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Reconfigurable photoactuator through synergistic
use of photochemical and photothermal effects
Markus Lahikainen 1, Hao Zeng 1 & Arri Priimagi1

A reconfigurable actuator is a stimuli-responsive structure that can be programmed to adapt

different shapes under identical stimulus. Reconfigurable actuators that function without

control circuitry and are fueled remotely are in great demand to devise adaptive soft robotic

devices. Yet, obtaining fast and reliable reconfiguration remains a grand challenge. Here we

report a facile fabrication pathway towards reconfigurability, through synergistic use of

photochemical and photothermal responses in light-active liquid crystal polymer networks.

We utilize azobenzene photoisomerization to locally control the cis-isomer content and to

program the actuator response, while subsequent photothermal stimulus actuates the

structure, leading to shape morphing. We demonstrate six different shapes reconfigured from

one single actuator under identical illumination conditions, and a light-fueled smart gripper

that can be commanded to either grip and release or grip and hold an object after ceasing the

illumination. We anticipate this work to enable all-optical control over actuator performance,

paving way towards reprogrammable soft micro-robotics.
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For the past decades, great efforts have been put into inves-
tigating stimuli-responsive soft materials and their use in
designing soft actuators capable of complex, rapid, and

reversible macroscopic movements1,2. The inspiration for the soft
actuator research often times comes from natural species that are
capable of adaptive shape changes, diverse geometric morphing,
and highly efficient locomotion3,4. Stimuli-responsive soft
actuators have proven their potential in realizing bio-inspired soft
robots that are miniature in size and can be fueled remotely and
wirelessly to yield complex movements5–7. Compared to syn-
thetic, human-made devices, the sophistication of natural species
is overwhelming: even the most primitive species can have mul-
tiple degrees of freedom in their movement, and reconfigurable
response under the same environmental stimulus. Most artificial
actuators, on the other hand, display only one specific kind of
deformation under a specific stimulus (e.g., light, magnetic field,
electric voltage)8–10, and obtaining reconfigurable actuation
under constant stimulus is a formidable challenge. Achieving this
goal would pave way towards adaptive, reprogrammable soft
micro-robotics.

Among different stimuli, light has arisen as a particularly
attractive alternative, due to its high degree of spatial and tem-
poral control over properties such as wavelength, intensity, and
polarization. Several photoresponsive molecules11,12 and material
systems13–15 such as hydrogels7,16, carbon-nanotube-based
actuators17, and shape memory polymers18 have been explored
for devising soft actuators, yet photoresponsive liquid crystal
elastomers and polymer networks (referred to as LCNs from
hereon) are in many cases particularly intriguing19. LCNs com-
bine the anisotropy of liquid crystals and the elasticity of loosely
crosslinked polymeric materials, and by “programming” the
molecular alignment pattern during the fabrication process
(photopolymerization), an overwhelming variety of light-induced
shape changes (e.g., contraction, bending, coiling, buckling, etc.)
can be obtained20–23. In contrast to hybrid actuators relying on,
e.g., bilayer structures to obtain efficient actuation7,17, LCNs allow
complex three-dimensional deformation in a monolithic film
with uniformly distributed chemical composition19.

The term reconfigurable actuation is often times used to refer
to the ability to reversibly switch between different shapes upon
external stimulus14,15. However, conventional stimuli-driven
actuators, LCNs among other materials, even if reversible, typi-
cally exhibit only one pre-determined state of deformation under
one specific stimulus. Hence, to obtain multiple shape changes,
the stimulus has to be tuned, which in case of light-triggered
actuation can refer to, e.g., changing the light intensity or its
spatial/temporal distribution. Obtaining multiple shape changes
upon an unchanged stimulus thus requires a programming step
during fabrication (such as controlling the photo-polymerization
process24) which eventually results in different samples with
identical composition but distinct actuation modes. In contrast,
reconfigurable actuators, as we define them, have the ability to
obtain multiple shape changes from one single sample upon one
identical stimulus. Previous reconfiguration strategies have been
based on dynamic covalent bonds25–29, acidic patterning30, or
base treatment31. All these methods rely on chemical processing
to modify material properties like alignment, elastic modulus, and
absorption, while the diversity of reconfigured shape change is
limited. The lack of facile reconfiguration schemes is a significant
drawback from the perspective of light-powered micro-robotics32

which would benefit from fast and reliable control over actuation
modes. A light-fueled soft actuator that would be reconfigurable,
i.e., exhibit more than one type of shape change under the same
light stimulus (same intensity, wavelength, polarization, etc.), and
at the same time being fast and reliable, opens new horizons to
realize flexible micro-devices with well adjustable performance.

Herein we present a fabrication strategy for solving this chal-
lenge through a facile pathway towards reconfigurable photo-
actuation. Our concept is based on synergistic use of the
photochemical and photothermal actuation schemes, a combi-
nation that we show to yield “actuation on command”. The
photochemical and photothermal effects play distinct roles in the
synergistic photoactuation in a liquid crystalline polymer net-
work, the former being used for shape programming and the
latter for shape morphing. We demonstrate six different rever-
sible shapes taken by the same actuator within a few seconds of
irradiation under identical illumination conditions. The concept
is further utilized to design a smart gripping device that can be
commanded to either hold or release the object after ceasing the
irradiation. These results offer an approach to reconfigurable
micro-robotics with reversible, fully optical control over the shape
programming and shape morphing.

Results
The design concept of synergistic photoactuator. Figure 1
shows the conceptual differences between conventional actuators
and the reconfigurable actuation strategy proposed for the LCN
actuator based on synergistic use of photochemical and photo-
thermal effects. The light-induced deformations in LCNs can take
place via two distinct mechanisms, being driven by either pho-
tochemical33 or photothermal stimulus20. Photochemical LCN
actuators rely on photoisomerization of azobenzene molecules34,
typically incorporated as crosslinks into the polymer network.
The lifetime of the deformed shape is connected to the cis-isomer
lifetime of the azobenzene used35, and the actuator can be driven
between two distinct states by irradiating it with two different
wavelengths (see the schematic in Fig. 2a). Such systems allow for
devising optically tunable photonic devices36, and also enable
efficient photoactuation in aqueous environment37. For soft
robotic applications, the most efficient photoactuation scheme is

Conventional photoactuation

Reconfigurable photoactuation

One sample

Monomers

a

b

Polymerization

Polymerization

Synergistic
actuation

Photochemical
patterning

Photothermal
actuation

Reconfigurable

Shape programming Shape morphing

Sample 1
1

2

3

3

2

1

Sample 2

Sample 3

Actuation
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based on converting light energy into heat, which allows for fast
and dynamic (i.e., the system rapidly relaxes back to the initial
state once the irradiation is ceased, see Fig. 2b) motions and
cyclically actuated, small-scale photomobile devices38,39. The
different actuation dynamics of photochemically and photo-
thermally driven strip-like LCN actuators is highlighted in Sup-
plementary Figure 1. Both actuation mechanisms have yielded a
wealth of fascinating demonstrations on light-fueled move-
ments40–42. In the following, we demonstrate the synergistic use
of these two mechanisms in order to design photoresponsive
materials with characteristics not met in purely photochemical or
photothermal actuators.

The materials used and their composition within the LCN
actuator are shown in Fig. 2c (see Methods for fabrication
details). The photoactive units were selected based on the
following criteria. First, the wavelengths with which to trigger
trans–cis isomerization, cis–trans isomerization, and the photo-
thermal effect must be spectrally separated (see Fig. 2d and
Supplementary Figure 2). Second, the lifetime of the cis-isomer of
the azobenzene crosslinks at the operating temperature (account-
ing for the temperature rise due to the photothermal effect) must
be long enough, such that thermal back isomerization within the
experimental time frame would be minimized. The
ultraviolet–visible (UV–Vis) spectra of the polymerized LCN
actuator are shown in Fig. 2d, confirming the spectral separation
and efficient, reversible isomerization of the azobenzene cross-
links. Figure 2e shows that the cis-lifetime (see Supplementary
Figure 3 for further details) of the azobenzene used scales
exponentially with temperature. For example, at 40 °C the cis-
lifetime exceeds 30 min, which is long enough to be considered as
bi-stable within the time frame of photothermal actuation, as will

be detailed later on. The fraction of cis-isomer in the photosta-
tionary state is ca. 80% even at elevated temperatures (see
Methods for further details). However, the time to reach the
photostationary state decreases significantly with increasing
temperature (Fig. 2e). Therefore, certain degree of temperature
increase due to photothermal effect serves to accelerate the
photochemical actuation.

In our synergistic photoactuation scheme (Fig. 1b), the
trans–cis isomerization of azobenzene moieties is used to locally
control the mechanical properties of the actuator (yielding no
shape changes), while photothermal effect triggers shape changes
under red-light illumination by releasing the stress generated by
inhomogeneous cis-azobenzene distribution. As the reverse
cis–trans isomerization can be induced by blue-green irradiation,
the system can be brought back to its initial state upon
irradiation within these wavelengths, and subsequently reconfi-
gured with UV light to adapt any other shape under red-light
illumination.

Enhanced photoinduced bending in synergistic photo-
actuators. We studied the photoinduced bending of the syner-
gistic photoactuators in splay-aligned films with 4 × 1 × 0.02 mm3

dimensions. In splay films, both photochemical and photothermal
effects give rise to bending towards the same direction43—the
planar-oriented side of the film—and can be easily characterized
by measuring the bending angle as schematized in the inset of
Fig. 3a. Upon photothermal heating (660 nm), the strip exhibits a
gradual bending with magnitude increasing as a function of
irradiation intensity (red circles in Fig. 3a), accompanied by a
linear increase in temperature (blue dots in Fig. 3a). The speed of
temperature increase/decrease upon light on/off does not depend
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on irradiation intensity (Supplementary Figure. 4), and both
bending and unbending take place relatively fast, within less than
2 s once starting/ceasing the irradiation. As shown in Supple-
mentary Fig. 5a–c, the response time is similar for samples with
different thicknesses. In the experiments that follow, we adopt a
moderate intensity of 260 mW cm−2, corresponding to 18 °C
temperature increase at the equilibrium stage and ca. 40° of
photothermally induced bending.

For photochemical actuation, 365 nm (9 mW cm−2) and 460
nm (18 mW cm−2) were used for inducing trans–cis and cis–trans
isomerization, respectively. The reason for using such low
intensity is that we want to fully decouple the photochemical
and photothermal actuation processes and as can be seen from
Supplementary Fig. 6, heating induced by UV or blue irradiation
is negligible, less than 1 °C. The photochemically induced bending
is markedly slow compared to the photothermal actuation: within
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2 min of UV exposure, the strip slowly bends to 50°, and 60 s
irradiation with blue light retains the original shape (Fig. 3b). The
slow bending speed is consistent with literature on photochemi-
cally driven actuators8,21,35.

We next combined the photochemical and photothermal
effects, first subsequently and then simultaneously. In Fig. 3c,
30 s UV irradiation, leading to bending of 22°, is followed by the
photothermal excitation. Such subsequent UV → red illumination
yields rapid bending up to 83°, i.e., much larger than the bending
induced by red light only (40°), without prior UV exposure
(Fig. 3a). We attribute this to photochemically induced stress
inside the polymer network which can be released by photo-
thermal heating. Interestingly, when the red light is ceased, the
strip relaxes only partially and stabilizes to 47° angle (cf. 22°
bending angle prior to red-light illumination). This indicates that
the photochemically induced deformation can be preserved and
even amplified by the photothermal actuation. Finally, when
illuminating the film simultaneously with UV and red light to
activate both photochemical and photothermal mechanisms, the
strip bends to 115° angle within 30 s (Fig. 3d), overwhelming the
purely photochemical actuation (Fig. 3b) in both speed and
magnitude.

The above-described experiments are summarized in Fig. 3e.
Most importantly, combination of photochemical and photother-
mal actuation leads to a drastic increase in the bending angle—
fivefold compared to the photochemically induced actuation and
threefold compared to the photothermal one. Such enhanced
photoinduced deformations are observed in samples with different
thickness, as shown in Supplementary Figure 5d, which also
illustrates that the bending angle increases with sample thickness.
As a comparison, in carbon-nanotube-based photothermal actua-
tors, both the degree of deformation and wavelength sensitivity
decrease when increasing the thickness of the actuator44. Herein, we
attribute the slightly enhanced actuation in thicker LCN strips
(Supplementary Figure 5d) to changes in material rigidity upon
changing the thickness. This is because the polymerization process
itself depends on the sample thickness: the thicker the sample, the
stronger the absorption due to the azobenzene units at the
polymerization wavelength (420 nm; see Fig. 2d for the azobenzene
absorption). Therefore, in thicker samples polymerization becomes
less efficient, yielding softer samples with enhanced photoinduced
bending. Figure 3e also reveals another interestingly fact: the
enhancement arising from the photoisomerization and the photo-
thermal heating can be achieved in different time domains.
Therefore, photoisomerization-induced changes can be recorded/
patterned into the polymer without introducing significant
actuation, after which photothermal actuation can be applied to
deform the structure without the need for further changes in
isomerization (green column in Fig. 3e). The deformation is fully
erasable by irradiation with blue light that induces cis-to-trans back
isomerization. This mechanism immediately points towards an
application in realizing light-driven reconfigurable actuators, based
on the principle illustrated in Fig. 3f. Firstly, fully reversible
photochemical pattering via mask exposure allows for local control
over the cis-isomer content across the sample area, thus program-
ming the actuator performance. Subsequently, photothermal
heating stimulates the UV-encoded actuation capacity, leading to
diverse shape morphing under identical light stimulus.

Reconfigurable shape changes and programmable micro-
robotics. To demonstrate reconfigurability based on synergistic
photoactuation, we fabricated a planar-aligned LCN strip with
25 × 1 × 0.05 mm3 dimensions and reshaped it into six different
geometries under identical, spatially uniform red-light illumina-
tion (Fig. 4). This is achieved by spatially patterning areas with

high cis-isomer content by masked UV exposure from either one
side or both sides of the sample (Fig. 4b). As shown in Fig. 4c, the
UV preirradiation gives rise to negligible shape change of the
strip, even if the cis-content within the actuator is significantly
altered (i.e., the photochemically induced stress is “hidden” inside
the LCN actuator). Upon red-light illumination, the strip quickly
deforms into different geometries determined by the UV pre-
irradiation (Fig. 4d, Supplementary Movie 1). We note that all the
shapes are obtained within the same strip after retaining the
initial flat state by exposure with blue light to convert all the cis-
azobenzenes back to the trans-form (see in Methods).

In 2017, we reported on a light-fueled gripping device that can
autonomously recognize and manipulate objects based on their
reflection/scattering properties45. The concept proposed here
opens up a strategy to design smart grippers with reconfigurable
action. This is demonstrated by the device shown in Fig. 5. The
gripper is fabricated by fixing two splay-aligned LCN actuators on
a tip of a capillary, with photothermal excitation (red-light
irradiation) coming from the back along the capillary direction
(see Supplementary Fig. 7). The gripper is designed such that it is
open in the dark (Fig. 5a), closes under red-light illumination
(Fig. 5b), and retains the original shape when ceasing the
irradiation. By such photothermally activated gripping action, the
device is able to clamp and hold a 60 mg object, 100 times heavier
than the actuator itself. If the device is preirradiated with UV, the
gripper deformation is much more pronounced under identical
red-light illumination, as shown in Fig. 5c and as expected based
on Fig. 3c. In this case, the gripper remains closed even after
ceasing the red-light illumination, due to the release of the
photochemically induced stress (Fig. 5d). Therefore, synergistic
photoactuation allows us to program the gripping device to adapt
an operation mode in which the object is gripped, lifted up, and
dropped immediately when the energy source is removed (Fig. 5e,
also see Supplementary Movie 2), or gripped, lifted up, and held
in place even after ceasing the irradiation (Fig. 5f, Supplementary
Movie 3). Most importantly, the device can be reconfigured with
irradiation with blue light and commanded whether to grip and
release or grip and hold, which is a unique ability in LCN
photoactuators.

Discussion
The demonstrated reconfigurable photoactuator is unique com-
pared to other dual-responsive liquid crystalline polymer systems
reported in the literature46–48, and to wavelength-selective
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carbon-nanotube-based photothermal actuators17,44. To the best
of our knowledge, our strategy is only one where the photo-
chemical and photothermal stimuli act in concert in order to
enhance the overall performance of the system and bring about
new, unprecedented capacities. We use photochemistry for
reconfigurability and photothermal effect for shape morphing,
i.e., both serve their distinct, specific purposes. Even if playing
distinct parts, they are inherently integrated, as shown by the
actuation speed and deformation amplitude experiments of Fig. 3.

In many cases, quantitative analysis of purely photochemically
driven actuation is complicated, due to the fact that it is often
accompanied by a certain degree of photoinduced heat genera-
tion. We would like to draw attention to the fact that careful
characterization and full decoupling of the effects arising from
photoisomerization and photothermal heating is necessary for
understanding the overall dynamics of photoactuation. In our
case, photothermal heating of 18 °C (shown in Fig. 3a) brings
about dramatic changes in the photochemical actuation in the
LCN material with glass transition temperature at around room
temperature (see differential scanning calorimetry measurement
in Supplementary Fig. 8). It enhances the actuation speed by a
factor of 12 (bending up to 50° takes 2 min upon UV irradiation
but only 10 s upon simultaneous UV–red irradiation, see Fig. 3b,
d), and the deformation amplitude by a factor of 5 (Fig. 3e). We
attribute this to photothermally induced softening of the polymer
matrix which allows the bent cis-isomers to transfer the defor-
mation from molecular level into deformation of the whole
polymer network with higher efficiency. Other researchers have
shown that cyclic trans–cis–trans isomerization is able to soften
the polymeric matrix49 and enhance the topological actuation in
photoresponsive cholesteric coatings50. Cyclic isomerization can
also bring about significant mass migration of polymer chains,
allowing for photoinduced surface patterning on amorphous
polymer thin films51. We anticipate that the synergistic use of
photochemical and photothermal effects and the results

explicated in Fig. 3 can contribute to elaborating the photo-
actuation process for many azobenzene-containing polymer
networks and elastomers.

The reconfigurability is based on the spatial control over the
concentration of cis-isomers, thus the stability of the reconfigured
state is inherently connected to the cis-lifetime of the azobenzene
crosslinks. Therefore, the stability of the deformed structure
depends on the environmental conditions, being longer in normal
room lighting than outdoors under direct sunlight or at elevated
temperatures (Supplementary Fig. 9). With the present material
composition, the bent film recovers 50% of its original
shape within 9 min under laboratory lighting (Supplementary
Fig. 9a), revealing the time limit for preserving the reconfigured
state. This weakens the sustainability of the reconfigurable
robotics, and for instance the gripper shown in Fig. 5f can hold
the object only for ca. 5 min after ceasing irradiation. This lim-
itation can be overcome using azobenzenes with long cis-lifetime,
such as the ortho-fluorinated ones demonstrated by Hecht
and coworkers52,53. Improving the temporal and thermal
stability of the reconfigured state is an important next step in our
research.

We also emphasize that apart from LCNs, various types of
materials exhibit light-induced shape changes, such as
hydrogels7,16, temperature-responsive and shape memory
polymers18,54 functional carbon-nanotube-based bilayers17, pho-
tochromic crystals55, etc. While chemists and material scientists
continuously extend the diversity of materials and shape changes,
engineers and micro-roboticists are dedicated to issues such as
energy consumption56 and integration of the photomechanical
units as part of active circuits2. We note that the physical prin-
ciples underlying light-driven device/robot realization using dif-
ferent materials are rather similar, as exemplified by, e.g., self-
shadowing-induced oscillation17,57, snapping motion58,59, and
rolling locomotion17,60, all achieved in both LCNs and bilayer
actuators. Keeping this in mind, we believe that the reconfigur-
ability concept proposed herein can also be extended beyond
LCNs, and synergies can be sought for by combining different
types of light-responsive materials to simultaneously harness the
strengths of each.

We have demonstrated a method to achieve reconfigurable
actuation by combining photochemical and photothermal
responses within a single LCN actuator. We highlight that pho-
tochemical actuation can be significantly boosted by photo-
thermal heating, and synergistic use between these two actuation
mechanisms can be used to realize reconfigurable shape morph-
ing in the light-actuated LCN structures. We reconfigure a single
actuator into six distinct geometries and apply this concept to
build a light-fueled gripper which can be programmed to either
release an object once irradiation is ceased, or keep it on hold. We
anticipate that this facile, easy-to-prepare reconfigurable actuator
paves way towards smart micro-robotics with adaptive motion
and reprogrammable performance.

Methods
Materials. The LCN actuators are made by photopolymerization of a mixture
containing 52 mol% of LC monomer 4-Methoxybenzoic acid 4-(6-acryloylox-
yhexyloxy)phenyl ester (Synthon Chemicals), 18 mol% of LC monomer 4[4[6-
Acryloxyhex-1-yl)oxyphenyl]carboxybenzonitrile (Synthon Chemicals), 21 mol%
of di-acrylate crosslinker 1,4-Bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-
methylbenzene (Synthon Chemicals), 6 mol% of azo crosslinker 4,4’-Bis[9-(acry-
loyloxy)nonyloxy]azobenzene (Synthon Chemicals), 1.5 mol% of 1,4-Bis(methyla-
mino)anthraquinone (Disperse Blue 14, Sigma Aldrich) and 1.5 mol% of
photoinitiator Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Sigma Aldrich).
All molecules were used as received. The monomer mixture was dissolved in
dichloromethane and filtered through PTFE syringe filter (Sigma Aldrich, pore size
0.2 µm), after which it was stirred at 80 °C (100 RPM) for 3 h in order to remove
the solvent.
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Fig. 5 A reconfigurable micro-gripper. A gripper in its initial, open stage (a)
closes upon red-light illumination (b) and returns back to the original state
when turning off the light. After UV exposure, the gripper closes upon red-
light illumination (c) and maintains the closed state even after ceasing the
irradiation (d). e Series of optical images of the gripper operated in a grip-
and-release mode, and f the same device reprogrammed to operate in a
grip-and-hold mode. Object being lifted up in (e, f) is 12 mg in weight. All
scale bars: 5 mm
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Photopolymerization. Glass substrates were cleaned by successive sonication in 2-
propanol and acetone baths (20min each), and dried under the flow of nitrogen gas.
For planar alignment, two glass slides were spin coated with 1 wt% water solution of
polyvinyl alcohol (PVA, Sigma Aldrich; 4000 RPM, 1min) and rubbed uni-
directionally using a satin cloth. After rubbing, the PVA substrates were blown with
high-pressure nitrogen to remove dust particles from the surfaces. For splayed
alignment, the glass slides were spin coated with PVA as before and a homeotropic
alignment layer (JSR OPTMER, 5000 RPM, 1min), and baked at 180 °C for 20min.
For cell preparation, two coated substrates were fixed together with UV glue (UVS 91,
Norland Products Inc., Cranbury, NJ), using spacer particles (Thermo scientific, 10,
20, or 50 µm) to define the cell thickness. The mixture was then infiltrated into the cell
on a heating stage at 90 °C and cooled down to 50 °C with a rate of 3 °Cmin−1. An
LED (Prior Scientific; 420 nm, 11 mW cm−2, 30 min) was used to polymerize the
LC mixture. A linear polarizer (Thorlabs, LPVISE100-A, extinction ratio >100) was
placed in between the light source and the sample, with orientation perpendicular
to the alignment direction in order to minimize the cis-isomer concentration
induced by the polymerization. The polymerized film together with cross-polarized
microscope images are shown in Supplementary Figure 10. The cell was opened,
and strip-like LCNs were cut out from the film using a blade.

Characterization. Absorption spectra and isomerization kinetics were measured
with a UV–Vis spectrophotometer (Cary 60 UV–Vis, Agilent Technologies) in a
10 µm splay-aligned LCN film. Photoexcitation experiments were conducted using
wavelength of 365 nm (Prior Scientific, 18 mW cm−2, 1 min) to trigger trans–cis
isomerization, and 460 nm (26 mW cm−2, 1 min) for cis–trans isomerization. A
probe at 385 nm was used to determine the kinetics of cis-isomers. A peltier
thermostated cell holder (temperature accuracy ± 0.1 °C) was used to control the
sample temperature. Optical images and movies were recorded using a Canon 5D
Mark III camera (100 mm lens), and thermal images were recorded with an
infrared camera (FLIR T420BX) equipped with a close-up (2×) lens. Cross-
polarized microscope images were taken by Zeiss Axio Scope.A1. Differential
scanning calorimetry measurement was performed with a Mettler Toledo Star
DSC821e instrument, using heating/cooling speeds of 10 °C min−1.

Actuation. A 4 × 1 × 0.02 mm3 splayed LCN strip was used for testing the pho-
tomechanical response upon UV (365 nm, 9 mW cm−2), blue (460 nm, 18 mW cm
−2), and red (0–260 mW cm−2) illumination (Prior Scientific). A 25 × 1 × 0.05
mm3 planar-aligned LCN was used for the reconfigurable shape morphing. UV
masks were made by hand-cutting black tape and fixing it on a glass substrate. The
sample was sandwiched between two masks (or a mask and a substrate) and
exposed to UV light (365 nm, 50 mW cm−2, 5 s). The shape morphing was induced
upon red-light illumination (660 nm, ca. 300 mW cm−2 for 0–5 s). For erasing the
shape change, the samples were exposed to the combination of blue (ca.100 mW
cm−2, 460 nm) and red (ca.300 mW cm−2, 660 nm) light for 30 s.

Fabrication of light-fueled gripper. The gripper was made by fixing two pieces of
5 × 1 × 0.05 mm3 splay-aligned LCN strips onto a tip of a capillary tube using UV
glue. Three-dimensional translation stage was used to manually control the posi-
tion. A laser beam (635 nm, 3W cm−2, RLTMRL-635-1W-5, Roithner Lasertech-
nik) illuminated the LCN from the back along the capillary direction as shown in
Supplementary Fig. 7. To change the gripper property, i.e., to command it to hold
the object, the device was irradiated with UV light (365 nm, 50 mW cm−2, 10 s).

Data analysis. The cis-isomer population was calculated from the absorption spectra
shown in Supplementary Fig. 3, according to the Beer–Lambert law (A= ε × b × c;
where A is absorbance, ε is molar absorption coefficient, b is thickness, and c is
concentration), and assuming 1% cis-fraction at ambient conditions. The lifetime is
calculated using a single exponential fitting in the kinetic data. The bending angle is
measured by the central angle assuming the bent strip as a perfect arc of a circle.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon request.

Received: 20 June 2018 Accepted: 17 September 2018

References
1. Hines, L., Petersen, K., Lum, G. Z. & Sitti, M. Soft actuators for small-scale

robotics. Adv. Mater. 29, 1603483 (2017).
2. Rich, S. I., Wood, R. J. & Majidi, C. Untethered soft robotics. Nat. Electron. 1,

102–112 (2018).
3. Palagi, S. & Fischer, P. Bioinspired microrobots. Nat. Rev. Mater. 3, 113–124

(2018).

4. Kim, S., Laschi, C. & Trimmer, B. Soft robotics: a bioinspired evolution in
robotics. Trends Biotechnol. 31, 287–294 (2013).

5. Palagi, S. et al. Structured light enables biomimetic swimming and versatile
locomotion of photoresponsive soft microrobots. Nat. Mater. 15, 647–653
(2016).

6. Hu, W., Lum, G. Z., Mastrangeli, M. & Sitti, M. Small-scale soft-bodied robot
with multimodal locomotion. Nature 554, 81–85 (2018).

7. Zhang, H., Mourran, A. & Möller, M. Dynamic switching of helical microgel
ribbons. Nano Lett. 17, 2010–2014 (2017).

8. Li, M.-H., Keller, P., Li, B., Wang, X. & Brunet, M. Light-driven side-on
nematic elastomer actuators. Adv. Mater. 15, 569–572 (2003).

9. Lum, G. Z. et al. Shape-programmable magnetic soft matter. Proc. Natl. Acad.
Sci. USA 113, E6007–E6015 (2016).

10. Anderson, I. A., Gisby, T. A., McKay, T. G., O’Brien, B. M. & Calius, E. P.
Multi-functional dielectric elastomer artificial muscles for soft and smart
machines. J. Appl. Phys. 112, 041101 (2012).

11. Seefeldt, B. et al. Spiropyrans as molecular optical switches. Photochem.
Photobiol. Sci. 9, 213–220 (2010).

12. Beharry, A. A. & Woolley, G. A. Azobenzene photoswitches for biomolecules.
Chem. Soc. Rev. 40, 4422 (2011).

13. Li, Q. (ed.). Intelligent Stimuli-Responsive Materials. From Well-Defined
Nanostructures to Applications (John Wiley & Sons, Inc., New Jersey, 2013).

14. Liu, Y., Genzer, J. & Dickey, M. D. “2D or not 2D”: shape-programming
polymer sheets. Prog. Polym. Sci. 52, 79 (2016).

15. Ko, H. & Javey, A. Smart actuators and adhesives for reconfigurable matter.
ACC Chem. Res. 50, 691–702 (2017).

16. Takashima, Y. et al. Expansion–contraction of photoresponsive artificial
muscle regulated by host–guest interactions. Nat. Commun. 3, 1270 (2012).

17. Zhang, X. et al. Photoactuators and motors based on carbon nanotubes with
selective chirality distributions. Nat. Commun. 5, 2983 (2014).

18. Na, J. H. et al. Programming reversibly self-folding origami with micropatterned
photo-crosslinkable polymer trilayers. Adv. Mater. 27, 79–85 (2015).

19. White, T. J. & Broer, D. J. Programmable and adaptive mechanics with liquid
crystal polymer networks and elastomers. Nat. Mater. 14, 1087–1098 (2015).

20. Ohm, C., Brehmer, M. & Zentel, R. Liquid crystalline elastomers as actuators
and sensors. Adv. Mater. 22, 3366–3387 (2010).

21. Yu, Y., Nakano, M. & Ikeda, T. Directed bending of a polymer film by light.
Nature 425, 145 (2003).

22. Iamsaard, S. et al. Conversion of light into macroscopic helical motion. Nat.
Chem. 6, 229–235 (2014).

23. Ware, T. H., McConney, M. E., Wie, J. J., Tondiglia, V. P. & White, T. J.
Voxelated liquid crystal elastomers. Science 347, 982–984 (2015).

24. Yang, R. & Zhao, Y. Non-uniform optical inscription of actuation domains in
a liquid crystal polymer of uniaxial orientation: an approach to complex and
programmable shape changes. Angew. Chem. Int. Ed. 56, 14202–14206 (2017).

25. Pei, Z. et al. Mouldable liquid-crystalline elastomer actuators with
exchangeable covalent bonds. Nat. Mater. 13, 36–41 (2014).

26. Wang, Z., Tian, H., He, Q. & Cai, S. Reprogrammable, reprocessible, and self-
healable liquid crystal elastomer with exchangeable disulfide bonds. ACS Appl.
Mater. Interfaces 9, 33119–33128 (2017).

27. Ube, T., Kawasaki, K. & Ikeda, T. Photomobile liquid-crystalline elastomers
with rearrangeable networks. Adv. Mater. 28, 8212–8217 (2016).

28. McBride, M. K. et al. Photoinduced plasticity in cross-linked liquid crystalline
networks. Adv. Mater. 29, 1606509 (2017).

29. Qian, X. et al. Untethered recyclable tubular actuators with versatile
locomotion for soft continuum robots. Adv. Mater. 30, 1801103 (2018).

30. Gelebart, A. H., Mulder, D. J., Vantomme, G., Schenning, A. P. H. J. & Broer,
D. J. A rewritable, reprogrammable, dual light-responsive polymer actuator.
Angew. Chem. Int. Ed. 56, 13436–13439 (2017).

31. De Haan, L. T., Verjans, J. M. N., Broer, D. J., Bastiaansen, C. W. M. &
Schenning, A. P. H. J. Humidity-responsive liquid crystalline polymer
actuators with an asymmetry in the molecular trigger that bend, fold, and curl.
J. Am. Chem. Soc. 136, 10585–10588 (2014).

32. Zeng, H., Wasylczyk, P., Wiersma, D. S. & Priimagi, A. Light robots: bridging
the gap between microrobotics and photomechanics in soft materials. Adv.
Mater. 30, 1703554 (2018).

33. Ikeda, T., Mamiya, J. I. & Yu, Y. Photomechanics of liquid-crystalline
elastomers and other polymers. Angew. Chem. Int. Ed. 46, 506–528 (2007).

34. Bandara, H. M. D. & Burdette, S. C. Photoisomerization in different classes of
azobenzene. Chem. Soc. Rev. 41, 1809–1825 (2012).

35. Iamsaard, S. et al. Fluorinated azobenzenes for shape-persistent liquid crystal
polymer networks. Angew Chem. Int. Ed. 55, 9908–9912 (2016).

36. Zhao, J., Liu, Y. & Yu, Y. Dual-responsive inverse opal films based on a
crosslinked liquid crystal polymer containing azobenzene. J. Mater. Chem. C
2, 10262–10267 (2014).

37. Gelebart, A. H., McBride, M., Schenning, A. P. H. J., Bowman, C. N. & Broer,
D. J. Photoresponsive fiber array: toward mimicking the collective motion of
cilia for transport applications. Adv. Funct. Mater. 26, 5322–5327 (2016).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06647-7 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:4148 | DOI: 10.1038/s41467-018-06647-7 |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


38. Nocentini, S., Martella, D., Parmeggiani, C., Zanotto, S. & Wiersma, D. S.
Structured optical materials controlled by light. Adv. Opt. Mater. 6, 180016
(2018).

39. Zeng, H. et al. Light-fueled microscopic walkers. Adv. Mater. 27, 3883–3887
(2015).

40. Van Oosten, C. L., Bastiaansen, C. W. M. & Broer, D. J. Printed artificial cilia
from liquid-crystal network actuators modularly driven by light. Nat. Mater.
8, 677–682 (2009).

41. Lv, J. A. et al. Photocontrol of fluid slugs in liquid crystal polymer
microactuators. Nature 537, 179–184 (2016).

42. White, T. J. et al. A high frequency photodriven polymer oscillator. Soft
Matter 4, 1796 (2008).

43. Mol, G. N., Harris, K. D., Bastiaansen, C. W. M. & Broer, D. J. Thermo-
mechanical responses of liquid-crystal networks with a splayed molecular
organization. Adv. Funct. Mater. 15, 1155–1159 (2005).

44. Wang, T., Torres, D., Fernández, F. E., Wang, C. & Sepúlveda, N. Maximizing
the performance of photothermal actuators by combining smart materials
with supplementary advantages. Sci. Adv. 3, e1602697 (2017).

45. Wani, O. M., Zeng, H. & Priimagi, A. A light-driven artificial flytrap. Nat.
Commun. 8, 15546 (2017).

46. Wang, M., Lin, B. P. & Yang, H. A plant tendril mimic soft actuator with
phototunable bending and chiral twisting motion modes. Nat. Commun. 7,
13981 (2016).

47. Lu, X. et al. Liquid-crystalline dynamic networks doped with gold nanorods
showing enhanced photocontrol of actuation. Adv. Mater. 30, 1706597 (2018).

48. Cheng, Z., Wang, T., Li, X., Zhang, Y. & Yu, H. NIR-Vis-UV light-responsive
actuator films of polymer-dispersed liquid crystal/graphene oxide
nanocomposites. ACS Appl. Mater. Interfaces 7, 27494–27501 (2015).

49. Kumar, K., Schenning, A., Broer, D. J. & Liu, D. Regulating the modulus of a
chiral liquid crystal polymer network by light. Soft Matter 12, 3196–3201 (2016).

50. Liu, D. & Broer, D. J. New insights into photoactivated volume generation
boost surface morphing in liquid crystal coatings. Nat. Commun. 6, 8334
(2015).

51. Mahimwalla, Z. et al. Azobenzene photomechanics: prospects and potential
applications. Polym. Bull. 69, 967–1006 (2012).

52. Bléger, D., Schwarz, J., Brouwer, A. M. & Hecht, S. o-fluoroazobenzenes as
readily synthesized photoswitches offering nearly quantitative two-way
isomerization with visible light. J. Am. Chem. Soc. 134, 20597–20600 (2012).

53. Knie, C. et al. Ortho-fluoroazobenzenes: visible light switches with very long-
lived Z isomers. Chem. Eur. J. 20, 16492–16501 (2014).

54. Behl, M., Razzaq, M. Y. & Lendlein, A. Multifunctional shape-memory
polymers. Adv. Mater. 22, 3388–3410 (2010).

55. Naumov, P., Chizhik, S., Panda, M. K., Nath, N. K. & Boldyreva, E.
Mechanically responsive molecular crystals. Chem. Rev. 115, 12440–12490
(2015).

56. Kim, S. J., Kim, O. & Park, M. J. True low‐power self‐locking soft actuators.
Adv. Mater. 30, 1706547 (2018).

57. Gelebart, A. H., Vantomme, G., Meijer, E. W. & Broer, D. J. Mastering the
photothermal effect in liquid crystal networks: a general approach for self‐
sustained mechanical oscillators. Adv. Mater. 29, 1606712 (2017).

58. Hu, Y. et al. Electrically and sunlight-driven actuator with versatile biomimetic
motions based on rolled carbon nanotube bilayer composite. Adv. Funct.
Mater. 27, 1704388 (2017).

59. Aßhoff, A. S. et al. High‐power actuation from molecular photoswitches in
enantiomerically paired soft springs. Angew. Chem. Int. Ed. 56, 3261 (2017).

60. Lu, X., Guo, S., Tong, X., Xia, H. & Zhao, Y. Tunable photocontrolled motions
using stored strain energy in malleable azobenzene liquid crystalline polymer
actuators. Adv. Mater. 29, 1606467 (2017).

Acknowledgements
A.P. gratefully acknowledges the financial support of the European Research Council
(Starting Grant project PHOTOTUNE; Agreement No. 679646). H.Z. is thankful to the
TUT postdoctoral fellowship program. We are indebted to T. Hukka for assistance with
DSC, and Professor Olli Ikkala (Aalto University) for inspiring discussions and insightful
comments.

Author contributions
H.Z. and A.P. conceived the project; M.L. and H.Z. performed experiments. All authors
contributed in writing the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-06647-7.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06647-7

8 NATURE COMMUNICATIONS |  (2018) 9:4148 | DOI: 10.1038/s41467-018-06647-7 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-06647-7
https://doi.org/10.1038/s41467-018-06647-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Reconfigurable photoactuator through synergistic use of photochemical and photothermal effects
	Results
	The design concept of synergistic photoactuator
	Enhanced photoinduced bending in synergistic photoactuators
	Reconfigurable shape changes and programmable micro-robotics

	Discussion
	Methods
	Materials
	Photopolymerization
	Characterization
	Actuation
	Fabrication of light-fueled gripper
	Data analysis

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


