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A Scalable, Incoherent-Light-Powered, Omnidirectional

Self-Oscillator

Yasaman Nemati, Zixuan Deng, Haotian Pi, Hongshuang Guo, Hang Zhang,

Arri Priimagi, and Hao Zeng*

Light-fueled self-oscillators based on stimuli-responsive soft materials have been
explored toward the realization of a myriad of nonequilibrium robotic functions,
such as adaptation, autonomous locomotion, and energy conversion. However,
the high energy density and unidirectionality of the light field, together with the
unscalable design of the existing demonstrations, hinder their further imple-

mentation. Herein, a light-responsive lampshade-like smart material assembly as
a new self-oscillator model that is unfettered by the abovementioned challenges,
is introduced. Liquid crystal elastomer with low phase transition temperature is
used as the photomechanical component to provide twisting movement under
low-intensity incoherent light field. A spiral lampshade frame ensures an equal
amount of light being shadowed as negative feedback to sustain the oscillation
upon constant light field from omnidirectional excitation (0°~360° azimuth and
20°-90° zenith). Different-sized oscillators with 6, 15, and 50 mm in diameter are
fabricated to prove the possibility of scaling up and down the concept. The results
provide a viewpoint on the fast-growing topic of self-oscillation in soft matter and

the Sun to fuel the materials’ motion is a
long-sought goal in functional materials
research. Second, the optical fields allow
for wireless powering and untethered
operation. Third, the use of coherent
light sources enables precisely controlled
excitation and photoactuation with control-
lable degrees of freedom. Hence, light-
controlled  shape-morphing materials,
such as liquid crystalline elastomers/
polymers,'”  photothermal  bilayers,""!
and hydrogels,!**** are widely used in soft
microrobotics,'*"®1  meeting many of
the requirements of bio-inspired artificial
systems!'®?”! and providing miniature tools
for future medical treatment.”*")

One emerging field of research in
light-driven materials is light-fueled

new implications for self-sustained soft robots.

1. Introduction

Photomechanical polymers are synthetic soft material systems
that can undergo reversible shape changes in response to light
illumination.?) Compared to other stimuli sources, e.g., chem-
icals,”®) magnetic!* and electric fields,”’ humidity,® or heat,”~")
light possesses several advantages. First, light is a clean and
omnipresent energy source, and harnessing the energy from
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self-oscillating systems.[?*2*! A light-fueled
self-oscillator is a responsive construct that
can self-sustain its motion upon excitation
by a constant optical field. By constant field,
we mean stable light field without manual
spatial/temporal modulation of light intensity. The key prerequi-
site for autonomous self-oscillation is to form a negative feedback
loop between the light-induced material deformation and the
energy absorption from the light field. This can be obtained
through self-shadowing — a delicate design to attain self-
regulation between the incident light beam and material
movement.”®?”) During the past decade, various reports on
self-shadowing-induced oscillators in different polymer
systems have been published,”® ¥ bringing about novel
opportunities for soft microrobotics. Hitherto, self-sustained
walkers,> rollers,?! jumpers,[3 1 swimmers, %! and water
pumps?®® have been demonstrated. The key technical aspect
to attain those autonomous robotic systems relies on an
unstable mechanical equilibrium, by which the input light
energy induces a continuous mechanical vibration around
the equilibrium point.??' The philosophy to drive responsive
materials to their nonequilibrium states echoes the same
principle rooted in the living systems, though in a highly
simplified form.[*%!

Potential applications in material adaptation,*!! autonomous
locomotion,*®! and energy conversion/***?! are preliminarily pro-
posed for self-oscillators. Nevertheless, their further implemen-
tation is impeded by three major challenges. First, the light
power used to fuel the self-sustained material motions is typically
high, driven by a coherent laser beam with a small spot size and

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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high-energy dose focused on a specific spot on a material
strip."**”] This poses issues in simplification of the experimental
setup arranged and the lifetime of the material used. Second,
coherent, unidirectionally propagating laser beams facilitate
the self-shadowing effect. Yet the potential application scenarios
for self-oscillating materials would be greatly extended if the
effect could be induced with incoherent light fields with uniform
intensity over the entire structure—such as those obtained from,
e.g., the Sun or flashlight. However, the existing self-oscillators
fueled by incoherent light only function at certain incident
angles,[**** rendering them unsuitable for omnidirectional
excitation. Third, most self-oscillators have been presented in
the centimeter scale, and examples at both smaller and larger
length scales are scarce.**™*® Demonstrations of scalability
would be important for system generalization.*”!

Here, we report a self-oscillating system that is unfettered by
the abovementioned hurdles. The oscillator is assembled by a
twisting soft actuating filament and a lampshade-like frame.
The spiral-structured lampshade ensures an equal amount of
light to excite/relax the filament actuator, which sets the founda-
tion for the omnidirectional response. The filament actuator

www.advintellsyst.com

made of liquid crystal elastomer (LCE) exhibits a remarkable
response to low-intensity incoherent light field, e.g., the solar
simulator. The concept of light-powered self-oscillating assembly
is also demonstrated in up- and down-scaled dimensions.

2. Results
2.1. Highly Sensitive Light-Driven Material

Oscillation refers to periodic motion occurring upon repetitive
material deformation at speed matching the oscillation fre-
quency. Herein, we implement photothermally driven actuation
due to its merits in deformation speed and reversibility com-
pared to the photochemical one (occurring via photoisomeriza-
tion of molecular constituents).***! To obtain a material system
responding to low-intensity, incoherent light, eventually
targeting actuation driven by direct sunlight, we choose an
LCE with a low phase transition temperature (=40 °C).”? The
chemical structures of the constituent molecules are shown in
Figure 1a. Thiol-Michael reaction is used to oligomerize diacry-
late monomer (ST06512) and dithiol chain extender (EDDT),
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Figure 1. Highly sensitive light-responsive material. a) Compounds are used for fabricating the light-responsive LCE. b) Heat-induced deformation during
one thermal cycle. Inset: schematic drawing of the deformation of a planar-aligned LCE. Ly: original length along with the director. L: sample length after
deformation. c) LCE contraction Y under light illumination. t; represents the duration from the pristine state to the maximal deformation state. t, rep-
resents the duration from the maximal deformation state to the pristine state after ceasing the light irradiation. Light: collimated LED source, 460 nm,
290 mW cm ™2 Sample dimensions: 15 x 2 x 0.25 mm>. Insets: photographs of the LCE strip with (left) and without (right) light irradiation.
d) Photographs of different LCE configurations at room temperature (top) and at 40°C (bottom). e) Photographs of a twisted LCE strip untwisting
in response to human palm temperature. f) Untwisting angle versus light intensity. Insets: photographs of an unirradiated (left) and irradiated
(460 nm, 300 mW cm™?) LCE strip. Sample dimensions: 30 x 2 x 0.25 mm?>. All scale bars: 1cm.
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with the presence of a tetrafunctional thiol monomer (PETMP)
and a catalyst dipropylamine (DPA) to form a loosely crosslinked
prepolymer. The diacrylate monomer used contains only two aro-
matic rings, which has been reported to considerably reduce the
actuation temperature.*? After the first polymerization, the elas-
tic prepolymer is removed from the substrate and cut into strips.
These strips are subjected to mechanical force to obtain a
sequence of programmed alignment, which is then permanently
fixed with UV radiation during the second polymerization to
step-grow thiol-ene reaction with a tetrafunctional allyl ether
monomer (GDA). Details of the sample preparation process
are given in Figure Sla, Supporting Information and
Experimental Section. Differential scanning calorimetry data
are shown in Figure S2, Supporting Information.

Planar-aligned LCE (Figure S1b, Supporting Information) cre-
ated by uniaxial stretching (200% compared to pristine length)
exhibits thermo-driven contraction along the direction, as shown
in Figure 1b. It undergoes a contraction strain of 30% at human
skin temperature (=35°C) and reaches a maximal strain of
~40% at 46 °C. Further details on the deformability along and
perpendicular to the director and the mechanical properties of
the LCE are given in Figure S3, Supporting Information. To
endow the LCE light sensitive, Disperse Red 1 (DR1) is diffused
into the LCE by immersing the strips into DR1-isopropanol solu-
tion (DR1:1-isopropanol = 1:100, wt%) at room temperature for
5min. After diffusion, the LCE adapts a dark red color and
undergoes macroscopic deformation in response to light illumi-
nation due to photothermal heating. Figure 1c shows the actu-
ation kinetics upon light excitation. Details of the excitation
time t; and relaxation time t, under different light intensities
are given in Figure S4, Supporting Information.

Stimuli-twisting

(@) Spiral lampshade 3
filament
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Two-step crosslinking provides merit in arbitrarily program-
ming the geometries and deformability through force-induced
alignment inside the LCE network. Figure 1d shows examples
of differently shaped samples and their corresponding deforma-
tions on a 40 °C hot plate, i.e., twisting, contraction, and bending
(see Experimental Section for sample preparation details). To
demonstrate the high sensitivity of the material used,
Figure 1le shows the LCE strip rapidly untwisting on a human
palm (Movie S1, Supporting Information). Similar untwisting
can be obtained upon light illumination, and the untwisting
angle as a function of incident light intensity (460 nm) is given
in Figure 1f. This sensitive light-induced twisting LCE forms the
basis for the omnidirectional self-oscillator demonstration, as
will be elaborated in the following section.

2.2. System Design for the Omnidirectional Light-Powered
Self-Oscillator

To obtain an omnidirectional oscillator, we designed a plastic
lampshade composed of four spiral segments and fabricated it
using 3D printing. Details of the structural parameters are given
in Figure S5, Supporting Information. A twisting LCE strip is
fixed at the bottom center of the frame, while the entire structure
is hanging vertically on a glass ceiling (Figure 2a). The spiral
lampshade induces an equal amount of light shadowing from
all illuminating angles (0°-360° azimuth angle). Consequently,
an identical length of LCE along the strip will be exposed to
the light field to generate twisting movement that simultaneously
causes the rotation of the outward lampshade. A negative feed-
back mechanism based on such self-shadowing is created, and it
is independent of the incident angle, as schematically shown in

Omnidirectionally (b)
light-fueled self-oscillator
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Figure 2. The optical design of omnidirectional self-oscillator. a) Schematic drawing of the assembly process. b) The self-shadowing mechanism for the
self-oscillation through lampshade rotation. c) Twisting angle a versus t. Light: collimated LED source, 460 nm, 110 mW cm ™2 d) Sunlight-induced
self-oscillation under a solar simulator. The twisting strip is painted with black ink from a permanent pen marker to enhance light absorption.
Light: 100 mW cm ™2 Sample dimensions: 30 x 1 x 0.25 mm?>. Scale bar: 1cm.
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Figure 2b. When the structure is exposed to light, one portion of
the LCE, e.g., the bottom segment, as exemplified by step (1) in
Figure 2D, twists due to photothermal heating. This causes the
lampshade to twist by an angle « (step 2). The lampshade rotation
changes the shadowing conditions, exposing the middle part of
the LCE to light while the bottom segment gets blocked (step 3).
The unilluminated bottom segment relaxes faster than the actu-
ation of the middle part upon photothermal heating, yielding
backward twisting and reverse rotation of the lampshade towards
the original position (step 4). As a result, the relaxed bottom
segment is again exposed to light, and a new oscillation cycle
starts.

Upon illumination with incoherent light, i.e., a collimated
LED beam, the lampshade structure self-oscillates with almost
constant amplitude A and periodicity 7, as indicated in
Figure 2c. The high light sensitivity also allows operation under
direct sunlight. Figure 2d shows the data of a self-oscillator inside
a simulated solar radiation environment in which one Sun inten-
sity (100 + 3 mW cm™?) is illuminating the sample from a hori-
zontal direction. The device self-oscillates but with a varying
amplitude, which is due to the low intensity of the illuminating
light. Details of sunlight-driven oscillation are depicted in
Figure S6 and Movie S2, Supporting Information. Figure S7,
Supporting Information, shows the spectra measurement of

www.advintellsyst.com

the black ink-painted sample used for the simulated solar
radiation.

2.3. Oscillation Under Omnidirectional Light Excitation

With the present configuration, the system can oscillate upon
illumination at any azimuth angle, @,,. Due to the vertical
arrangement, the decrease of zenith angle a,., increases the inci-
dence angle at the strip surface, which hence reduces the effec-
tive light intensity and light energy absorption. Thus, the
oscillation behavior is a,.,-dependent. The geometrical relation
between the device orientation, a,, and .., is given in Figure 3a.
Figure 3b shows the oscillation data as a function of light inten-
sity at a fixed azimuth angle. More details on the intensity depen-
dency can be found in Figure S8, Supporting Information. The
oscillation amplitude A increases with intensity (Figure 3c) as
more light energy is absorbed into the system to be dissipated
as heat, causing enhanced mechanical movement. At the same
time, the oscillation frequency increases from 0.36 to 0.51 Hz by
increasing the intensity from 90 to 230 mW cm 2. We ascribe the
change in the oscillation period to the complicated nonlinearity
in material responsiveness. Figure 3d shows the oscillation at a
fixed zenith angle a,., =90° but varying the a,,. Oscillation
occurs over 0°-360° illumination angle with bearable deviations
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Figure 3. Oscillation under different incident angles. a) Schematic illustration for the definition of the azimuth and zenith angles. b) Time evolution of a at
different intensities at a,, = 0°, a,en = 90°. c) Amplitude (A) and frequency as a function of irradiation intensity. @, = 0°, @e, = 90°. Amplitude d) and

frequency e) as a function of a,, upon excitation with different intensities at a,e, = 90°. f) Amplitude and frequency as a function of @, at @,, = 0°. Error

bars indicate standard deviation for n = 5 measurements. Light: collimated LED source, 460 nm. Sample dimensions: 30 x 1 x 0.25 mm®.
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upon different intensities. Details of oscillation data at different
@, are given in Figure S9, Supporting Information. The change
of A and frequency (Figure 3e) at different a,, is due to imper-
fections of the geometry, particularly the deviation of LCE strip
from the central axis of the lampshade frame. At fixed azimuth
angle a,, = 0°, similar frequencies are recorded upon change of
Qzen, While A increases with a,.,, (Figure 3f) as the effective light
intensity is increased. More details on a,.,-dependent oscillation
are given in Figure S10, Supporting Information.

Achieving similar self-oscillation behavior independent from
the excitation direction requires an equal amount of material
actuation on the central filament. This can be obtained by using
a spiral design of the lampshade (with both handedness) to
enable the same amount of light shadow area projected onto
the actuator from the light beam excited from any azimuthal
angle. Hence, this omnidirectional self-oscillation concept
can also be applied to other lampshade designs to create the
negative feedback loop, as exemplified by a spiral lampshade
and corresponding self-oscillation data shown in Figure S11,
Supporting Information.

2.4. Up- and Down-Scaling

The lampshade design brings the opportunity to scale the system
concept up and down in size. As the lampshade frame can be
fabricated through 3D printing or paper cutting, the key is to find
a suitable twisting actuator to mechanically support the hung
structure, meanwhile providing sufficient twisting photoactua-
tion for rotating the lampshade. Figure 4a shows lampshades
with 6, 15, and 50 mm diameters. For the central filament

(@)
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actuator, a twisting LCE strip is used for 6 and 15 mm-sized oscil-
lators with 0.24 and 0.76 mg mass, respectively, while the
50 mm-sized one is integrated with a thermo-sensitive metallic
spring (4.7 g). The metallic spring is taken from a household
thermometer, which provides 30° rotation per 10 °C temperature
elevation. Details on the metallic spring preparation and its light-
induced twisting angle characterization are given in Figure S12
and S13, Supporting Information. All the different-sized lamp-
shades can self-oscillate under constant light irradiation from
a collimated LED source, as shown in Figure 4c. The 6 mm-sized
oscillator exhibits a higher oscillating frequency (0.72 Hz) com-
pared to the 15 mm-sized one (0.52 Hz). This is due to the ele-
vation of resonance frequency in the down-scaled structure. It is
worth noting that the frequency of the up-scaled oscillator should
not be compared with the other two since the high stiffness of the
metallic spring enhances the resonance frequency of the struc-
ture. Details of oscillation in the large-sized oscillator are given in
Figure S14 and Movie S3, Supporting Information.

3. Discussion and Conclusion

Living systems are not closed, as energy and/or materials
transfer with their environment (both in influx and dissipation
perspectives) are constantly taking place. Therefore, they are no
longer considered as being at a thermodynamic equilibrium state
but operating far from equilibrium.®* To adapt to the environ-
ment and self-regulate their action in response to it, living
entities have exploited efficient approaches to address this process
by functioning around instabilities that are maintained in a
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© — " )
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20 -
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[ 1 ' | ' 1 ]
20F @ -
| 5 -
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0.46 Hz
—— 20 1 ) ] ) ]
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Figure 4. Scalable light-powered self-oscillator. a) Photograph of lampshade structures in different sizes. b) Photographs of responsive filaments used in
the self-oscillator structure. All scale bars: 1 cm. ) Light-powered self-oscillation for 1) 6 mm, 2) 15 mm, and 3) 50 mm sized structures. Light: collimated
LED source, 460 nm, 190 cm ™2 for (1), 230 mW cm ™2 for (2), 170 mW cm ™2 for (3).
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controllable manner.> Taking the well-known Venus flytrap as an
example, the fast closure of the trap results from the snap-buckling
instability, where a small perturbation can trigger the onset of the
instability and push the system transiently from one unstable state
toward the other one.*® Counterintuitively, the leaf is not operating
in its global energy minimum state but in an intermediate unstable
state, which enables the occurrence of rapid closure. This case
demonstrates that by building the system around instability thresh-
olds, fast and effective actions are enabled, as small energy inflow is
needed to cross the energy barriers.

Self-oscillation is a mechanically nonequilibrium material
state that results in continuous motion under constant field exci-
tation. This state provides an avenue to achieve robotic motion
without the need for explicit human control and to introduce new
functionality for structures to self-adapt to their environment. In
this study, we investigate the behavior of an oscillating lamp-
shade as an example of nonequilibrium soft matter. Our results,
together with other recent examples in the field,*>*%*”) point to a
new path for the development of life-like systems.

We report a light-powered lampshade oscillator that can auton-
omously self-oscillate upon a constant light field without human
manipulation. LCE with low phase transition temperature pro-
vides high light sensitivity in twisting and efficient rotation in
photomechanical actuation. The twisting motion used distin-
guishes this study from most self-oscillators realized up to date,
which are predominantly based on bending or contracting defor-
mation modes. The lampshade frame composed of four spiral
segments ensures light shadowing from omnidirectional inci-
dent angles and yields an effective negative feedback loop to sus-
tain the oscillation. Self-oscillation data are recorded over 0°-360°
azimuth and 20°-90° zenith angle, with reasonable deviation in
oscillation amplitude and frequency due to the imperfection of
the structural geometry. We have fabricated oscillators with 6, 15,
and 50 mm in diameter to prove the principle of up-scaling and
down-scaling. The up-scaling omnidirectional self-oscillator also
demonstrates the possibility of devising autonomous actuators
from household materials. The results provide a new alternative
for self-sustained materials and soft robots, driven by low-power
irradiation.

4. Experimental Section

Materials in  Brief.  ST06512  (4-(6-(acryloyloxy) hexyloxy) phenyl
4-(6-(acryloyloxy)hexyloxy)benzoates) was obtained from SYNTHON
Chemicals. GDA (tetraallyloxyethane) and DPA were obtained from TCI.
EDDT (2,2’-(ethylenedioxy)diethanethiol), PETMP (pentaerythritol tetra-
kis(3-mercaptopropionate)), BHT  (2,6-di-tert-butyl-4-methylphenol),
Irgacure 651 (2,2-dimethoxy-2-phenylacetophenone), and DR1 were
obtained from Sigma-Aldrich. All chemicals were used as received.

LCE Fabrication: Liquid crystal cells were prepared by gluing two coated
glass slides (polyvinyl alcohol, 5wt% water solution, 4000 RPM, 1 min,
baked at 100 °C for 10 min), separated by 250 pm spacers. The liquid crys-
tal mixture was prepared by firstly melting 0.27 mmol ST06512, 1 wt%
BHT, and 1.5 wt% of Irgacure 651 in a vial at 80 °C. The melted mixture
was then cooled down to room temperature before adding 0.27 mmol
EDDT, 0.015 mmol PETMP, 0.03 mmol GDA, and 0.5 wt% DPA. The mix-
ture was manually stirred and then filled into a 250 pm thick cell via capil-
lary force at 80 °C. The cell was kept in an oven at 80 °C for 24 h to allow for
the thiol-Michael reaction to occur. Then the cell was opened by a blade,
and strips were cut from the film. The strips were subjected to varied
mechanical forces to obtain different configurations, followed by UV
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polymerization (365 nm, 180 mW cm™2, 5 min). Finally, the polymerized
strips were immersed in DR1-isopropanol solution (DR1:1-isopropanol =
1:100, wt%) at room temperature for 5 min before ready to use.

Oscillator Fabrication: The oscillator was made up of two parts: the spi-
ral lampshade and the twisting filament. For the 6 and 15 mm-sized oscil-
lators, the lampshade design was modeled in SOLIDWORKS (2021), and
the structures were fabricated using a Form2 3D printer (Formlabs Inc.).
For the 50 mm-sized oscillator, a thermometer spring was utilized as the
twisting filament, and the lampshade design was fabricated by cutting the
spiral geometry on a paper coffee cup. In all oscillators, a small mass was
added to the bottom of the lampshade to lower the mass center and
ensure that the structure remained vertical.

Optical Characterization: Photographs and movies of omnidirectional
self-oscillation were captured with Canon 5D Mark Ill camera with
100 mm lens. An LED source (CoolLED pE-4000) was used for light
excitation. A rotating stage was used to manually change the strip
facet for azimuthal angle-dependent measurements. A solar simulator
(OAI TriSol 7kW CPV-simulator) was used for the sunlight-powered
oscillation measurements.

Data Analysis: The quantitative data were extracted from the recorded
movie with video analysis software (Tracker).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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