distributed particles in the previous sections 

to densely diffusing particles with near homogeneous surface coverage (Fig. 3a-c, i). Upon 

illumination with light polarized linearly along the y-axis, the particles in the entire illuminated area 

were stretched and started to self-assemble into aggregates (Fig. 3a-c, ii). These would then further 

deform in the polarization direction and start pushing onto each other (Fig. 3a/b, iii-iv). The magenta 

inset magnified in Figure 3c traces the course of such an aggregate which is assembled from pristine 

particles, deforms further, and is pushed towards the upper border of the field of view by the collective 

symmetric deformation. Surprisingly, instead of a finite deformation, a continuous flow is generated 
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(Fig3a/b, v-vi). In fact, the blue inset magnified in Figure 3c displays fresh, peripheric particles at a 

later stage, which get pulled towards the zone of illumination along the x-direction to compensate for 

aggregates leaving the zone along the y-axis. Entering the illumination zone, they assemble into 

deforming aggregates themselves, further driving the flow and initiating a stationary process. 

  

Figure 3. Emergence of sustained symmetric particle flows under constant illumination. a) Sequential schemes 
showing the unperturbed interface crowded with pristine particles (i), which upon onset of y-axis linearly polarized 
illumination start capillary assembly (ii), and under prolonged illumination keep deforming (iii), hence exerting a 
symmetric pushing force along the y-direction (light blue arrows) (iv). Expelled aggregates make space for fresh particles 
to get dragged into the illumination zone orthogonally (orange arrows) (v), fueling a sustained particle displacement flow 
(vi). Note that aggregates expelled from the illumination zone stay assembled since the particles are permanently 
deformed. b) Snapshots of Supplementary Movie M7, corresponding to the schematically described steps. Scale bar 
(black): 30 μm c) Magnified insets from b. Magenta frames follow particles located slightly above the midline in the 
illumination zone before onset, which assemble, deform, and leave the field of view at the top due to the symmetric y-
axis deformation. Blue frames, at a later stage, follow pristine peripheric particles which first get pulled in from the lower 
left below the midline, assemble, deform, and ultimately leave the field of view via the bottom in this case.  Scale bar 
(black): 5 μm d) Graph showing the average y-axis velocity of particles passing the zone highlighted by a black/yellow 
frame in b, as a function of illumination time. Encircled roman letters indicate the times corresponding to the six frames 
in a-c. Green background indicates time intervals during which the sample is illuminated. 

 
To quantify this behavior, we measured the y-axis velocity of outflowing particle structures in the 

area contained by the black/yellow square in Figure 3b, vi, using cross-correlation and maximum 

overlap fitting of subsequent frames (see Methods for details). The resulting velocities were plotted 
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as a function of illumination time in Figure 3d. After an initial phase where the particles are 

illuminated, but not yet assembled, the outflow velocity slowly rises to a constant value. When the 

illumination is turned off, the flow almost immediately stops. In contrast, it resumes quickly at full 

speed when the illumination is switched on again, since the particles are already assembled.  

 

This behavior cannot be explained by photo-deformation alone, which is apparent when comparing 

the present velocity graph to the well-studied time-dependent deformation effect in fixed azopolymer 

structures31–33. In these works, photo-deformation is shown to start deforming with constant rate 

immediately when illuminated (at the considered timescales), whilst here the macroscopically 

transmitted flow displacement arises only after particle assembly, tens of seconds later. On the other 

hand, the referenced azopolymer deformations consistently saturate during prolonged exposure, upon 

reaching a maximal deformation. A film made of a single, large azopolymer structure would therefore 

be expected to cease flowing once the deformation in the illumination zone has saturated. In contrast, 

we observe that fresh particles are constantly able to reach the center of the illumination zone and 

efficiently evacuate heavily deformed particles as the capillary assemblies are remodeled.  

 

We note that such a mechanism, which replaces consumed fuel with fresh one in the illumination 

zone, appears as an essential prerequisite to drive sustained flows from saturating photo-chemical 

materials under constant illumination conditions. An analogy can be made with interfacial Marangoni 

flows induced by photo-sensitive azobenzene surfactants, which can saturate upon reaching a photo-

stationary equilibrium43. Recently, sustained, long-range osmotic flows were elegantly demonstrated 

using such molecules together with porous particles at solid-liquid interfaces44,45. The flows were 

driven by the porous structure expelling stored surfactant molecules upon photoconversion from the 

hydrophobic to a more hydrophilic state. However, since the porous particle was able to continuously 

and preferentially adsorb new hydrophobic state molecules from the bulk solution, a sustained micro-

pumping machinery was created along the interface. In our case, there is no simple dichotomy 
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between fully deformed and pristine particles, such as for photo-sensitive surfactants with a 

hydrophilic and a hydrophobic state. Yet, a conceptually similar pumping mechanism replacing 

heavily deformed particles with pristine ones is enabling the sustained interface flows as long as fresh 

particles are available. 

 

Flows with controlled directionality and shear flows 

Finally, we demonstrate how the sustained interfacial flows introduced above can be readily tuned by 

adjusting the illumination pattern and especially the polarization direction (Fig. 4a), which permits 

us to drive both symmetrical flows with arbitrary direction and pure shear flows. For these 

experiments, we use azopolymer particles with smaller average size (≤1.5 μm; Fig. S1b), which were 

observed to result in faster and more homogeneous flows. Instead of solely monitoring outflow 

velocity, we divide the field of view into regular tiles (Fig. 4b). This approach allows us to compute 

local velocities and extract entire flow fields through cross-correlation (see Methods). An entire flow 

field upon Gaussian illumination with y-oriented linear polarization is shown in Figure 4c. If the 

polarization is x-oriented instead, an orthogonally oriented flow pattern is observed (Fig. 4d), which 

is a direct consequence of the polarization defining the anisotropic particle deformation direction. 

The original flows are shown in Supplementary Movie M8. Intriguingly, one can also alter the 

symmetric outflow axis dynamically during illumination, for example by polarization rotation 

(Supplementary Movie M9, Supplementary Figure S5). 
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Figure 4. Polarization-controlled rapid flows. a) Scheme of adjustable polarization direction whose rotation will lead 
to a rotation of the entire flow-field at the water-air interface, including the symmetric outflow axis. Blue arrows: 
deformation/pushing direction. Orange arrows: inflow. b) Microscope snapshot of Supplementary Movie M8, showing 
the cutting of the field of view into discrete tiles (black/yellow lines), with one computed flow-field vector (magenta) per 
tile (and time interval). Scale bar (white): 20 μm. c/d) Flowfields associated to the time interval 10-20 s after illumination 
onset for y- and x-oriented linear polarization respectively. Scale bar (black): 20 μm. Velocity reference arrow (grey): 
20 μm/s. Inset: Relative divergence of the flowfield averaged over six consecutive flow fields. e) Scheme of switchable 
shear flow obtained by tilting the polarization to 45 degrees with respect to a stripe-shaped illumination. f) Explanatory 
inset showing the origin of a pure shear flow for negligible local divergence (inflow = outflow). Blue arrows: pushing 
outflow. Orange arrows: compensating inflow. Red arrows: resulting (x-oriented) net flows. The conveyor analogy 
(bottom) shows how the transport movement of such a device may be de-composed into analogous components. g/h) 
Flowfields computed from data shown in Supplementary Movie M12, demonstrating such shear flows. Arrows are 
rainbow-colored with respect to the absolute value of their angular deviation from the x-axis. Scale bar (black): 20 μm. 
Velocity reference arrow (grey): 40 μm/s. 

 

It is important to note that smooth and steady flows may not occur at any interfacial particle loading. 

Although the manual particle dispersion (see Methods) inhibits very precise adjustments, we highlight 

this by varying the parameter in coarse steps (via pre-dilution/concentration), leading to three extreme 

situations compared under y-oriented linearly polarized illumination (Supplementary Figure S6, 

Supplementary Movie M10, details in Supplementary Note 1). Crucially, in a fully packed particle 

monolayer where Brownian motion is severely hindered, the film deformation rate peaks rapidly but 

decays as the deformation saturates, and no flow is sustained (Supplementary Movie M10, right). 

This mirrors the immediate onset and saturation behavior of regular azopolymer deformation, as 

discussed previously. The transient velocity field for this deformation is also highly divergent, due to 
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the lack of particle inflow. Similarly, a net positive divergence (i.e., higher total outflow than inflow) 

is observed when the starting situation are dense, but still diffusing particles as in Figure 4c/d. This 

is confirmed by explicit divergence computation (inset, Fig 4d) and may be attributed to the particles 

increasing surface area as they are stretched. Importantly, using suitable dilution of particles with 

respect to this case, one can obtain situations where a steady particle flow is still occurring 

(Supplementary Movie M10, left), but where the contribution of divergence to the flow fields is 

rendered negligible (Supplementary Note 1). Such situations can be exploited to for example create 

velocity fields where the particles flow into the illumination zone faster than they exit, using a suitable 

illumination pattern (Supplementary Figure S7, Supplementary Movie M11). They can also give rise 

to shear patterns, as detailed below. 

 

Shear flows were created using stripe-shaped illumination, where the linear polarization is oriented 

at 45 degrees relative to the stripe (Fig. 4e/f). In this configuration, the combined diagonal pushing 

outflow (light blue arrows) and compensating diagonal inflow of equal magnitude (orange arrows) 

create parallel flows in opposite directions on either side of the stripe (red arrows). Hence, the result 

is a pure shear flow with invertible directions for ± 45 degrees offset between the polarization and 

the stripe axis (Fig. 4g/h; Supplementary Movie M12). At slightly increased densities, occasional 

turbulence with rotational motion was observed within the stripe region (Supplementary Movie M13). 

In this case the lateral velocities reached up to 90 μm/s (Supplementary Fig. S8), corresponding to 

~100 body sizes per second for the particles.  

 

DISCUSSION 

In this work, we studied photo-deformable colloidal azopolymer particles dispersed at a water-air 

interface. In particular, we used the particles’ optical deformation to create strong tunable capillary 

forces and to control their dynamic interactions directly at the interface. Employing linearly, 

elliptically and circularly polarized illumination profiles, we induced permanent anisotropic 
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stretching and/or isotropic in-plane expansion of the particles, enabling their shape-mediated 

assembly and disassembly. Interestingly, continued directional deformation of capillary-assembled 

particles led to pushing of deformed particles out of, and inflow of fresh particles into, the static zone 

of illumination. Using this effect, we were able to drive sustained symmetric particle flows across the 

interface, whose direction we adjusted by changing the illumination’s polarization. Furthermore, 

under appropriate illumination conditions, we could design in plane shear flows with velocities up to 

90 μm/s and with controlled directionality. 

 

The first two steps in this cascade of dynamic, deformation-driven effects — photo-deformation of 

particles at interfaces and ensuing capillary control — may inspire the development of refined 

material systems for use in colloidal science. Monodisperse particles may be developed, which could 

be assembled into monolayers before targeted optical deformation, enabling close-packed interface 

lattices incorporating non-spherical particles24,40. Controlled particle sizes may also facilitate the 

deterministic assembly and modification of more complex particle patterns. In this context, reversible 

particles may be a benefit (the particles in this work being limited to one assembly cycle, after which 

they remain flattened). Multi-cycle reversibility could be achieved using light-responsive LCE 

particles46 or recently introduced cross-linked amorphous azopolymers36,47. We also note the inherent 

possibility to independently tune the flattening and the in-plane aspect ratio of produced ellipsoidal 

particles. similar to  sophisticated mechanical stretching paradigms17. The independent tuneability of 

the aspect ratio and strength of the capillary forces would expand the current phase diagram of 

ellipsoidal particles at liquid interfaces41.  

 

On the other hand, the sustained polarization-steered flows inscribe themselves in a growing context 

of strategies to control the directionality of individual and collective motion of particles and droplets 

in various media using the various properties of light.48. For example, directional propulsion can be 

controlled by intensity gradients in one-dimensional capillary tubes49, or by gradients combined with, 

Appendix B (Articles): Page 63 of 89



e.g., Janus50 or anisotropically buckling51 particles in 2D systems. Tilted incidence illumination can 

make azobenzene microcrystals crawl directionally52 or induce particle-transporting self-shadowing 

waves53. Sweeping light patterns can guide Marangoni flow traps54,55 and create propulsive 

undulating features in particles56. Other approaches to directional transport include “light-switch” 

systems using molecular motors’ helicity inversion57, or spontaneous symmetry breaking for 

optothermal capillary rafts10. Intrinsically polarization-steered particles have also been developed, for 

example in the case of light-responsive plasmonic microdrones58,59. Yet, the ease with which the 

polarization of the beam, that creates the sustained collective movement, breaks the symmetry of the 

system and fully controls the fast interface flows in the presented dynamic capillary system seems 

remarkable. Application-wise, this concept appears highly promising for tasks such as drag-induced 

displacement and orientation of passive objects floating on liquid interfaces, for mixing in shear flow 

mode (with built-in transverse velocity components as in efficient microfluidic approaches)60, or for 

flows driving the rotation of microgears61.  
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METHODS 

Particle fabrication 

The polymer poly[(Disperse Red 1 methacrylate)-co-(methyl methacrylate) pDR1m-co-mma (Sigma 

Aldrich, ~15 mol% dye monomer) was dissolved in chloroform at 10|25 mg/mL for samples shown 

in Supplementary Figure S1a|S1b respectively. 1 mL of solution was then added to 12.5 mL of 

deionized (DI) water containing 0.5 wt% polyvinyl pyrrolidone (Sigma Aldrich, MW: 360 kD) | 

polyvinyl alcohol (Sigma Aldrich, MW: 13-23 kD, 87-89%, hydrolyzed) respectively as surfactant. 

The phase-separated mixtures were sonicated in an ultrasound bath (Elmasonic P30H, 37 kHz, 100 %) 

for up to five hours interrupted by sporadic manual shaking only, until appearing homogeneously 

emulsified upon visual inspection. Subsequently, the chloroform solvent was evaporated by 

transferring the emulsions to an open beaker and sonicating further, whilst slowly raising the bath 

temperature to the boiling point of chloroform (~0.1 °C/min, from 55 °C upwards). After passing the 

boiling point, the samples were sonicated for 30 more minutes at 75 °C. Finally, the solutions were 

filtered with a 10 μm syringe filter and excess surfactant was removed by three times centrifugating 

the particles and redispersing them in DI water. 

 

Particle characterization 

To prepare samples for scanning electron microscopy (SEM), particles from both samples were 

diluted and dried on regular silicon wafer pieces. They were then sputter-coated with 10 nm of 

platinum-palladium. Large overview images were obtained using a standard-mode ETD detector 

(secondary electrons), 5 kV acceleration voltage and 0.1 nA electron current (image size 

6144 x 4096 pixels, 33.7 nm/pixel). Particle outlines and sizes were detected in the program imageJ, 

using the following sequence: Gaussian Blur (2.5px)  Auto Local Threshold v1.11 (“mean”, 15px, 

P1=-15)  Convert to Mask  Fill Holes  Watershed  Analyze Particles (Circularity: 0.6-1.0) 

using 5|3 images from distinct regions for samples shown in Supplementary Fig S1a|S1b respectively.  

Finally, the absolute particle counts were reweighted by the particle cross-section in 2D, using the 

following equation (which leaves the total amount of renormalized particle counts unaltered): 

 

where ni designs the net particle count in the ith histogram interval, hi designs its reweighted value 

used for the histograms in Supplementary Figure S1 e/f (renormalized particle counts), and ri designs 

the average radius of the particles in the ith interval which is used to calculate the corresponding 

cross-section ci. The distributions were plotted on a logarithmic scale. 
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Water-air interface 

Water-air interfaces were prepared inside dedicated cells, made from two glued microscopy glass 

sides, where the top slide figures a circular, laser-cut aperture (~5 mm in diameter). The cells were 

cleaned with a NaOH solution before each use and subsequently filled with 5 μL of DI water. After 

dilution to a suitable particle density, 10 wt% isopropyl alcohol was added as spreading agent. Then, 

0.5 μL of the final mixture were carefully deposited on the interface using a pipette. The sample was 

left to evaporate in open air for 5 minutes, before it was sealed by a dedicated transparent glass slide 

fixed with vacuum grease, such as to limit convective and evaporative flows and permit long enough 

observation times.  

 

Optical setup 

The optical setup consisted of a regular inverted microscope, illuminated by a LED (Thorlabs 

MNWHL4) with a 10x objective as a condenser from the top and with a 40x/0.75 Na objective 

mounted below the sample for observation. For recordings, a CCD camera from IDS (UI-3060CP-

M-GL R2) was used, which permitted reliable acquisition at fixed frame rates of 30 fps and 50 fps. 

A 532 nm wavelength continuous wave laser diode was employed for the shape-morphing actuation. 

The beam was introduced from below and focused into the vicinity of the back-focal plane for suitable 

expansion of the beam width. Intensity was adjusted by means of neutral density filters and 

polarization was controlled with 0-order waveplates. For assembly experiments, a quarter 

waveplate’s fast axis was oriented at 0, 22, and 45 degrees with respect to the axis of the incoming x-

directed polarization, to obtain linear x-axis, elliptical (2.5:1 axis ratio) and circular polarization 

respectively. To rotate the linear polarization in the flow experiments, a half-wave plate was used 

instead. Note that in Figure 1d, the images (as well as the underlying movie) are rotated back by 22 

degrees for visual alignment with the linear polarization case. Finally, to create the stripe shaped 

profile in Figure 4e-h, the neat sides of a scribed silicon wafer were mounted on a holder in parallel, 

facing each other, and inserted in a plane conjugate to the sample plane, leaving a small slit defining 

the stripe-shaped profile. 

 

Flow analysis algorithm 

The analysis code was written in Matlab2021. To analyze the flows, a total number of spatial tiles 

 and a temporal step length ΔT were defined. The movie stacks were then split into 

spatiotemporal sub-stacks, each covering the size of one tile in space ( ) and 

spanning one timestep ΔT in time. The code was optimized for parallel computation of subsequent 

timesteps to reduce the overall computation time. Eventually, each sub-stack would lead to one 
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velocity arrow, representing the average flow at the given tile position and for the time interval [tk, tk 

+ ΔT] where tk designates the onset time of the kth timestep. The procedure to extract this single flow 

arrow from its corresponding sub-stack is summarized below. 

 

First, after subtraction of - and normalization by – the mean pixel value for each sub-stack image, the 

correlation between image pairs separated by a given number of frames Δf was computed and 

averaged. This gives a temporal autocovariance function, which is decaying for increasing Δf, and 

which is similar to the decay function used in e.g., Dynamic Light Scattering experiments. In the 

spatiotemporal correlation maps detailed below, these values correspond to the decaying central pixel. 

Next, all the images of the sub-stack would be shifted by -i pixels in x-direction and -j pixels in y-

direction, constructing a second stack. The same correlation would then be computed for image pairs 

where the first image would be taken from the initial non-shifted stack, whilst the image delayed by 

Δf frames would be taken from the shifted, second one. Note that this distinction of the delayed image 

always being the shifted one, is crucial to avoid temporally symmetric results and to be able to extract 

drift directions as schematically depicted in Supplementary Fig. S9. Finally, for each value of i, j, and 

Δf the obtained correlation value was plotted as the pixel in position (i,j) with respect to the center on 

the Δf-th correlation map. Examples of the obtained correlation maps, which depict the full, averaged, 

spatiotemporal drift-diffusion behavior of the particles pertaining to the sub-stack, are shown in 

Supplementary Fig. S10.  

 

We note that the 0th correlation map (containing the correlation between image frames with shifted 

versions of themselves) simply shows the spatial autocovariance, which may be anisotropic, for 

example if the particles in this part of the field of view and at the given time on average are already 

anisotropically deformed. The Δf-th correlation map then shows the probability of image features 

(e.g., particle outlines) moving to new relative positions after Δf frames, on average. This 

spatiotemporal evolution may be influenced by diffusion, drift (with velocity dispersion), and 

deformation of features. Here, the only aim was to extract the average drift velocity, which was 

performed by tracking the average movement of the center of the spatiotemporal probability 

distribution. Hence, for each correlation map linked to a Δf delay, we started from the pixel with the 

highest correlation value and attempted to fit the exact peak position within this pixel by a 2D 

Gaussian fit of the whole map. Finally, the obtained peak positions were plotted against Δf, and the 

average drift velocity was obtained by a linear fit of motion (see Supplementary Fig. S10), followed 

by conversion into the final units (from pixel/frame to μm/s). The resulting arrow was then plotted, 
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alongside the arrows from the other tiles, on the flowfield pertaining to the timestep tk. In Figure 3d, 

we plot only the y-component of the velocity for the tile of interest. 

 

To calculate divergence maps of entire flowfields, origins were placed in each center between four 

flow arrows each. The area used to compute an approximation to the local divergence was chosen as 

a square at an angle of 45 degrees with the velocity vectors’ grid (see Supplementary Fig. S11). Then, 

the total outflow of the four vectors via each side of the square, divided by the total square area, was 

calculated to obtain the local average divergence. Note that horizontally/vertically adjacent tiles 

partially overlap (acting as a moving average) and that diagonally adjacent divergence tiles are not 

independent, since they always share one arrow. Hence, when taking the mean divergence of the 

whole field, as done in Supplementary Fig. S6f, in practice one computes the outflow only through 

the total outer boundary of the considered tile region, since internal arrow contributions will cancel 

out. 
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SUPPLEMENTARY MOVIE LEGENDS  

Supplementary Movie M1 

Movie showing the smooth deformation of azopolymer particles adsorbed to an air-water interface under illumination 

with linear (left), circular (middle), and elliptical (right) polarization at a wavelength of λ = 532 nm and an intensity of 

I = 219 W∙cm-2. Real time acquisition speed (non-accelerated). 

 
Supplementary Movie M2 

Movie showing the assembly of two azopolymer particles, initially freely diffusing while adsorbed to an air-water 

interface, upon deformation into ellipsoidal particles with elliptically polarized light (λ = 532 nm, I = 219 W∙cm-2). At a 

later stage, the particles are disassembled upon prolonged exposure to circularly polarized light, with otherwise identical 

illumination parameters. 5x accelerated.  
 
Supplementary Movie M3 

Movie showing the assembly of several azopolymer particles, initially freely diffusing while adsorbed to an air-water 

interface, upon deformation into ellipsoidal particles with elliptically polarized light (λ = 532 nm, I = 219 W∙cm-2). At a 

later stage, the particles are disassembled upon prolonged exposure to circularly polarized light, with otherwise identical 

illumination parameters. 5x accelerated.  
 
Supplementary Movie M4 

Movie showing the assembly of two azopolymer particles, initially freely diffusing while adsorbed to an air-water 

interface, upon deformation into rod-like particles with linearly polarized light (λ = 532 nm, I = 339 W∙cm-2). At a later 

stage, the particles are disassembled upon prolonged exposure to circularly polarized light, with otherwise identical 

illumination parameters. 5x accelerated.  
 
Supplementary Movie M5 

Movie showing the assembly of several azopolymer particles, initially freely diffusing while adsorbed to an air-water 

interface, upon deformation into rod-like particles with linearly polarized light (λ = 532 nm, I = 171 W∙cm-2). At a later 

stage, the particles are disassembled upon prolonged exposure to circularly polarized light, with otherwise identical 

illumination parameters. 5x accelerated.  
 
Supplementary Movie M6 

Two acquisitions added sequentially which show the assembly of multiple particles with linearly|elliptically polarized 

light, and subsequent disassembly using circularly polarized light (λ = 532 nm, I = 171|219 W∙cm-2). During disassembly 

multiple out-of-equilibrium configuration pathways can be seen. 5x accelerated. 

 
Supplementary Movie M7 

Movie showing larger particles (Supplementary Figure S1a) at high density under illumination with linear polarization 

along the y-axis (frame vertical). Upon exposure, the particles are seen to deform, assemble, and initiate a flow. When 
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illumination is interrupted, the flow stops, and the particles appear rigidly assembled. Illumination parameters: λ = 532 

nm, I = 100 W∙cm-2, Gaussian beam. 5x accelerated. 

 
Supplementary Movie M8 

Movie showing the sustained flow of smaller particles (Supplementary Figure S1b) under illumination with linear 

polarization along the y-axis (frame vertical) on the left and along the x-axis (frame horizontal) on the right. Computed 

flow-field arrows (magenta) are overlayed over the original microscope movie images. Illumination parameters: λ = 532 

nm, I = 56 W∙cm-2, Gaussian beam. 4x accelerated. 

 

Supplementary Movie M9 

Movie showing the rotating flow direction of smaller particles (Supplementary Figure S1b) under illumination with linear 

polarization whose axis is rotated stepwise for a total of 180 degrees. Computed flow-field arrows (magenta) are shown 

besides the original microscope movie images. Illumination parameters: λ = 532 nm, I = 26 W∙cm-2, Gaussian beam 3x 

accelerated. 

 
Supplementary Movie M10 

Movie showing the flow of smaller particles (Supplementary Figure S1b) under illumination with linearly polarized light. 

Left to right: particles initially filling the interface with very low density, intermediate density, and fully filled packed 

layer. In the top graphs, the mean absolute velocity over all arrows for the different situations is tracked. Illumination 

parameters: λ = 532 nm, I = 56|56|32 W∙cm-2, Gaussian beam. 2x accelerated. 

.  
Supplementary Movie M11 

Movie showing the flow of smaller particles (Supplementary Figure S1b) under a stripe-shaped illumination with linear 

polarization along the x-axis (parallel to stripe) on the left and along the y-axis (perpendicular to stripe) on the right. 

Illumination parameters: λ = 532 nm, I = 645 W∙cm-2, stripe-shaped pattern. 2x accelerated. 

 
Supplementary Movie M12 

Movie showing the flow of smaller particles (Supplementary Figure S1b) under a stripe-shaped illumination with linear 

polarization offset by +45 degrees (counterclockwise, with respect to stripe axis) on the left and by -45 degrees (clockwise, 

with respect to stripe axis) on the right. Illumination parameters: λ = 532 nm, I = 645 W∙cm-2, stripe-shaped pattern. 4x 

accelerated.  

  
Supplementary Movie M13 

Movie showing the flow of smaller particles (Supplementary Figure S1b) under a stripe-shaped illumination with linear 

polarization offset by +45 degrees (counterclockwise, with respect to stripe axis) and density slightly increased with 

respect to Supplementary Movie M12, giving rise to faster flows and slight rotational turbulences. Illumination 

parameters: λ = 532 nm, I = 645 W∙cm-2, stripe-shaped pattern. Real time acquisition speed (non-accelerated). 
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SUPPLEMENTARY FIGURES 

Supplementary Figure S1 – SEM Particle Size Distributions 

 

Supplementary Figure S1: SEM images of dilute, dried particles on a silicon substrate and particle counts. a/b Raw SEM 
images of Sample 1/Sample 2 respectively, with similar absolute content of azopolymer before drying. Note that sample 
1 was employed in result sections 1-3, whilst Sample 2 was employed in result section 4. c) Example image of detected 
particle outlines (yellow) superimposed on raw image for Sample 1. Scale bars (magenta): 20 μm d) 10x larger zoom-in 
on Sample 1 particles, highlighting the presence of small particles. Scale bar (cyan): 2 μm. e/f) Particle counts based on 
5 large area images, as in (a), for Sample1 and 3 large area images, as in (b), for Sample 2. Particle absolute counts were 
renormalized to the occupied cross-section in 2D at the interface.  
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Supplementary Figure S2 – Fast dynamics of tip-to-tip approach and rotation. 

 

Supplementary Figure S3: Frames from Supplementary Movie M2 around the bonding event (no illumination). The 
elliptical particles are seen to approach in a tip-to-tip configuration. Upon apparent contact, they rotate about the bonding 
point within a fraction of a second. Scale bar (white): 5 μm. Light blue squares in the lower right indicate total time. 

Supplementary Figure S3 – Linear Circular Deformation Sequence  

 

Supplementary Figure S2: a) Snapshots from Supplementary Movie M4, showing left-to-right: Deformation with linear 
polarization leading to rod-like shapes and consequential assembly, followed by prolonged illumination with circular 
polarization leading to increasing roundness and flattening and eventually to disassembly. b) Similar sequence involving 
multiple particles. Note that particles continue to assemble due to their rod-like shape, also after linear polarization has 
been switched off. They stay rigidly assembled until illumination with circular polarization remodels their shape. Full 
sequence is shown in Supplementary Movie M5. Scale bars (white): 5 μm. Light blue squares in the lower right indicate 
total acquisition time, green font indicates respective time from illumination onset. 
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Supplementary Figure S4 – Dynamic remodeling behavior during particle flattening. 

 

Supplementary Figure S4: a) Prolonged illumination of an optically pre-assembled particle structure with circularly 
polarized light. During the flattening of the particles the structure is continuously re-configurating itself, passing through 
symmetric flower-like, rectangular and finally triangular shapes before final disassembly. Scale bar (white): 3 μm. b) 
Example of another optically pre-assembled particle structure during prolonged illumination with circularly polarized 
light. The structure passes from tightly assembled through chain-like, ring-like, flower-shaped and dog-shaped stages 
before final disassembly. Scale bar (white): 5 μm. Green font indicates respective times from circularly polarized 
illumination onset. Note that, although some of these structural motives were repeatedly observed during the experiments, 
no deterministic control was obtained over such transformation sequences, in part certainly due to the varying particle 
sizes and initial assembly conditions. Full movies are shown in Supplementary Movie M6. 

Supplementary Figure S5 – In situ rotation of the polarization/flow direction. 

 

Supplementary Figure S5: a-h) Selected snapshots from Supplementary Movie M9 with overlaid flow-fields (magenta), 
showing how the flow direction follows the varying polarization direction during the same flow event. The time intervals 
of c and f include a discrete step of the illumination polarization by 45 degrees, giving rise to transient features. The time 
intervals used for flow-field computation and averaging are 3s. Scale bar (white): 20 μm.   
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Supplementary Figure S6 – Flows with varying particle density 
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Supplementary Figure S6: a) Frames from flow movies (Supplementary Movie M10) with different particle densities 
increasing from left to right (i-iii, 5x concentration steps for the precursor solution). Note that in the highest density case 
(iii), particle diffusion was severely hampered, as the particles formed a densely packed carpet. Scale bar (white): 20 μm. 
b) Insets for better visualization of the particle density differences. Scale bar (white): 5 μm. c) Temporal evolution of the 
mean of the individual absolute velocities in the flowfield during the first 20s of illumination (1s steps). A slightly slower 
rise is observed for the dilute sample (i), whilst the carpet-like sample (iii) deforms with maximal velocity immediately. 
d) Full length velocity graphs (3s steps), showing constant plateaus for the sustained flows, whilst the carpet’s velocities 
rapidly decay (iii), owing to the saturating deformation. e) Selected flowfields, corresponding to the respective datapoint 
indicated by the cyan dotted arrow. Scale bar (black): 20 μm, reference arrows (gray): 20 μm/s (i), 20 μm/s (ii), 3 μm/s 
(iii). The outflow/inflow ratio seems to increase for higher concentrations (indicating more flow divergence). f) Relative 
divergence calculations over the field of view, averaged over 20 timesteps (3s) in each case, and displayed on the same 
color scale, confirming higher relative divergence for higher concentrations. The inverse of the average relative 
divergence (DDiv) is calculated omitting the outermost boarder values (non-illuminated) and indicated above each plot. 
This value estimates the characteristic distance over which divergence alone would build up to the maximal velocity 
present on the flowfield. Finally, note that both intensity and illumination spot size were slightly decreased for the most 
concentrated case (iii), to limit heavy absorption by the dense particles. Raw data from iii. was also rotated by 90 degrees 
to fit the flow direction of the other movies. 

Supplementary Figure S7 – Stripe illumination with orthogonal/parallel polarization. 

 

Supplementary Figure S7: a) Scheme (left) and flowfield (right) for a stripe illumination experiment with polarization 
oriented orthogonally to the stripe pattern, at low particle density (computed based on the data shown in Supplementary 
Movie M11). As schematically illustrated, the outflow perpendicular to the stripe illumination acts only over a short 
pushing distance (short axis of the stripe). The compensating inflow on the other hand accumulates along the stripe. In 
addition, the compensating inflow should be locally similar in size to the outflow everywhere, due to the low divergence 
condition. As a result, the average extremal inflow velocity (8.6 μm/s) surpasses the average outflow velocity (6.6 μm/s) 
in this configuration. b) Scheme (left) and flowfield (right) for the same illumination pattern, but with polarization oriented 
parallel to the long axis of the stripe. In this case, it is the outflow velocity that accumulates, which leads to a higher 
outflow velocity in this case (14.3 μm/s), consistent with a pushing effect acting over a much longer distance. All velocity 
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averages are taken as the mean of the individual absolute velocities of the arrows marked in the corresponding colors on 
the respective plot. Scale bars (black): 20 μm. Reference arrows (gray): 20 μm/s. 

Supplementary Figure S8 – Manual measurement of turbulent shear velocity. 

 

Supplementary Figure S8: Manual measurement to estimate the maximal translational velocities involved in the slightly 
turbulent shear flow of Supplementary Movie M13. The correlation-based algorithm, relying on spatiotemporal averaging 
(over a whole tile and a timestep), would perform poorer at this task. a) Movie snapshot showing a particle (inside blue 
circle) entering the field of view on the left. b) After traversing the field of view close to the upper boarder of the stripe-
shaped illumination zone (green square), where the velocities are highest, the particle is again highlighted by a blue circle. 
From the distance travelled and the total time necessitated, the velocity for traversing the field of view can be estimated 
to 90 μm/s. 
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Supplementary Figure S9 – Scheme of algorithm steps for correlative velocity measurements. 

 

Supplementary Figure S9: Schematic representation of computation steps undertaken by the algorithm to extract the 
average drift velocity pertaining to a single tile and a single timestep. a) Sequence of consecutive movie frames showing 
the drift of a single particle (red) over three frames (top to bottom) and indicating its initial position (Δf = 0) as reference 
on the two later frames (gray). b) Spatially shifting the later images (bottom) by the right number of pixels, the drifting 
particle (red) can be almost exactly superposed with its initial position (gray). This will lead to the highest overlap on the 
correlative maps in c. c) Schematic correlative map examples where the maximum overlap shift displayed in b is naturally 
the brightest (yellow) pixel. However, the procedure is performed for all possible pixel shifts (up to a user-defined 
maximal shift value), in order to obtain full correlation maps. Further, the maps are taken as average, where any movie 
frame within the considered timestep is taken as reference frame exactly once, provided it is followed by at least Δfmax 
frames. The sequence of correlation maps for increasing Δf hence shows the averaged spatio-temporal drift-diffusion of 
features/particles.  d) Schematic graph example plotting the x- and y positions of the correlation peak, which are obtained 
by Gaussian fitting of the maps shown in c. Finally, a linear fit of these positions will lead the average velocity along each 
axis (in pixel/frame units), permitting the construction of the final flow arrow after unit conversion. 
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Supplementary Figure S10 – Algorithm correlative velocity example on real data.  
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Supplementary Figure S10: Example of the computation of two flow vectors pertaining to the velocity field shown in 
Figure 4c (y-directed polarization flow). a) Computation of an arrow belonging to a tile where deformed particles are 
flowing out of the field of view at the upper boarder. b) Computation of an arrow in a tile where pristine, undeformed 
particles flow towards the zone of illumination. In each column, the images show (top to bottom): Flow field from Figure 
4c with arrow to be computed marked in magenta and tile of interest marked by a yellow/black dotted frame. The four 
computed correlation maps, corresponding to Δf = 0, 2, 4, and 6 respectively, which may be interpretated as the average 
motion of virtual particles initially located at the center (i.e., autocovariance at Δf = 0). Finally, a graph showing the 
(Gaussian fitted) x- and y-positions of the correlation peaks in Δf = 1-6, with linear fit of motion (dotted lines) used to 
extract the average drift velocity along each axis. Note that, whilst the correlation peak is perfectly isotropic in (b), and 
merely expanding due to the diffusion of pristine particles, the peaks in a can be seen to be slightly elongated in the 
y-direction. Although not used in this work, such information may be useful in other contexts. For example, the y-axis 
elongation of the spatial autocovariance function (Δf = 0) in (a) reflects the anisotropic shape of the y-axis deformed 
particles themselves. Another factor, apart from Fickian diffusion, which can influence the width and shape of the 
spatiotemporally evolving correlation peaks is velocity dispersion (i.e. non uniform velocity) either spatially within a tile, 
or temporally within a timestep (due to flow fluctuations). 

 
Supplementary Figure S11 – Flowfield local divergence computations.  

 

 
   
Supplementary Figure S11: Example of the computation of local divergence tiles such as shown in Supplementary 
Figure S6. a) Flowfield from Figure 4c (y-directed linear polarization flow). Two local divergence tiles are marked with 
black dotted squares (tilted at 45 degrees with respect to the flow vector grid), and the arrows corresponding to the tiles 
are colored (orange/blue). b) Computation of the local divergence averaged over the tile spanned by the orange vectors. 
Only contributions orthogonal to the tile boundary should be considered. Arrows representing negative contributions (net 
inflow) across the tile boundary are colored in red and marked with a minus sign, whilst positive contributions to the 
divergence (net outflow) are colored in green and labeled with a plus sign. At the bottom of the subplot, the length of the 
green and red arrows is compared. The difference between their total lengths is the measured (small) divergence, after 
correction by the factor (circumference/area). c) Same procedure applied to the tile spanned by the blue vectors. 
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SUPPLEMENTARY NOTE 1 – Coarse density variations and flow behavior. 

Protocol Adaptation 

Using the method of simple pipette-aided dispersion of particles at the water-air interface (see 

methods), precise control over the density is difficult, and inter-sample (between different manual 

particle dispersions) as well as intra-sample (different areas of the same sample interface) variations 

are usually observed. Therefore, the density was varied in very coarse steps, by means of 1:4 sample 

pre-dilution, no dilution, and 5-fold sample pre-concentration prior to using the same interface 

deposition protocol. The three cases were compared side-by-side in Supplementary Movie M10 (Flow 

movies and live velocity graphs) and in Supplementary Figure S6 (Sample images, velocity graphs, 

flowfield examples, divergence comparison). In case of the 5-fold, heavy, pre-concentration, a static 

film with no visible diffusion was observed on the interface. In both other case, diffusing particles 

are observed prior to illumination, with visually appreciable lower density for the strongly diluted 

sample. 

Flow Rise and Persistence Comparison 

In the two cases where the particles are not forming a static film, the upon illumination onset with 

linear y-axis polarization, a delay is observed, after which the polarization-driven flow emerges. We 

have attributed this delay to the necessity of first deforming particles and creating capillary particle 

assemblies, before the pushing mechanism can become effective at large scale (see section Sustained 

Light-Induced Flows). In fact, as shown in Supplementary Figure S6 c/d and apparent in 

Supplementary Movie M10, the non-diluted sample starts flowing after a shorter delay, possibly due 

to faster aggregation with more particles available. This picture is consistent with the case of the 

heavily pre-concentrated sample, where the particles form a static film. In fact, in this case the 

particles are already aggregated when the illumination starts, and hence can start transmitting the 

symmetric deformation-caused pushing force immediately. Consequently, the deformation rate is 

maximal at the illumination onset, and then follows the saturation-related decay that would be 
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expected from the known deformation vs. illumination time behavior for azopolymer structures in 

fixed settings. Since the particles assume fixed positions with respect to each other in such a solid 

film, the movement ultimately stops, when the particles have been maximally deformed and no fresh 

particles can enter the illumination zone. This contrasts with the case of the two initially diffusing, 

lower density samples, where the sustained flow regime is obtained, and a constant flow velocity 

plateau is reached after the initial rise. We also note that in the dilute case, the flow is seen to be 

slightly more turbulent (and the plateau velocity less stable), possibly due to larger local particle 

density variations. 

Divergence Comparison 

Another parameter that can be computed from the flow fields and compared in these different 

situations is the two-dimensional flow divergence. Mathematically, the flow divergence is defined as 

the infinitesimal difference between local outflow and inflow in each spatial point. Although defined 

locally, the quantity may be integrated over an area, the result of which will quantify the total 

outflow/inflow difference across the boundary delimiting the integration area (divergence theorem). 

Hence, the average flow divergence may be estimated by simply comparing the total flow out of to 

the perpendicular flow into the illumination zone. A quick look onto the exemplary flow fields in 

Supplementary Figure S6e shows that this difference seems to increase for higher particle densities 

(from left to right). This observation is in confirmed by explicit computation of the divergence as 

shown in Supplementary Figure S6f. Here, the local average of the sustained, relative flow divergence 

in each zone between 4 adjacent flow-field arrows is mapped and displayed on identical color scales 

for all three situations (temporally averaging over the last 20 timesteps). The divergence is seen to 

roughly map the illuminating laser spot and increases for higher densities.  

 

Assuming the water-air interface itself to be incompressible, one may hypothesize this difference in 

sustained divergence to stem from the average in-plane expansion - and hence from the deformation 

- of the particles themselves. In fact, also for a uniaxial, isochoric transformation associated with 
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linear polarization, a net in-plane expansion results from the compression along the out-of-plane axis 

(optical axis), which is apparent from considering deformation tensor describing such a 

transformation in the small strain approximation34: 

 

where the net in-plane area expansion is given by . Hence, if 

divergence is caused by this deformation-related in plane expansion of the particles themselves, it 

will naturally follow the local illumination intensity (i.e., the shape of the Gaussian illumination) and 

may increase for higher particle densities, as experimentally observed. 

 

Finally, note that in the above, we have consistently compared the relative divergence , i.e. 

the divergence normalized by the maximum velocity present in the flow field. Given that the absolute 

divergence would linearly scale with the multiplication of all velocity vectors, this normalized 

divergence is a more appropriate comparison tool between different flow situations with different 

speeds. In fact, its units (μm-1) indicate that it describes a spatial frequency, which is the frequency 

with which a flow field with the given divergence and maximal velocity would spatially vary. 

Conversely, its inverse can be seen as the characteristic distance  over which the measured 

divergence would (unidirectionally) cause velocity fields with the maximal amplitude in question. If 

this characteristic distance is much larger than the illumination zone (Gaussian spot size) in which 

the flow field is created, one may then conclude that divergence contributes in a negligible manner to 

the total flow field. The spatially averaged values for , computed over the illumination zone (25 

innermost tiles), are indicated on Supplementary Figure S6f. One can see that in the lowest divergence 

case (left), this distance amounts to 385 μm, which is much larger than the illumination spot radius 

(~50 μm), and thereby indicates that the divergence contribution to the flow field of such diluted 
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samples can indeed be considered negligible. This opens for the obtention of a pure shear flow, which 

mathematically consists of curl contributions only, as shown in Figure 4 e-h.  
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IX. Appendix C: Reversibility Measure 
 
The reversibility measure mentioned in section 1.3.2 was defined as 𝑅𝑅 = 1 −  δ𝐴𝐴 𝜀𝜀� , and is meaningful 

for repeated two-step cycles where each of the alternating illumination steps has a specified 

polarization (one of the polarizations being linear), in passive reversibility azopolymer systems. Here, ε 

designates the relative expansive strain created by (one of) the illumination step(s) with linear 

polarization along the direction parallel with the latter. δA on the other hand is the relative area 

expansion measured after both sequential illumination steps of the cycle have been applied. To 

highlight the usefulness of this measure in a more general azopolymer context, we write down the 

tensors related to x-polarized (𝐅𝐅𝐱𝐱), y-polarized 𝐅𝐅𝐲𝐲 and circularly polarized (𝐅𝐅𝐜𝐜) illumination for 

azopolymer deformations, each of which are expressed as a function of the small strain parameter δ.  

𝐅𝐅𝐱𝐱 = �

1 + 𝛿𝛿 0 0
0 1 − 1

2 𝛿𝛿 0

0 0 1 − 1
2 𝛿𝛿
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1 − 1
2 𝛿𝛿 0 0

0 1 + 𝛿𝛿 0
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2 𝛿𝛿
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⎝

⎜
⎛

1 + 1
4 𝛿𝛿 0 0

0 1 + 1
4 𝛿𝛿 0

0 0 1 − 1
2 𝛿𝛿
⎠

⎟
⎞

 

 
Note that these tensors can be constructed from the assumption of uniaxial/biaxial stretching for 

linear/circular polarizations respectively and are defined by the symmetries of the problems as well as 

by the assumption of the material being incompressible under photo-deformation (see Article 3). The 

amplitudes in 𝐅𝐅𝐜𝐜 relative to the linear tensors are based on the phenomenological observation we made, 

that, at least in our case, the z-axis compression was equal for any polarization given the same exposure 

dose.  

 

We first proceed to calculate the combined deformation tensor for an illumination cycle if the photo-

deformations are purely irreversible and superimposed (cumulatively for small strains) onto each other. 

In this case, assuming δ << 1 (and making first order approximations), for a sequence of linear 

x-polarization followed by circular polarization we get: 
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In this case, the relative expansion strain parameter associated to the linear step is ε = δ (taken directly 

from tensor 𝐅𝐅𝐱𝐱), and the relative area expansion of the whole cycle is δA ≈ ε1 + ε2 = 54 𝛿𝛿 −
1
4 𝛿𝛿 =  𝛿𝛿, 

where the strain parameters ε1 and ε2  are taking from the tensor for the irreversible cycle 𝐅𝐅𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜,𝐢𝐢𝐢𝐢𝐢𝐢. 

Hence the reversibility measure in this case is 𝑅𝑅 = 1 −  δ𝐴𝐴 𝜀𝜀� = 1 −  𝛿𝛿 𝛿𝛿� = 0. The exact same

calculation, leading the same relative area expansion and the same value for the reversibility measure, 

can be done if the second illumination is not circularly, but orthogonally linearly polarized. 

If the system is reversibly switching between different shapes however, then as outlined in the 

Supplementary Information of Article 3, the transformation produced by the linear polarization step 

considered to define ε is simultaneously erasing (i.e., applying the inverse transformation of) any 

previous deformation. Hence, if the previous illumination was circularly polarized (a case denoted for 

the relevant quantities using a single apostrophe hereafter, whilst double apostrophes will denote 

situations with alternating orthogonal linear polarizations), the linear step will in practice be: 
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Thus, the relative elongation strain along the x-axis induced by the linear polarization step (here 𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′) 

amounts to ε = 34 𝛿𝛿. On the other hand, the circularly polarized step is defined correspondingly as 

𝐅𝐅𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 =   𝐅𝐅𝐜𝐜 ∙ (𝐅𝐅𝐱𝐱)−1. Thus the full cycle tensor in the switching case is given by 

𝐅𝐅𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂,𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 =   𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′ ∙  𝐅𝐅𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 =   𝐅𝐅𝐱𝐱 ∙ (𝐅𝐅𝐜𝐜)−1 ∙ 𝐅𝐅𝐜𝐜 ∙ (𝐅𝐅𝐱𝐱)−1 =  𝐈𝐈, non-surprisingly stating that the full 

cycle transformation in the shape switching case is simply the identity. Therefore, δ𝐴𝐴 = 0 for the cycle 

and the introduced reversibility measure returns 𝑅𝑅 = 1 −  0 3
4 𝛿𝛿�  = 1. 

The same reasoning applies in the switching case if alternating orthogonal polarizations are used and 

the result will again be the identity for a full cycle. However, the relative expansive strain parameter 

will be larger in this case, since for the linear x-polarized step we get: 

𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′′ =  𝐅𝐅𝐱𝐱 ∙ (𝐅𝐅𝐲𝐲)−1 = �

1 + 𝛿𝛿 0 0
0 1 − 1

2 𝛿𝛿 0

0 0 1 − 1
2 𝛿𝛿
� ∙

⎝

⎜
⎜
⎜
⎛

1
1 − 1

2 𝛿𝛿
0 0

0
1

1 +  𝛿𝛿
0

0 0
1

1 − 1
2 𝛿𝛿⎠

⎟
⎟
⎟
⎞

=

⎝

⎜
⎛

(1 + 𝛿𝛿)(1 + 1
2 𝛿𝛿 + ⋯ ) 0 0

0 (1 − 1
2 𝛿𝛿)(1 − 𝛿𝛿 + ⋯ ) 0

0 0 (1 − 1
2 𝛿𝛿)(1 + 1

2 𝛿𝛿 + ⋯ )
⎠

⎟
⎞

= �
1 + 3

2 𝛿𝛿 + ⋯ 0 0

0 1 − 3
2 𝛿𝛿 + ⋯ 0

0 0 1 + ⋯

� ≈ �
1 + 3

2 𝛿𝛿 0 0

0 1 − 3
2 𝛿𝛿 0

0 0 1

� 
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In this case ε = 32 𝛿𝛿 for the relative expansive strain along the x-axis for x-polarized illumination. This 

reflects the fact that higher transformation strain along the x-axis is needed to go from a pre-deformed 

y-axis stretched shape to an x-axis stretched shape than if the starting situation would be the in-plane 

expanded shape associated with circular polarization, which is already expanded along the x-axis. Of 

course, this does not affect the reversibility measure in the perfect switching case, since δ𝐴𝐴 = 0 is still 

valid for the full cycle and thus 𝑅𝑅 = 1 −  0 3
2 𝛿𝛿�  = 1.  

 

However, if the switching process is imperfect, one may imagine an irreversible cycle transformation 

superimposed onto the reversible switching one. Using the same approximations as above, the total 

transformation then becomes  𝐅𝐅𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜,𝐭𝐭𝐭𝐭𝐭𝐭 =   𝐅𝐅𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜,𝐢𝐢𝐢𝐢𝐢𝐢 ∙ 𝐅𝐅𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂,𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 =  𝐅𝐅𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜,𝐢𝐢𝐢𝐢𝐢𝐢 ∙ 𝐈𝐈 =   𝐅𝐅𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜,𝐢𝐢𝐢𝐢𝐢𝐢, for any 

of the two polarization sequences. Hence, δ𝐴𝐴 =  𝛿𝛿irr in either case, using the result computed for the 

purely irreversible situation (first calculation) and denoting the small strain parameter relating to the 

irreversible component of the deformations as 𝛿𝛿irr.  However, the x-polarized linear step for orthogonal 

polarizations would become: 

𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′′,𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 =  𝐅𝐅𝐱𝐱,𝐢𝐢𝐢𝐢𝐢𝐢 ∙ 𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′′ = �

1 + 𝛿𝛿irr 0 0
0 1 − 1

2 𝛿𝛿irr 0

0 0 1 − 1
2 𝛿𝛿irr

� ∙ �
1 + 3

2 𝛿𝛿rev 0 0

0 1 − 3
2 𝛿𝛿rev 0

0 0 1

�

=  

⎝

⎜
⎛

(1 + 𝛿𝛿irr)(1 + 3
2 𝛿𝛿rev + ⋯ ) 0 0

0 (1 − 1
2 𝛿𝛿irr)(1 − 3

2 𝛿𝛿rev + ⋯ ) 0

0 0 1 − 1
2 𝛿𝛿irr⎠

⎟
⎞

≈

⎝

⎜
⎛

1 + 𝛿𝛿irr + 3
2 𝛿𝛿rev 0 0

0 1 − 1
2 𝛿𝛿irr −

3
2 𝛿𝛿rev 0

0 0 1 − 1
2 𝛿𝛿irr⎠

⎟
⎞ 

Here we further assumed that the small strain parameter can be written as 𝛿𝛿 =  𝛿𝛿irr +  𝛿𝛿rev. In this 

case, the relative expansive strain along the x-axis becomes ε =  𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 +  3
2
𝛿𝛿rev and the total reversibility 

strain measure becomes  
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𝑅𝑅′′ = 1 −  𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖
(𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 +  32𝛿𝛿rev)
� =  1 −  1

(1 +  3
2 ∙
𝛿𝛿rev
𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖

)�

Conversely, if considering the case where switching is induced with x-polarized linear and circular 

polarization respectively, then the transformation associated with linear x-polarization becomes: 

𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′,𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 =  𝐅𝐅𝐱𝐱,𝐢𝐢𝐢𝐢𝐢𝐢 ∙ 𝐅𝐅𝐋𝐋𝐋𝐋𝐋𝐋,𝐱𝐱′ = �

1 + 𝛿𝛿irr 0 0
0 1 − 1

2 𝛿𝛿irr 0

0 0 1 − 1
2 𝛿𝛿irr

� ∙ �
1 + 3

4 𝛿𝛿rev 0 0

0 1 − 3
4 𝛿𝛿rev 0

0 0 1

�

≈

⎝

⎜
⎛

1 + 𝛿𝛿irr + 3
4 𝛿𝛿rev 0 0

0 1 − 1
2 𝛿𝛿irr −

3
4 𝛿𝛿rev 0

0 0 1 − 1
2 𝛿𝛿irr⎠

⎟
⎞

Thus, similarly to the previous case we can compute ε =  𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 +  3
4
𝛿𝛿rev  and, finally, 

𝑅𝑅′ = 1 −  𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖
(𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 + 3

4𝛿𝛿rev)
� =  1 −  1

�1 +  3
4 ∙
𝛿𝛿rev
𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖

�� <  𝑅𝑅′′ 

We therefore note, that for the same ratio between irreversible and reversible strain, reversibility in the 

mixed case may appear higher, and care should be taken to specify the polarization sequence when 

using this quantification of partial reversibility, as mentioned in section 1.3.2. 
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