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Solar Spectrum Light-Driven Silicone-Based Fluidic

Actuators

Ebrahim Shahabi, Majid Shabani, Fabian Meder,* and Barbara Mazzolai*

Soft materials that convert light into mechanical energy can create new
untethered strategies for actuating soft robotics. Yet, the available light-driven
materials are often incompatible with standard fabrication in soft robotics and
restricted to shapes (e.g., sheets) that have limited capability for 3D
deformation; often laser or focused light is required for actuation. Here, to
address these challenges, a straightforward method for synthesizing
sunlight-responsive fluidic actuators from off-the-shelf silicone precursors
capable of expanding in 3D is developed. A liquid phase and activated carbon
as photothermal elements are constrained in the elastomer. Solar spectral
light triggers a liquid—gas phase transition creating sufficient pressure to
overcome the internal elastic stress and actuate the material. The fluidic
actuation is characterized under varying light conditions reaching expansion
cycle times between ~20-500 s, strains of 28%, and actuation stress of

~1.3 MPa in different experiments. The materials were then used to
exemplarily drive a mechanical switch, a liquid dispensing soft pump, a valve,
and a bending actuator. As the described materials are easy to produce in a 5
min synthesis by standard molding techniques, it is believed that they are a
promising opportunity for embodied energy converters in environmentally

photosynthesis, phototropisms, and
photosymbiosis are examples of well-
known mechanisms that respond to or
harness sunlight!’®! to achieve growth
and biomass, deformations, and other
light-controlled reaction cascades in
plants and algae.*!% Realizing light-
responsiveness in artificial materials
usually requires a combination of mech-
anisms like light absorption and a sub-
sequent reaction that enables the desired
outcome. Light-to-mechanical energy
conversion, for example, is especially
interesting in achieving autonomous
and remotely controlled motion and
actuation of robotics and soft robotic
systems. Shape changes in soft actuators
are typically induced by creating a stress
field within the material. By controlling
external light irradiation, this stress can
become dynamic and change material
conditions allowing for reversible actu-

powered soft robots that respond to sunlight.

1. Introduction

Light-responsive materials have a great potential to translate
light into mechanical, thermal, electrical, and chemical energy.
The photomechanical, thermal, electrical, and chemical conver-
sion can be engineered to operate in the ultraviolet, visible,
and near-infrared ranges.'"®! Nature is often inspiration and
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ation. Among the different light-driven

actuation mechanisms, photothermal

reactions that translate sunlight into

heat in the first step are commonly used.
This has several advantages including response to a wide
range of wavelengths, high energy conversion efficiency, fast
response times, multiple deformation modes, and reversible
deformations.!!!!

The ability of photothermal agents to absorb light and trans-
form it into thermal energy causes local changes in temperature
and leads the actuator material to change shapel!? by thermal
expansion, /3] molecular desorption,[** or phase transition.['’] A
variety of inorganic photothermal agents (such as carbon-based
nanomaterials,!'*°) plasmonic metallic nanoparticles,!>20-24
semiconductor nanostructures,?®) MXenes!?*?’]) and organic
photothermal agents (such as polypyrrole (PPy) organic poly-
mers and polydopamine (PDA)?#2%)) have been used in light-
driven actuators. The mentioned photothermal agents typically
require pairing with thermally responsive matrices to produce
light-powered actuators or alternatively photo-isomerization is
used.?% These matrices can be soft materials that undergo re-
versible changes in shape or size in response to temperature
changes and include hydrogels,[?*3132] hygroscopic materials, 2]
shape-memory polymers,**3# and liquid crystals!®3>-°] enabling
control over the shape and movement of the actuator material
in response to light. Carbon nanomaterials are frequently used
as photothermal agents!***] in light-driven actuation due to
their ability to disperse uniformly in the matrix and their strong
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interfacial interaction with the matrix, which can lead to signifi-
cant improvements in the mechanical properties of the actuator
material.1*}] Yet, a main drawback is that most materials are not
commercially available, require complex synthetic procedures,
bear toxicity risks, and importantly cannot easily be used in stan-
dard fabrication techniques like molding widely used to obtain
soft actuators in soft robotics. Indeed, the light-responsive mate-
rials often require challenging synthesis and/or result in mor-
phing thin layers that move in a specific direction but do not
allow for 3D expansion. In addition, many materials have lim-
ited functionality in the spectral range of natural sunlight and
respond best with focused, high-intensity UV or IR light sources
and lasers.

Here, we are introducing an easy-to-synthesize light-driven
soft fluidic actuator. Exposure to light of the natural sunlight
spectrum creates internal pressure in the elastic silicone-based
matrix capable of 3D expanding the material. The multiphase
composite can be fabricated within only 5 min and combines
liquid phase-changing materials (here methanol or alternatively
ethanol)>#%] in an elastomeric matrix (here silicone rubber)
together with distributed non-toxic activated carbon particles as
photothermal agents. The resulting material can be easily cast
and molded like other silicone elastomers into various shapes.
Upon light exposure, the photothermal reaction leads to a liquid-
gas phase transition creating a pressure in the elastic constraint
which expands the soft matrix leading to reversible and multi-
cycle actuation. We characterize the thermal kinetics, and the
actuation behavior, and present a finite element model that al-
lows to estimate the actuation behavior of different morpholo-
gies of the shape-changing materials.[*! The ease of synthesis
enables rapid prototyping of the actuators with embodied light
energy conversionl*’] as power source. We show this capability
by a light-controlled mechanical switching of electrical circuits,
autonomous diurnal controlled pumping and dispensing tasks,
avalve, and a bending actuator. Such versatile light-driven, mold-
able soft actuators could especially be interesting for bio- and
plant-inspired soft robotics for establishing control mechanisms
like circadian rhythms, trigger for example irradiation, and drive
structures autonomously by environmental energy without in-
creasing complexity.

2. Results and Discussion

2.1. Concept and Synthesis of the Light-Responsive Multiphase
Composites

One of the main aims of this study was to obtain a light-
responsive material that is straightforward to synthesize. Thus,
we started creating a multiphase composite from off-the-shelf
materials that allow using the sunlight spectrum as a local pres-
sure source leading to material expansion. Figure 1a shows
the concept: a silicone elastomer hosts distributed inclusions of
liquid-to-gas phase transition elements made of methanol and
high-surface-area activated carbon particles. Sunlight, especially
the near-infrared components, is absorbed by the carbon particles
leading to heat generation and photothermal reactions. Figure S1
(Supporting Information) shows the heating rates of the bare par-
ticles as a function of light intensity. The related heat generation
is sufficient to evaporate the liquid phase such as methanol (boil-
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ing point 64.7 °C) which creates a pressure in the inclusions suf-
ficient to expand the elastomeric matrix. Alternatively, less toxic
phase change media could be used as described in the methods
section. The process is reversible when not exposed to light due
to cooling and condensation as shown later. Figure 1b gives an
overview of the straight-forward synthetic procedure to obtain
the multiphase composite that can be molded into the final ac-
tuator shape. The synthesis is completed in typically 5 min fol-
lowed by ~10-to-15-min curing time, and it enables using stan-
dard soft robotic and elastomer molding techniques. Figure 1c—e
displays the components and the resulting multiphase materi-
als. We used activated charcoal particles with an average size of
~3.3 um (Figure 1c), which can be easily handled in the laboratory
(without equipment like glove boxes, etc., recommended for the
use of carbon nanopowders), and distributed them in different
densities in the silicone elastomer by varying their concentration
during step 3 of the synthesis.

Figure 1d shows resulting actuators with different particle con-
centrations, here molded in cylindrical shapes. One of the best
actuation behaviors, as detailed later, has been achieved by ~1
wt.% of activated charcoal particles and Figure 1le shows a dig-
ital microscopy of this composite in which the distribution of
the darker carbon particles in the elastic matrix can be observed
(the zoomed-in inset shows an inclusion of the liquid methanol
phase).

2.2. Embodied Light-to-Heat Energy Conversion

Figure 2 summarizes the light-to-heat and heat-to-pressure
energy conversion capability of multiphase materials. Figure 2a
shows the reversible heating and cooling kinetics during on—off
switching of the lamp that excites the sample with the standard
solar spectrum AM1.5G. When the sample (1 wt.% carbon parti-
cles) is exposed to light, it rapidly heats up, initially with a linear
slope of 0.34 °C per second then slowing down and reaching a
maximum overall temperature of ~53 °C. After switching the
light source off, the composite rapidly cools down with initially
a linear behavior and a cooling rate of 0.27 °C per second until
~30 °C followed by a non-linear slower cooling phase. For
actuation capability, the corresponding vapor pressure of the
methanol is important and Figure 2a plots the variation in the
vapor pressure in mbar showing that the particle-light interac-
tion and corresponding heating and cooling phases can lead to
a pressure change of >400 mbar. Figure 2b indicates that the
heating rate is expectedly dependent on the amount of carbon
particles in the final multiphase system and particle concentra-
tions below 1 wt.% led to slower heating and reduced maximum
temperatures. Above a concentration of 1 wt.%, no significant
further enhancement has been observed, so 1 wt.% was chosen
for further experiments. Videos S1 and S2 (Supporting Informa-
tion) show the dynamic temperature variation under exposure
to 155 mW cm? light irradiation and the vertical deformation
of the soft multiphase materials in a cylindrical rigid constrain
as a function of particle concentration, respectively visualizing
the effect of particle content on heating and actuation. The
results given in Figure 2c confirm instead that the light intensity
expectedly has an influence on the temperature variation and
the highest heating rate was found at 0.4 °C s~! at the highest
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Figure 1. Concept, synthesis, and resulting multiphase materials for enabling solar spectrum light-driven fluidic actuation. A) Schematic of the light-
to-mechanical energy conversion based on the reversible liquid-to-gas phase change driven by photothermal reaction of distributed activated carbon
particles and liquid methanol inclusions. B) Straightforward 5-minute synthetic procedure using off-the-shelf materials methanol, activated carbon
(powdered Norit RB3), and Ecoflex 00-35 fast curing silicone elastomer. C) Scanning electron microscopy (SEM) image and particle distributions (SEM
and digital microscopy, see Figure S2, Supporting Information) of the photothermal carbon particles with an average diameter of 3 um. D) Resulting,
soft multiphase actuators molded in a cylindrical shape with varying particle concentration in wt.%; other shapes can easily be obtained using other
molds. E) Zoom-in on the top-view of the cylindrical actuator with 1 wt.% carbon particles showing inclusions of carbon particles and liquid phase

(inset).

intensity. Outdoor sun radiation on a sunny day in June at
noon at our headquarters (44° 28’ 30,07” N, 8° 54’ 22,65” E) was
103 mW cm~2 and Video S3 (Supporting Information) shows the
deformation of a randomly shaped soft multiphase material with
1 wt.% carbon particles under natural sunlight radiation. Further
characteristics of the solar simulator and its tunability are given
in Figure S3 (Supporting Information). The characterization
indicates that the light-to-heat conversion by the carbon particles
leads to a significant variation in temperature and the liquid
phase’s vapor pressure in typically < 60 s. As the measurements
by thermal imaging give information on the overall temperatures
of the multiphase materials, the local temperatures in proximity
to the carbon particles might be significantly larger. In addition,
the silicone elastomer and methanol phase (and the phase
change) will influence the overall temperature distribution, and
tuning liquid phase and heat exchange with the matrix and the
environment could be tools to further tune the behavior such as
locally increasing heat transfer.[*?]

As function of temperature and boiling point of the solvent,
the vapor pressure varies as described by Antoine’s equation and
in case methanol should be replaced with a less toxic solvent
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like ethanol (see Experimental Section), a variation in the pres-
sure generation can be accordingly estimated. The vapor pressure
curves for ethanol at temperatures generated by the carbon par-
ticles under light excitation are given in Figure S4 (Supporting
Information) and compared with methanol. Moreover, the actual
pressure changes that the actuator can exert through its volume
expansion is a different parameter that is interesting for example
for applications like pumps and valves. Thus, we measured the
pressure change, the actuator can exert in a closed environment
during light excitation and actuation AP, , in Figure 2d. To do so,
a piece of the multiphase material with a volume of 1070 mm?
was placed in a rigid chamber (volume 1340 mm?) equipped with
a pressure sensor to directly measure pressure variation due to
actuation of the material under light on-off cycles. The measured
pressure changes are a result of the collective phase transitions of
the multiple methanol-filled cavities distributed in the elastic ma-
trix, the deformation of the elastic matrix, and the compression
of the remaining external gas phase in the measurement cham-
ber. Thus, the pressure variation depends on parameters like
the chamber dimensions and multiphase material composition.
The mean pressure variation rate during light-on cycles using
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Figure 2. Light-to-heat energy conversion properties of the multiphase materials. A) Reversible heating and cooling kinetics of a composite with 1 wt.%
carbon particles under simulated sunlight (1.55 mW cm~2, AM1.5G spectrum) recorded by thermography. The red and blue bars show the ranges of linear
progression with indicated heating and cooling rates of 0.34 and 0.27 °C s™', respectively. The insets show the thermal images of a rectangular sample
after the indicated exposure times. The lower panel shows the predicted pressure variation as a function of temperature change due to evaporation of
methanol calculated by Antoine’s equation (Figure S4, Supporting Information). B) Light-to-heat conversion kinetics as a function of carbon particle
concentration in wt.% in the multiphase materials (maintaining a constant silicone and methanol content). The top thermography image shows the heat
distribution as a function of carbon particle concentration at t = 600s. C) Variation of the temperature AT of the multiphase materials as a function of
exposed light power, AM1.5G spectrum. D) Pressure variation of the actuator AP, , measured during expansion and shrinkage of the multiphase material
(volume 1070 mm3) during light on-off cycles in a closed rigid chamber (volume 1340 mm?). All experiments have been performed in environments

with temperatures between 22-26 °C.

multiphase material with 1 wt.% carbon particles were 1.24 +
0.14 and 1.58 + 0.19 mbar min~' during light-off cycles, respec-
tively. A mean maximal pressure variation of ~4 mbar per cycle
was achieved corresponding to an actuation stress of 1.34 MPa
exerted on the membrane of the pressure sensor (area ~3 mm?)
during light-on cycles. Figure S5 (Supporting Information) com-
pares the performance of our actuators with other light-driven ac-
tuators revealing an outstanding stress and strain performance.

2.3. Light-Driven Actuation of the Multiphase Materials

Figure 3 displays the actuation behavior and the expansion of
the elastic matrix of the multiphase composites due to the heat-
induced liquid-to-gas phase transition. The actuation depends on
the shape of the final material which can be easily varied, by stan-
dard molding techniques or cutting casted material into the de-
sired shape. Figure 3a shows exemplarily the expansion of the
central point of an actuator with the shape of a spherical cap ob-
tained by curing a drop of the multiphase material with a vol-
ume of 1.25 mL on a rigid surface. Actuation is initiated by ex-
posure to the 155 mW cm~2 (~1.5 sun) followed by subsequent
exposure to dark conditions as indicated. The actuator deforms
in three dimensions but is constrained at its bottom due to the
rigid support. We track the vertical deformation of the actuator as
explained in the figure and it rapidly increases (correlating with
the temperature profiles), then slows down and reaches a maxi-
mum at ~128% deformation, (28% strain). Subsequently, when
the light source is turned off, the initial configuration is reestab-
lished during cooling and heat dissipation into the environment
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(room temperature 25 °C). It reaches rapidly (within ~150 s)
almost its original state (103% vertical deformation) while the
full recovery of the initial shape takes ~370 s, the whole cycle
is shown in Video S4, Supporting Information). Figure 3b plots
the vertical deformation as a function of temperature showing
that the curves for the heating and cooling cycles almost overlap.
This confirms cycle reversibility, and that the light-induced tem-
perature variation (and the resulting material-internal evapora-
tion and condensation reactions) is as expected the driving force
for the material actuation.

Moreover, we implemented a finite-element model of the light-
induced actuation behavior to estimate the expansion behavior as
a function of the shapes of the multiphase materials. Figure 3
shows examples of the simulated shapes predicted to produce
standard deformation typically shown with light-driven actuators
like grasping or bending actuation even if those are not specifi-
cally main application target of our actuators. Other applications
as described later are more interesting. A stomata-like valving be-
havior for example can be obtained by combining two spherical
caps and this could be interesting to control water flow depend-
ing on sunlight exposure. Detailed information on the model is
given in Figures S6-S10 and Video S5 (Supporting Information)
shows an overview of the simulated dynamic motion. Instead,
Videos S6 and S7 (Supporting Information) show the experimen-
tal implementation of a bending actuation and a valve operating
in a similar manner as projected by the model. Yet, the model
was not used and intended to fully predict and describe the ac-
tuators’ behavior but to take design decisions for the structural
components useful to create certain motion patterns. It helps to
estimate how introducing gradients or stiffness variations could
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Figure 3. Light-driven actuation by conversion of light into elastic expansion. A) Time-resolved light-driven vertical deformation of a spherical cap of
the multiphase materials during light on-off phases (155 mW cm~2, 1.5 sun, AM1.5G spectrum). To demonstrate the 3D deformation, the vertical
deformation (in z-direction) was video-tracked and calculated as indicated in the schematic and formula on the right (images show video frames at time
points indicated by the arrows). B) Vertical deformation as a function of temperature variation deltaT during heating (red) and cooling (blue) cycles.
C) Simulation of the dynamic deformation allows to predict and project more complex motion trajectories; here a typical grasper, an angular bending
deformation through two actuators, and a stomata-inspired fluid channel valving mechanism by combining actuator materials (blue) with materials of
tailored stiffness (details in Supporting Figures S6-S10 and Video S5, Supporting Information).

lead to more complex behaviors that are shapeable to the desired
application before performing the experimental implementation.

A benefit of our material system is the opportunity to mold dif-
ferent 3D shapes, and typical constraints of light-driven actuators
such as limitation to sheet-like bending deformation, complex
fabrication, or limited quantity of the final materials, which are
no constraints for our system. Fluidic actuation by pressurized
elastomers is a versatile actuation mechanism in soft robotics
with multiple advantages like lightweight structures, no rigid
parts required, higher degree of freedom, etc. that in our case
can also be driven in an untethered manner by solar spectrum
light.

2.4. Demonstration of Light-Driven Pumping and Switching
Systems

Here, we demonstrate the actuation capability with two further
examples in more detail, a light-driven mechanical switch that is
used to control an electric circuit in response to light (Figure 4a)
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and a soft, light-driven pump that enables to autonomously dis-
pense liquids from a reservoir driven by light in the solar spec-
trum (Figure 4b—d). Figure 4a shows the circuit that is controlled
by two metallic contacts which are kept separated by the expan-
sion of the actuated multiphase material in light. The switch
closes the circuit in darkness and controls a light-emitting diode
(LED). The reversible multicycle switching is shown in Figure 4a,
and it can be observed that rapidly after the light source driv-
ing the actuator is turned off, the green LED switches on (with a
mean switching rate of 20 + 4s). The process is reversible when
the light exciting the actuator is turned on showing the repeata-
bility of the process and LED switches off with a mean switching
rate of 93 + 31s. Video S8 (Supporting Information) shows the
behavior. The switching rates are thereby obviously faster than
the circadian rhythm which could be envisioned as autonomous
control of the actuator as discussed further later (for 12 h light
periods, 43 200 s, LED-off switching is ~460 times faster, LED-on
switching 2160 times faster).

Nevertheless, the fluidic actuation mechanism allows also
for more complex tasks such as autonomous pumping in a

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. Demonstration of a solar spectrum light-driven mechanical switch and autonomous pumping structure. A) Multicycle on-off alternation of a
light-driven analog switch controlling an LED light using the circuit indicated in the figure. The multiphase material controls the contact between two
conductors keeping the switch open during light exposure whereas it quickly closes in darkness switching the green LED on (Video S7, Supporting
Information shows the multicycle operation of the light-controlled circuit). B) Design, components, and actuation mechanism of an autonomous light-
driven water dispensing system. Expansion of the multiphase material during light exposure increases the pressure in the liquid reservoir driving it to the
outlet. (Video S8, Supporting Information shows the light-driven water dispensing). The lower images are side-view images of the pumping system and
time-resolved tracking of the dispensing droplet edge during light exposure. C) Time-resolved negative volume change (AV) during the cooling phase
(in darkness) after previous expansion in light representing the suction force during the cooling phase, generating a flow rate of 2.25 uL min~". Light

power was set to 155 mW cm~2 (AM1.5G spectrum) in both cases.

straightforward configuration. The assembly of the pumping
system using the same multiphase material is displayed in
Figure 4b. The device consists of a 10 X 10 X 2.5 mm casted
multiphase actuator (depicted in black) which is inserted in a lig-
uid chamber (light blue) containing the reservoir of the liquid
to be dispensed and a stiffer, non-elastic glass case (grey). Expo-
sure to light heats the multiphase material through the glass case
leading to expansion within the liquid reservoir. This dispenses
the liquid (here dyed water) through the outlet Figure 4b also
shows the side view of the dispensing system and the tracking of
the droplet edge as a function of light-exposure time at 155 mW
cm~2 (Video S9, Supporting Information shows the autonomous
pumping). Figure 4d instead plots the negative volume change
(AV) during the cooling phase when the sunlight simulator is
turned off and the expanded multiphase material (t = 0) cools
down reaching ~#18 mm?® (corresponding to 7.2% of the initial
volume of the actuator) generating a flowrate of 2.25 pL min~'.
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This shows that not only pumping could be realized but the neg-
ative pressure occurring during the cooling phase may be used
as suction force in a more complex configuration in which valves
(that may also be light-drivenl®]) could act as control units for pre-
cise microvolume dispensing and suction.

The experiments clearly show the potential of the light-
responsive, silicone-based composites to realize actuators that
can be autonomously controlled by the diurnal rhythm (simu-
lated here by on-off switching of the light source). In a practical
scenario, this means one on-off cycle per day and applications
like switching lighting or irrigation of plants by pumps and par-
tially anticipated by the demonstrators in this study could bene-
fit from the actuation systems. More complex control including
the activation of reflective surfaces or shading elements when
certain expansion is reached could be a tool to achieve multi-
ple cycles during a day in future. Detailed outdoor tests that con-
sider variable weather conditions, cooling by wind, and sunlight

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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intensity changes need to be conducted to further design the
materials in specific application scenarios. Those investigations
should better assess the long-term operability and reversibility,
for example, evaluating a potential need to restitute the liquid
phase after certain operation periods. Further improvements in
the materials and the functionality may be achieved by exploring
different liquid phases (with different boiling points and liquid-
matrix interactions), by tailored shapes and stiffness gradients,
and by tailoring heat exchange between the environment and
elastic matrix.

3. Conclusion

Here we present an easy-to-synthesize light-driven fluidic actua-
tor operating in the solar spectrum for soft robotic applications.
The actuators can be obtained by combining off-the-shelf mate-
rials into a multiphase material in a 5-minute synthesis and cast
and molded like other silicone elastomers which gives the oppor-
tunity to easily obtain various shapes. The actuating multiphase
material allows for autonomous diurnal switching due to an in-
ternal liquid-gas phase transition but is significantly faster than
the diurnal rhythm reaching the regime of maximum expansion
in a typical 20-500 s depending on configuration and application.
We believe that the easy synthesis and flexibility of the manufac-
turing process allow to exploit this material in multiple applica-
tions, especially in environmentally driven soft and bioinspired
robotics.

4. Experimental Section

Materials: Steam-activated charcoal pellets Norit RB3, and methanol,
purity of 99.8% were purchased from Sigma-Aldrich, Italy, and used as
received. The activated carbon particles were manually ground with a pistil
in a mortar for a period of 5 min to reduce the particle size to ~1and 50 pm
and an average of 3.3 um. The silicone elastomer, Ecoflex 00-35 fast (pot
life 2.5 min, curing time is 5 min) was purchased from Smooth-On (USA)
and used as received.

Synthesis of Light-Responsive Multiphase Composites: The entire syn-
thetic process took 5 min. First, equal amounts of the parts A and B of
the Ecoflex 00-35 fast prepolymer (typically 5 g + 5 g) were mixed and
stirred with a rod for one minute. After that, a suspension of carbon par-
ticles (in the desired wt.% relative to the total weight of the elastomer)
mixed in 2 mL methanol was immediately added to elastomer precursors,
and the mixture was manually stirred with a rod for 30 s. Then, T mL of
pure methanol was added and mixed for another minute. The methanol
slightly increases the pot life, but it was important to maintain short mix-
ing times to avoid a too-quick polymerization of the elastomer. The mixture
was poured into a mold or cast into a film and left at room temperature
for typically 20 min before usage. The schematic process of manufacturing
is shown in Figure 1B. Whereas the activated carbon particles and Ecoflex
00-:35 were not classified as hazardous or toxic substances (the readers
are referred to the materials safety data sheets, MSDS), it is advisable to
avoid exposure to particle dust and its inhalation during the synthesis,
for example by respiration protection or fume hood. Instead, methanol
is a hazardous substance that is toxic by ingestion, skin penetration, and
inhalation, and it must be handled carefully as reported in the MSDS us-
ing the suggested safety and protection measures. Higher quantities (a
few mL) were used only during the actuator preparation phase but also in
the final actuators, methanol is encapsulated in the silicone matrix even
if in small volumes. Thus, users should be aware that it might permeate
through the silicone matrix and cause a possible exposure originating from
the final actuators. It is suggested to readers that aim to replicate the actu-
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ators and cannot work under the safety standards necessary for handling
methanol as reported in the MSDS, to replace methanol with less critical
alcohols like ethanol (slightly higher boiling point and slightly lower vapor
pressure, see Figure S4, Supporting Information but less toxic)[*?! or other
low toxicity low boiling point liquids.

Instrumentation and Characterization:  An AAA class SciSun 300 Solar
Simulator (Sciencetech Inc., Canada) was used to replicate the AM1.5G
standard spectrum in the UV-VIS—IR spectral range with class AAA speci-
fication (according to ASTM E927-19 and IEC-60904-9) with the option to
vary the power and control intensity between 0 up to 155 mW cm~2 and an
exposure area of 5 cm?. An IR thermal camera (A700, FLIR Systems, USA)
was used to record the temperature profiles and heating—cooling rates
of the light-exposed—-unexposed composite materials. The recorded data
were analyzed using the software package ResearchIR (Version 4.40.12.38,
FLIR Systems, USA). Power densities of the simulated sunlight were mea-
sured using an RS PRO IM 750 Solar Power Meter (RS, UK). A KH-8700
digital microscope (Hirox, Japan) was used to measure particle sizes and
image the multiphase composites. Scanning Electron Microscopy (SEM)
images were taken using an EVO MA10 (Zeiss, Germany). The pressure
changes that the multiphase material can exert through expansion was
measured in a self-made rigid and fully sealed measurement chamber
equipped with a borosilicate glass window for sample excitation and a
differential analog pressure sensor (0T0MDAAS, TruStability, Honeywell,
USA) read-out using a NI USB-6009 (National Instruments, USA). The
data were analyzed in MATLAB (Version 2022b).

Fabrication of the Light-Controlled Analog Switch and Liquid Dispens-
ing/Pumping System: Two applications are shown in detail using the
light-driven actuator. The electrical circuit was made of standard compo-
nents, a green LED, and a 3 V power supply. The sphere cap-shaped actua-
tor with a diameter of 15 mm was mounted between two metal electrodes
in a manner that the electrodes made contact when the actuator was in
its intrinsic state and the electrodes separated when it was expanded dur-
ing light exposure, closing the circuit only when the actuator was not ex-
panded. The pumping device consists of four parts: the top, bottom, lig-
uid reserve, and actuator 10 X 10 X 2.5 mm cast multiphase actuator. The
top and bottom closures (50x 50 mm) were laser-cut from a 5 mm thick
acrylic sheet using a VersalLaser VLS3.60 (Universal Laser Systems Inc.,
USA). The liquid reservoir was laser cut from a 1.5 mm thick silicone rub-
ber sheet as a base plate and a frame to which a silicone tubing was glued
with Sil-Poxy adhesive (Smooth-On, USA) as an outlet. The actuator was
put in the frame of the central part sitting on the bottom part and the lig-
uid (blue-stained water) was filled in the remaining space. Then the top
closure was added and fixed with mechanical clamps keeping the different
layers firmly sealed.

Simulation of the Material Behavior:  To analyze and predict the behav-
ior of the developed sunlight-driven material, finite element method (FEM)
simulations using ANSYS Workbench 19.2 were employed, simulating the
photothermal reaction and expansion of the actuator by introducing a tem-
perature increment in an elastically deforming specimen. Further details
can be found in Figures S5-S9 of the Supporting Information.[50-3]

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