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Soft Optomechanical Systems for Sensing, Modulation,

and Actuation

Ferran Pujol-Vila, Pau Giiell-Grau, Josep Nogués, Mar Alvarez,* and Borja Septilveda*

Soft optomechanical systems have the ability to reversibly respond to optical
and mechanical external stimuli by changing their own properties (e.g.,
shape, size, viscosity, stiffness, color or transmittance). These systems typi-
cally combine the optical properties of plasmonic, dielectric or carbon-based
nanomaterials with the high elasticity and deformability of soft polymers,
thus opening the path for the development of new mechanically tunable
optical systems, sensors, and actuators for a wide range of applications. This
review focuses on the recent progresses in soft optomechanical systems,
which are here classified according to their applications and mechanisms of
optomechanical response. The first part summarizes the soft optomechanical
systems for mechanical sensing and optical modulation based on the vari-
ation of their optical response under external mechanical stimuli, thereby
inducing mechanochromic or intensity modulation effects. The second part
describes the soft optomechanical systems for the development of light
induced mechanical actuators based on different actuation mechanisms,
such as photothermal effects and phase transitions, among others. The final
section provides a critical analysis of the main limitations of current soft
optomechanical systems and the progress that is required for future devices.

respond to one or more external stimuli
(e.g., light, temperature, strain, humidity,
pH or electromagnetic fields) by changing
their own properties (e.g., shape, size,
viscosity, stiffness, color, among others).
In this framework, soft optomechanical
materials have the capacity to merge the
unique optical properties of plasmonic
and/or photonic structures, carbon-based
nanomaterials (CNMs) or macromolecules
with the high tunability and elasticity of
soft polymers. Given the high transpar-
ency of many soft polymers in the visible
and near-infrared (NIR) spectral ranges,
together with the possibility to incorporate
such optical structures with high compli-
ancy in polymers that can withstand large
mechanical deformations, makes this
combination of optical and mechanical
features ideal for the development of func-
tional optomechanical devices.!!

Soft optomechanical systems can be

1. Introduction

During the last decade, a large interest has arisen in the so-
called smart materials, which have the ability to reversibly
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designed to change their optical proper-
ties under mechanical stimuli induced,
for example, by strain, temperature, pH and so on, to develop
cost-effective and highly sensitive sensors and optical modula-
tors handling large strains, keeping their properties after many
deformation cycles and adapting to complex and irregular sur-
faces. Note that, for example, sensors detecting mechanical
deformations (e.g., strain or displacements) are required in
structures such as buildings, vehicles, packages or wearable
devices, where it is necessary to determine the experienced
mechanical stress. Conversely, mechanical sensors can be
used as transducers to detect other kind of external stimuli
(e.g., chemical, biochemical, optical, to mention a few) that are
able to produce mechanical deformations in the material. This
category includes, e.g., some biosensors and micro-electro-
mechanical systems (MEMS) that have been widely developed
during the last decade. Soft mechanical sensors require a com-
pliant transducer, being the electrical and optical transduction
methods the most widely developed. However, optical transduc-
tion offers several advantages, particularly, its wireless detec-
tion nature, high sensitivity, easy readout, and the capacity to
provide 2D strain mapping, even with sub-micron scale spatial
resolution.>
The high optical tunability of soft optomechanical systems
by external mechanical stimuli can also be exploited to build
mechanical modulators to modify the color or transparency of
surfaces, having great potential in the development of smart
windows,®! rewritable optical displays, encryption, and anti-
counterfeiting applications,/®l among others.”!

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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On the other hand, light can be used in soft optomechanical
systems for exerting controlled local mechanical deformations
as base to create new powerful and versatile actuators. The
interest to develop soft stimuli-responsive actuators has recently
grown considerably due to their advantages with respect to con-
ventional hard actuators, such as their adaptability to changing
environments, resiliency to high loads, easy miniaturization
and low-cost. Light-responsive actuators have the advantage of
offering wireless remote control with high precision and rapid
modulation. Moreover, these actuators can be tailored to incor-
porate extra functionalities, such as biocompatibility or self-
sensing. These optomechanical actuators can be used in a wide
range of applications, including wireless soft robots,®1 arti-
ficial muscles,12 self-regulated optical components,™! exter-
nally controlled switches!™ and energy harvesters.[>1°]

With the aim to cover all these alternatives, here we present
an extensive literature review of the most representative soft
optomechanical systems and their applications for sensing,
modulation, and actuation, which are summarized in Figure 1.
We first focus on the optomechanical systems for sensing and
modulation, which we have grouped according to their dif
ferent detection mechanisms, and next we present the soft
optomechanical actuators.

2. Soft Optomechanical Systems for Sensing
and Modulation

In soft optomechanical systems, the application of an external
mechanical stimulus produces a variation in the optical prop-
erties that can be used either as detector of the mechanical
stimulus or as modulator to tune its own optical properties.
There are two main optical properties that can be exploited
for detection or modulation applications: i) the changes in the
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wavelength, A (i.e., the color) of the transmitted or reflected
light generated by mechanical deformations, also denoted as
mechanochromic effect, or ii) the variations in the transmitted
or reflected light intensity.

Mechanochromic detection relies on the interaction of light
with plasmonic and/or dielectric materials that are structured
at the sub-wavelength or wavelength scale. In the case of plas-
monic nanomaterials, their color is given by the interaction of
light with the free electrons in the metal nanostructures, which
can excite localized or propagating surface plasmon resonances.
On the other hand, dielectric photonic structures, such as grat-
ings and photonic crystals (PhCs), are wavelength-scale struc-
tures, where diffraction and interference effects are predomi-
nant in the observed color. In contrast, optical detection based
on light intensity variations is typically based on structures with
dimensions larger than the light wavelength, such as textured
surfaces, waveguides and microlenses.!

2.1. Mechanochromic Systems Based on the Near-Field
Interaction Between Nanoplasmonic Structures

One of the most widely used strategies to detect mechanical
strains and deformations using nanoplasmonic materials is
based on the strong near-field interaction between neighboring
plasmonic nanostructures, which is extremely sensitive to the
inter-particle distance. The near-field interaction is generated
by the electromagnetic field that light induces around the plas-
monic nanostructures, which has a decay length in the range
of few nanometers, which enables the efficient electromagnetic
interaction between nearby particles. The phenomenology can
be understood as near-field interacting resonant dipoles. How-
ever, due to the finite size of the nanoparticles (NPs) and their
very small separation distance, the dipole—dipole model does
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Figure 1. Schematic of the soft optomechanical systems for mechanical sensing, optical modulation and mechanical actuation, according to their

different working principles.
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not provide correct quantitative spectral changes, thus requiring  the simplest case of two identical nearly touching plasmonic
numerical simulations, such as finite-difference time-domain  NPs, the near-field interaction (Figure 2a left panel) produces
(FDTD), to accurately model the electromagnetic response. In  a blue-shift in their localized surface plasmon resonance when
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Figure 2. Strain sensors and modulators based on plasmonic near-field interaction. a) FDTD simulations of the near-field interaction between two identical
nearly touching plasmonic NPs (left panel), and light extinction cross section (C,,) as a function of the inter-particle distance when the light polarization
is parallel (middle panel) and perpendicular (right panel) to the axis of the particle dimer. b) Optomechanical response of bow-tie antennas of different
separations to 25% strain. Reproduced with permission.[¥! Copyright 2018, Royal Society of Chemictry. c) Strain-responsive split-ring resonators on PDMS.
Reproduced with permission.?2 Copyright 2010, American Chemical Society. d) Optomechanical response of 2D arrays of Au nanoparticle on PDMS to
unidirectional and bidirectional strain. Reproduced with permission.?’} Copyright 2012, AIP publishing. e) Polarization-dependent response of Ag nano-
disks on PDMS. Reproduced with permission.?®l Copyright 2015. American Chemical Society. f) Self-assembled arrays of Au nanobipyramids combining
near-field and particle orientation changes under strains, reproduced with permission.? Copyright 2021, American Chemical Society. g) 3D near-field
interaction in arrays of plasmonic AuNPs self-assembled in nanocellulose matrices. Reproduced with permission.l!l Copyright 2010, Wiley-VCH GmbH.
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the interparticle distance increases and the light polarization
is parallel to the axis of the particle dimer (Figure 2a middle
panel), and red-shift when the polarization is perpendicular to
the axis, being later effect much weaker (Figure 2a right panel).
Therefore, quantification of the polarization dependent spectral
shifts of the plasmonic resonances provides an extremely sen-
sitive method (i.e., plasmonic ruler) to determine the changes
in the separation distance between the nanostructures, as the
ones produced by the stretching of an elastomeric substrate.
This strategy was initially exploited by F. Huang et al.,['”! in the
case of isolated dimers of spherical gold nanoparticles (AuNPs)
deposited on a stretchable polydimethylsiloxane (PDMS) sub-
strate. In this case, the color change of the particle dimer
generated by the PDMS film stretching could be detected by
dark-field spectroscopy. A similar tendency in the optical reso-
nance was shown for Au nanodiscs dimers under stretching,[®l
with a peak-shift sensitivity of 3.4 nm/% of linear deformation
for tensile strain, and of 16 nm/% for compressive strain. With
the aim to enhance the near field interaction between the plas-
monic nanostructures and the optomechanical response under
elongations, bow-tie antennas and nanorods (NRs) fabricated
by stencil lithography directly on the elastomer substrates or by
e-beam lithography and transferred to PDMS[2% were devel-
oped (Figure 2b).

Large optomechanical effects were also shown by Pryce and
coworkers for a much more complex nanoplasmonic system
composed of arrays of non-interacting dimers formed by asym-
metric U-shaped Au nanostructures in elastomer substrates.?!
In these particular structures, film stretching produced both
changes in the interparticle distance and geometrical deforma-
tions in the nanostructures. The combination of both effects
yielded up to 400 nm red-shift (i.e., even larger than the plas-
monic resonance linewidth) when the light polarization was
perpendicular to the dimer, and enabled tuning the Fano-
resonance of the structures. Moreover, they also analyzed the
optomechanical response of split-ring resonators of different
geometries under stretching, yielding wavelength tunabili-
ties up 400 nm (Figure 2¢).2%22 The shape changes caused by
polymer stretching were also the basis of the optomechanical
response in metallic electromagnetic meta-atoms, which were
fabricated using MEMS-based stencil lithography, showing
mechanically tunable optical resonances in the mid-infrared.l*!

The optomechanical changes observed in particle dimers
could be enhanced in the case of particle chains. Linear chains
embedded in polymer films were applied as stress-respon-
sive colorimetric films that could memorize the experienced
stress.?#25] The film compression induced an increase in the
lateral dimensions of the film, which enlarged the interpar-
ticle distance in the chains and produced intense blue-shifts
of their plasmonic resonances (working range up to 160 MPa).
Exploiting this effect, a pressure sensor was developed, in
which the color change of the composite material could be
easily analyzed using a conventional smartphone camera.[?°!

The optomechanical response is somewhat more complex in
the case of 2D arrays of plasmonic nanostructures that experi-
ence simultaneous near-field interaction in the two dimensions.
This was the case of self-assembled AuNPs in a hexagonal close-
packed structure deposited on an elastomer film (Figure 2d).[?’)
The uniaxial film stretching induced the separation of the
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NPs in the elongation direction and contraction in the per-
pendicular direction as a consequence of the Poisson ratio of
the elastic material. These effects generated spectral shifts in
opposite directions and reduced the overall observed blue-shift
in the plasmonic resonance (sensitivity of 1.15nm/%). In con-
trast, biaxial stretching was able to separate the distance in the
two dimensions, thereby maximizing the observed blue-shifts
(1.8nm/%). Similar mechanochromic effects were observed in
the case of monolayers of self-assembled silver (Ag) nanodiscs
using Langmuir—Blodgett (LB) technique and deposited on
PDMS substrates (Figure 2e).128! The plasmo-mechanical color
modulation was also demonstrated in dense arrays of Ag nano-
cubes by biaxial stretching, which enabled active tuning the
light transmitted color of unpolarized light from magenta to
orange to yellow by stretching the substrate up to 20%.l In a
different fabrication approach, a drying-mediated self-assembly
method could generate highly ordered close-packed arrays of
plasmonic particles.?” Based on this method, periodic arrays
of Au nanocubes in PDMS were fabricated, and the influence
on strain sensitivity exerted by different types of polymeric
ligands, interparticle distance, and size, was studied revealing
a dramatic effect of these factors.? Fu. et al. reported PDMS-
supported self-assembled close-packed arrays of Au nanobipy-
ramids with different orientation angles (Figure 2f).33 Under
strain, the material exhibited simultaneous changes in particle
orientations and interparticle distance displaying highly sensi-
tive optomechanical responses, which depended on the initial
orientation of the plasmonic elements (maximum strain sen-
sitivitity in =45° oriented samples). Cataldi and co-workers
studied Au nanoparticle-coated PDMS plasmomechanical
sensors(3-3¢ fabricated by chemical growth on the substrate,
which allowed accurate control of the inter-particle gap with the
number of growth cycles. Exploiting this effect, they analyzed
how this material could mechanically tune the photogenerated
heat by the AuNPs upon laser excitation.”] In the case of small
2D arrays, such as Au nanodiscs heptamers embedded on a
PDMS membrane ! dynamic tuning and symmetry lowering
of the Fano resonances under uniaxial stress was shown by
Cui et al.

The optomechanical changes could be amplified by fabri-
cating dense arrays of plasmonic nanodisks on low-modulus,
high-elongation elastomeric substrates under extreme defor-
mations.?” These structures showed tunable optical response,
with reversible shifts over nearly 600 nm, due to the genera-
tion of nonlinear buckling processes, which transformed the
initially planar arrays into 3D configurations with rotated nano-
discs out of the plane and forming linear arrays with a wavy
geometry.

The previously described soft optomechanical systems were
based on the near-field interaction in one or two dimensions.
However, mechanically responsive soft plasmonic materials
can also be fabricated with interactions in three dimensions.
For example, densely packed AuNPs embedded in a spherical
silica crust and embedded in polymer film could act as mecha-
nochromic strain sensors.*)) When the films were stretched,
the microcapsules were deformed into elongated ellipsoidal
shapes and the distance between the AuNPs embedded in
their shells increased, thus generating the expected resonant
blue-shifts. Another 3D alternative was achieved by bacterial
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nanocellulose matrices in which different types of plasmonic
NPs were self-assembled. These 3D matrixes exhibited large
spectral variations in response to compression,*!! going from
the typical absorption bands of the isolated NPs to nearly per-
fect light absorption in a broadband range, which resulted in a
color change from red to almost black (Figure 2g). These nano-
composites also exhibited improved refractometric biosensing
resolution, as well as amplified 2-photon absorption and photo-
thermal effects in the compressed samples. On the other hand,
decorating AuNPs on poly(N-isopropylacrylamide) (PNIPAM)
microgels exhibited reversible color shifts (between red and
grayish violet) in response to a temperature changes,*?! due to
the mechanical deformation of the polymer particles (due to
thermal expansion) and the induced resonance red-shifts. This
optomechanical concept was applied as thermometers with a
temperature resolution of 0.2 °C, and freestanding colorimetric
patches were utilized as spatial temperature scanners, which
could potentially be applied to wearable sensors. Following this
trend, pH-sensitive hydrogels containing embedded AuNPs
were demonstrated,®! as well hydrogel nanofiber waveguides
containing Au NRs for humidity sensing.[*!

2.2. Mechanochromic Systems Based on Propagating
Surface Plasmons

In contrast to near-field interacting small plasmonic NPs, peri-
odic arrays of plasmonic nanostructures whose size is in the
same range of the light wavelength can excite propagating
plasmon modes, and their excitation condition can be tuned
when the arrays are mechanically deformed.

This approach was used in the case of Au-coated nanovoids
(diameter 900 nm) in PDMS, in which the plasmonic periodic
nanostructures supported localized and propagating plasmon
modes.*! This system exhibited a broad resonance and it could
be stretched up to 5% strain, yielding resonance redshifts with
a sensitivity of 3 nm/%.

In addition, arrays of hexagonal close-packed polysty-
rene nanospheres capped by Ag and Au layers on PDMS
were reported by Zhu X et al.l**#l (Figure 3a). In this case,
the proximity between particles and their periodicity enabled
the generation of delocalized propagating plasmonic modes
that were strain- and angle sensitive. When the material was
stretched, two properties changed simultaneously: the dis-
tance and near-field interaction between the metallic caps and
lattice pitch in the elongation directions, which produced a
redshift and broadening of the plasmon resonance (sensitivity
1.33 nm/%).

Strain-sensitive Au nanolines on flexible substrates con-
stituted an example of plasmonic periodic structures in one
dimension (Figure 3b).*! Instead of conventional lithographic
techniques, in this work, AuNPs were self-assembled in ridges
and annealed to form the nanolines. As in the previous cases,
the films stretching produced a redshift of the plasmonic res-
onance. In another example, periodic arrays of asymmetric
“U-shaped” aluminum-coated polyurethane nanowires showing
Fano resonances were investigated by Liitolf et al. (Figure 3c).[*]
In these structures, the electromagnetic field could be guided
in the direction perpendicular to the nanowires and their reso-
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nance experienced a redshift and a steep decrease on the ampli-
tude upon increasing strain. The scalability of the fabrication
enabled the fabrication of large arrays in which the strain was
translated into macroscopic colorimetric changes that could be
easily analyzed, e.g., for 2D strain mapping.

Another interesting example involving propagating sur-
face plasmons was reported by Yoo et al.’% by using tun-
able plasmonic arrays of Au-coated asymmetric PDMS
micropyramids, in which film stretching yielded a change in
the angle between the pyramid facet and the incident light
(Figure 3d). Due to the high angular sensitivity in the exci-
tation of the propagating surface plasmon via total internal
reflection on the pyramidal facets, this material could
achieve an outstanding sensitivity of 15.22 nm for a 1% strain
(i.e., 15.22 nm/% sensitivity), thus showing the largest strain
spectral response reported to date.

Interestingly, mechanical engineering can be used to amplify
the strain in specific regions and, therefore to enhance the opto-
mechanical response of plasmonic metamaterials.l!! This effect
was achieved by a reconfigurable metasurface constructed by a
plasmonic lattice array in the gap between a pair of symmetric
microrods that served to locally amplify the strain created on
the elastomeric substrate by an external mechanical stim-
ulus. The strain on the metasurface could be amplified up to
15.9-fold with respect to the external strain by tailoring the
microrod geometry, thereby enhancing the mechano-sensitivity
of the optical responses.

2.3. Mechanochromic Systems Based on Other
Nanoplasmonic Interactions

In addition to the near-field interaction between localized
plasmonic resonances, the optical anisotropies in elon-
gated plasmonic nanostructures can be also combined
with elastic matrices to generate enhanced optomechanical
functionalities.

Xu et al.lb? reported a Au NRs/hydrogel composite that
displayed a polarization-dependent light absorption upon
stretching due to the alignment of the plasmonic elements
(randomly dispersed in the unstretched composite) (Figure 4a).
Additionally, the non-aligned configuration could be recovered
by photolithographic patterning, with potential applications in
polarized displays and encryption.

On the other hand, the catalytic activity of Au nanostructures
was used to generate the first wrinkled plasmonic enhanced
Fabry-Perot (FP) elastic cavities.’3] The cavities were sponta-
neously formed by thermally curing the PDMS on arrays of
plasmonic nanodomes, thereby inducing their penetration at
controlled depths inside the polymer matrix and generating a
stiffness gradient. The combination of both effects yielded tun-
able corrugated FP cavities, which simultaneously exhibited
large wavelength and intensity variations in the FP optical res-
onances (Figure 4b). The analysis of both parameters enabled
achieving a high sensitivity (2.21 nm/%) and an unprecedented
strain detection limit of 0.006%. Mechanically tunable FP cavi-
ties could also be obtained by elastomeric dielectric films sand-
wiched between two metal layers, which could have potential
for structural health monitoring.>*
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Figure 3. Strain sensors and modulators based on surface propagating plasmons. A) Array of Au-capped polystyrene nanospheres on PDMS. Adapted
from.[*] b) Optomechanical response of Au nanolines on PDMS. Reproduced with permission.*8l Copyright 2014, Springer Nature. c) Optomechanical
response of U-shaped, aluminium-coated polyurethane nanowires. Reproduced with permission.’l Copyright 2016, Wiley-VCH GmbH. d) Array of
Au-coated micropyramids in PDMS and corresponding optomechanical response. Scale bar 20 um. Reproduced with permission.’® Copyright 2015,

American Chemical Society.

2.4. Mechanochromic Systems Based on Light Interference
and Diffraction

Light diffraction and interference generated by a periodic con-
trast of refractive index at the wavelength scale, as in diffraction
gratings and photonics crystals, produce a structural coloration
in the material. Mechanical deformation in the ordered struc-
ture generates a mechanochromic effect, which can be used for
developing sensors to detect mechanical deformations caused
by strain or other stimuli capable to change their periodicity
(e.g., swelling).

In the case of diffraction gratings, the diffracted light by
the periodic grooves at the surface of the material causes a
wavelength separation of the transmitted and reflected light
in different angles, which is very sensitive to variations in the

Adv. Funct. Mater. 2023, 33, 2213109 2213109 (6 Of22)

periodicity and the angle of incidence, following the diffraction
equation:>

mA = d(sin « +sin ) 1

where o is the incident angle, f is the reflection angle, d is the
periodicity, m is the diffraction order (m =0, +1, £2, £ 3, ..),
and 4 is the wavelength. Nanoimprint lithography (NIL) offers
an easy, low-cost methodology to produce large area diffraction
gratings,’®*l and its use for mechanochromic sensing have
been reported by several authors. For example, colorimetric
pressure sensors were proposed,®% which could be applied
in non-contact intraocular pressure sensing.*! Diffraction grat-
ings have also been exploited as self-sensing mechanism to
quantify the mechanical actuation in soft-robotic structures,
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Figure 4. Strain sensors and modulators based on other plasmonic interactions. a) Polarized display composed of Au NRs embedded on elastomeric
films that align the NRs under film stretching. Reproduced with permission.’ Copyright 2020, Wiley-VCH GmbH. b) Elastic plasmonic enhanced wrin-

kled FP cavities obtained by self-embedded Au nanodomes in PDMS films,

showing intense blue-shifts and intensity increase in the cavity resonances

under film stretching. Reproduced with permission.33 Copyright 2022, Wiley-VCH GmbH.

driven by pneumatic pressurel®! or temperature (by using
shape memory alloy wires).[®?! Diffraction-based coloration was
also exploited to wirelessly detect the deflections of cantilever-
shaped soft optomagnetic actuators.®®! This opto-magneto-
mechanical system was composed of a nanostructured-iron
(Fe) film mechanically linked to a periodically corrugated thin
PDMS film, thereby enabling synergistic optical and magnetic
actuation and simultaneous colorimetric detection (Figure 5a),
with a detection limit of 1.8 mW cm~2 and 0.34 mT respectively,
by a simple color imaging analysis in a conventional smart-
phone camera. A similar colorimetric detection method was
used in PDMS cantilevers with one grating surface to monitor
reversible molecular conformational changes of an azobenzene
monolayer when exposed to Ultraviolet (UV) light, showing
similar sensitivity to the traditional beam detection method
(4.6 x 103 N m™). Following this trend, versatile strain sen-
sors based on elastomeric 2D arrays of cone-shaped structures
enabled measuring biaxial and shear strains with high perfor-
mance.l® Another alternative to develop diffraction gratings
is the use of 2D arrays of self-assembled polystyrene micro-
spheres as a template. This strategy was followed to fabricate
periodic 2D structured elastomeric membranes as colorimetric
pressure sensor for optofluidic applications.l®® A sensitivity
of 0.17 kPa™! was obtained by measuring the diffracted color
changes induced by the membrane deformation.

Alternatively, the linear buckling theoryl®l has also been
exploited to fabricate periodic textured surfaces on elastic poly-
mers, based on the mechanical strain between two contacting
materials of different Young’s modulus, which spontaneously
produce surface buckles to minimize the surface energy arising

Adv. Funct. Mater. 2023, 33, 2213109 2213109 (7 0f22)

from their differential deformation. The generation of periodic
surface wrinkles on PDMS by an oxygen plasma treatment in
an initially stretched PDMS was proposed for the design of
mechanochromic devices featuring bright structural colors and
programmable colorimetric responses.[®®7% Further advancing
in this concept, Xu et al. demonstrated the fabrication of micro-
prism arrays and diffraction gratings of different geometries
using shape memory polymers and its posterior optomechanical
analysis to build shape-memorizing micro-optics” (Figure 5b).

Diffraction induced colored materials were also produced
by using soft 2D arrays of plasmonic nanostructures, where
far-field interference among individual nanostructures of the
lattice suppressed all the scattered light outside the specified
wavelength window."? Using this mechanism, vivid colors that
can be tuned across the entire visible spectrum were produced
by stretching in its two dimensions an array of Al plasmonic
nanodiscs on top of a soft substrate. Similarly, a square array
of Au caped PDMS nanopillars on an elastomer substrate was
used to study the inverse optical behavior between polarized
light parallel and perpendicular to the stretch axis.?!

In contrast to diffraction gratings, PhCs in 1D, 2D, and 3D
can prevent the propagation of light at certain wavelengths
(photonic bandgaps), presenting an intrinsic structural color
defined by Bragg’s and Snell’s law:"l

Anax = ld\/nfg —sin’ o ()
m

where A, is the wavelength at which maximum reflec-
tion occurs, « is the incident angle, m is the diffraction order
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Figure 5. Optomechanical mechanochromic systems based on diffraction gratings and PhCs. a) Colorimetric detection of opto-magnetic and peri-
odically corrugated cantilevers enabling optical and magnetic actuation. Reproduced with permission.l®3 Copyright 2021, American Chemical Society.
b) SEM image of different micropatterned shape-memory polymers for programmable micro-optics. Reproduced with permission.”!! Copyright 2013,
Wiley-VCH GmbH. c) Graphene-infused block co-polymer PhCs. Reproduced with permission.®l Copyright 2020, Wiley-VCH GmbH. d) Thermally-
adjustable photochromic hydrogel spectrometry and representative images. Reproduced with permission.l®l Copyright 2007, Wiley-VCH GmbH.
e) Mechanochromic elastic fiber based on a bio-inspired multilayer of PDMS/PSPI. Reproduced with permission.["SI Copyright 2013, Wiley-VCH GmbH.
f) Bioinspired structural color patch. Reproduced with permission.l?l Copyright 2020, American Association fo the Advacement of Science.

(m=0,+£1,£2,£3,..),dis the lattice constant, and n.g is the
effective refractive index of the crystal.

This effect enables generating selective macroscopic colors
by regulating the center wavelength of the bandgap, thereby
being very sensitive to changes in the refractive index and peri-
odicity.”! Soft 1D PhCs, consisting of alternating high and low
refractive index materials, have demonstrated mechanochromic

Adv. Funct. Mater. 2023, 33, 2213109
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effect with a sensitivity over 6 nm/% strain.”® By embedding

a 1D PhC formed by periodically arranged dielectric NRs in a

value.l”’]

deformable PDMS substrate, different planar strains could
be identified, including their application direction, type, and

2D PhCs composed of periodic cylinder-shaped air holes in
a triangular lattice, made in PDMS by NIL could distinguish

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

858017 SUOWWOD BAIER.D 3(gedljdde ayy Aq peusenob a e sajolie VO ‘8sN JO S9INJ 10} A%iq1T8UIIUQ AB|IM UO (SUOIPUOD-PUR-SLURIALIO" A3 1M ARIq U1 |UO//STIU) SUOIPUOD pue SWws | 84y 88S *[£202/0/.0] U0 Akeiqiauluo A|1M ‘(-ouleAnde) aqnopeay AQ 60TETZZ0Z WiPe/200T 0T/I0p/u0o" A3 1M Aiq 1 ul|uoy/Sdny Wolj papeoiumod ‘T ‘€202 ‘8209TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

four strain ranges below 50% of strain, from 0% to 6.7% (red),
6.7%-13% (yellow), 13%-30% (green), and 30%-50% (blue)."®!
On the other hand, 2D PhCs based on 2D arrays of self-
assembled particles were also applied to develop strain-sensors
and other mechanochromic devices. For example, color writing
in photonic “papers” with totally transparent materials was
proposed by Fudouzi et al.,””! which were based on 2D PhCs
whose interparticle distance and coloration varied due to the
swelling induced by the local application of an organic solvent.
The majority of the strain sensitive soft 3D PhCs, also
referred as opals, are based on the 3D self-assembly of polysty-
rene or silica nanospheres,® followed by the infiltration of the
elastic polymer matrix (such as PDMS) and a posterior etching
of the spheres. The works of Weismann et al.®! and Fudouzi
et al.B283] demonstrated the strong colorimetric response of the
opal structures to the applied mechanical strain. In the case of
close-packed arrays of latex particles embedded in PDMS, the
reflected color blue-shifted to shorter wavelengths (the peak
position moved from 589 to 563 nm) due to the decreased dis-
tance between particles in the direction perpendicular to the
uniaxial stretching (up to 20% elongation).®3l This strategy was
followed by several authors that studied in detail the diffraction
phenomena in distorted crystal lattices,® and optimized the
fabrication process to achieve more robust and reversible actua-
tion.[®% The use of different soft materials, such as hydrogels,®°!
photocurable and shape-memory polymers,#-%) or block co-
polymers® have also been investigated. For example, multi-
layered films of silica particles in elastomeric polyacrylates
displayed a remarkable linear blue-shift in the reflected color
from 568 to 496 nm under uniaxial strain of 50%, caused
again by the reduction in the inter-particle distance in the
direction normal to the strain.®% Yang et al. used metastable
3D SiO, colloidal crystal array, fixed in a mixture of ethylene
glycol and poly(ethylene glycol)-methacrylate through photo-
polymerization, to develop a colorimetric force sensor with high
sensitivity (A4 = 150 nm for 12% stretch and 22% shrink) and
fast response (20-200 ms), which was also applied as efficient
mechanically-modulated color display screen.”¥ In an inter-
esting approach, Lee et al.’?! prepared elastic photonic micro-
beads based on silica particles and a photocurable polymer,
which were used as building blocks to obtain mechanochromic
materials displaying angle-independent color changes as indi-
vidual microbeads dynamically deform under macroscopic
strain. In addition, hybrid systems combining PhCs and 2D
materials such as graphene have been explored??l. For instance,
graphene-infused block co-polymer PhCs displayed a remark-
able thermochromic and mechanochromic performance,®¥ as
shown in Figure 5c.The mechanochromic response of the opal
structures was also exploited to develop other applications.
For example, an elastomeric opal was used to tune the photo-
luminiscent emission of PbS quantum dots by the application
of pressure.”” Hydrogel opals have been of great interest to
develop thermoresponsive colorimetric sensors, based on the
high thermal expansion of hydrogels that causes the isotropic
deformation of the crystal lattice, thereby producing large color
shifts® (Figure 5d). Following a similar strategy, other types
of sensors have been developed, such as biosensors”’} or mag-
netic field detectors,®®% among others.% In general terms,
these sensing approaches take advantage of the fast hydrogel
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swelling/shrinking induced by chemical interactions.®® For
example, using pH-sensitive hydrogels, high-performance pH
determinations were achieved,'™ as well as multi-responsive
photonic nanochains for microenvironment analysis."2l Going
further, chemical modifications of photonic hydrogels enabled
selective detection of specific molecules such as glucose,1%3-1%3]
and proteins,% among others.

On the other hand, hydrogel sensors based on thin-film
interference have also been showcased, in which the fast
hydrogel swelling is translated into changes in the film thick-
ness and thus into a shift in its reflected color.'”! In thin-
film interference, the constructive interference becomes
mA = 2n,dcos 6, for ni<n,, where A is the wavelength giving the
maximum reflectivity, d is the film thickness, n, is the refrac-
tive index, 6, is the angle of refraction, and m is an integer. In
a remarkable work, Qin et al. reported on a hydrogel interfer-
ometer as a facile approach for colorimetric humidity assess-
ment, volatile-vapor sensing, and breath-controlled information
encryption.[1%8]

Biomimetic micro and nanostructures inspired by some
living organisms have been used to develop soft optomechanical
sensors and color modulators. For example, Morpho butterfly
wings are composed of a complex tridimensional microstruc-
ture that presents iridescence. Various authors explored the
replication of these structures to build 2D and 3D soft photonic
nanostructures,19-1 and even combine them with metal coat-
ings,1%) plasmonic NPsl? or carbon nanotubes (CNTs)!M!
to achieve IR-responsiveness, reaching temperature detec-
tion limits of 18 mK. The multilayer structure in tropical fish
scales was mimicked by multilayers of hydrolyzed polyacryla-
mide hydrogel and highly reflective polymerized poly(dodecyl
glyceryl itaconate) platelets to achieve ultrafast color switching
time (switching rate =0.1 ms), full-color tunable range, and
high spatial resolution (80 um)."31" Moreover, the concentric
PhCs that mimics the hierarchical photonic structure found in
the seed coat of Margaritaria nobilis fruits was fabricated by a
rolling technique with PDMS and a triblock copolymer (PSPI).
This soft photonic structure was used as a band-gap tunable
mechanochromic optical fiberl™™! (Figure 5e). More recently,
the complex photonic structures found in color-changing ani-
mals such as chamaleons and cephalopods have inspired the
design of high-performance mechanochromic systems,1% by
generating high-refractive index contrast PhCs,""! stiffness gra-
dients,"¥ and combining structural color and molecular light
absorption.®120] Remarkably, Wu et al. reported a mechano-
chromic and thermochromic material mimicking the chame-
leon skin based on periodic arrays of colloidal particles with
high-refractive index contrast, which blue-shifted more than
200 nm by a 20% compression or a temperature increase from
30 to 55 °C."7] As a step forward, Wang et al. developed a bioin-
spired structural color patch for biomedical applications based
on a hydrogel inverse opal with anisotropic surface adhesion
and self-reporting capabilityl?!l (Figure 5f). Interestingly, hybrid
photonic hydrogels were suitable for monitoring the beating
activity of embedded cardiomyocytes,>'??l and even to design
self-reporting cardiomyocyte-driven soft robots.2]

In recent years, cholesteric liquid crystal (ChLC) elastomers
have emerged as radically different materials to build soft
mechanochromic devices. The ChLC phase presents intrinsic
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periodicity due to its helical supramolecular structure with a
pitch that can be in the range of a few hundred nanometers,
thus leading to a circularly polarized structural color.'*4 Such
supramolecular organization can be obtained by doping the
nematic matrix with chiral molecules.'>121 So far, such
systems have demonstrated a high performance in strain-
responsive devices, 122139 reversible multi-responsive color dis-
plays, %133 edible colored hydrogels,*¥l and elastomeric fibres
for mechanochromic textiles.!'**!

2.5. Optomechanical Systems Based on Light Scattering
Modulation

When light interacts with textured surfaces whose texturing
dimensions are comparable or larger than the light wavelength,
the induced scattering leads to a decrease in the transmitted
and reflected light in the normal direction. The mechanical
deformation of the textured surfaces can change the scattering
pattern and, consequently, the intensity of the transmitted or
reflected light, thereby being appealing to develop soft optome-
chanical sensors and modulators. To fabricate textured surfaces
on elastic polymers, the buckling effects explained in the pre-
vious section can be used.

Several authors used the wrinkle generation strategy in
PDMS to build devices with mechanically-modulated transpar-
ency,”l which have potential to develop smart windows,13

b

MATERIALS
|

www.afm-journal.de

rewritable optical displays, or anticounterfeiting applications,!
among others. For example, Kim et al. fabricated unidirec-
tional and bidirectional wrinkling patterns and demonstrated
the capacity to dynamically tune the optical diffraction and
their use as switchable screens and windows!'¥”! (Figure 6a).
The same principle was exploited by Shrestha et al., by fabri-
cating a wrinkled pattern of a ZnO thin film on PDMS to build
a mechanically tunable window.!'* In addition, a dynamic
micromirror with mechanically tunable reflection was devel-
oped by using an aluminum thin film coating as stiff layer on
a shape memory polymer.3%0 [ et al. demonstrated a very
wide range of transparency tuning by combining the surface
wrinkles and the microcracks that occur on the surface due
to high strains (Figure 6b).*!l In this context, a surface wrin-
kled poly(vinyl alcohol) (PVA)/PDMS bilayer was also demon-
strated as a mechanically switchable transparency materiall?
(Figure 6¢). Taking advantage of the hydrophilicity of PVA, a
mechanical stress could be generated by an increase of ambient
humidity. A similar phenomenon was demonstrated by the
thermal expansion of the material. Furthermore, Zeng et al.
described the fabrication of three wrinkled PVA/PDMS bilayers
with different response and dynamics to ambient moisture,
which could be applied as water indicators or anticounterfeit
tabs.l143]

On the other hand, more complex nanostructures have been
fabricated in combination with microscale surface wrinkles.
For example, Lee et al. described the fabrication of a wrinkled
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Figure 6. Optomechanical systems based on light scattering modulation. a) Mechanically-tunable switched transparency of wrinkled PDMS and proof
of concept as dynamic window and switchable display. Reproduced with permission.”) Copyright 2013, Wiley-VCH GmbH. b) Switchable transparency
in PDMS based on the formation of surface wrinkles and microcracks. Reproduced with permission."l Copyright 2017, Wiley-VCH GmbH. c) Image
of surface wrinkled PVA/PDMS film to develop switchable displays. Reproduced with permission." Copyright 2019, American Chemical Society.
d) Schematic of the nanogap heterogeneous nanocomposite and the light transmission changes induced by the film stretching. Reproduced with
permission." Copyright 2022, American Chemical Society.
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PDMS film containing an array of nanoposts.' They used a
template of nanoporous anodic aluminum oxide to fabricate
the nanoposts by replica molding, followed by PDMS stretching
and UV-ozone surface treatment. They demonstrated a high
sensitivity of the transparency to mechanical strain, as well as
reversible hydrophibility (and thus self-cleaning capabilities)
due to the nanopost patterning. On the other hand, hierarchical
surface wrinkles were proposed to achieve smaller wrinkle pat-
terning and therefore structural coloration, in addition to tun-
able transparency.®®™! In this line, some works have exploited
the combination of surface wrinkles and cracks with structural
color™¥] or fluoresecent dyes!™ to generate mechanically
switchable color digit displays. Based on these effects, Chen
et al. reported periodic 3D structures composed of two inter-
digitated PDMS phases with different Young’s modulus. Under
strain, numerous nanogaps emerged between the phases acting
as light scattering centers, rendering a high-contrast mechan-
ical modulation of the light transmittancel"*! (Figure 6d).

Finally, surface wrinkled elastomeric materials have been
used as template to build metal nanowires with tunable plas-
monic resonances in the NIR. On the other hand, the com-
bination of wrinkled elastomer with CNTs could generate NIR-
responsive dynamic wrinkling patterns for various optically-
controlled devices.[]

3. Soft Optomechanical Structures for Actuation

Unlike previous sensing applications in which an external
mechanical stimulus induces a change in the optical properties,
light stimuli can be used to generate controlled mechanical
actuations in optomechanical systems. The main physicochem-
ical principles of the optomechanical response of soft actuators
are i) photothermal effects and ii) light-mediated rearrangement
of dynamic chemical bonds (e.g., cis-trans isomerization).[>11>2

3.1. Soft Optomechanical Actuators Based on Photothermal
Effects

Soft actuators driven by photogenerated heat are generally
composed by a soft matrix (usually polymer or gel) and a
photothermal agent, which can be based on inorganic mate-
rials (e.g., plasmonic NPs), CNMs or organic dyes.'>] In the
case of metallic NPs, almost all the energy absorbed from the
incident light is transformed into heat. The light absorption
results from the photon energy dissipation due to inelastic pro-
cesses, which warm up the whole metal lattice structure. The
amount of heat (Q) generated by the light absorption can be
obtained directly from the absorption cross section (C,,) and
the incident light irradiance (I) (i.e., light power per unit sur-
face). CNMs have excellent light absorption over a wide range
of wavelengths and excellent light-to-heat conversion efficiency.
When light interacts with CNMs, the photon energy absorbed
leads to the photoexcitation of electrons (if higher than the
optical bandgap), whose energy is then transferred to the lat-
tice by electron-phonon coupling, which produces heat.> In
organic dyes, the irradiation leads to excited states, that relax to
the intermediary state, and then dissipate via radiative transi-
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tion (emitting fluorescence), non-radiative decay (heat genera-
tion) or intersystem crossing. To optimize their thermal effect,
improving the extinction (absorption and scattering) coefficient
is usually a preferable pathway.[>]

The conversion of the photogenerated heat into mechanical
work is usually based on: i) a differential thermal expansion
between the photothermal layer and the substrate, ii) a ther-
mally-driven phase transition of the soft substrate or iii) differ-
ential changes in the humidity of the actuator.

3.1.1. Soft Actuators Based on Differential Thermal Expansion

Photothermal actuators driven by the differential thermal
expansion are mainly composed of two layers of different
materials (i.e., bimorph actuators) that have a large mismatch
on their coefficients of thermal expansion (CTE). The differ-
ential volume expansion induced when the bilayered mate-
rial is heated, produces a mechanical stress that generates the
bending of the actuator. The magnitude of the mechanical
actuation is directly proportional to the difference in CTE and
the temperature increase.>% The differential expansion of each
layer can be calculated by:

AL =L-o;-AT 3)

being L the original length, o the CTE and AT the temperature
variation. Sub-index i represents each individual layer. There-
fore, the difference in the CTE () between both materials gen-
erates a mechanical stress, inducing the cantilever deflection in
the direction of the material with lower CTE. For a bi-material
system, the temperature induced bending can be estimated
using its radius of curvature, r, which depends on the stress
from the temperature change (AT) and the residual stress that
may be present in the material layers. It can be calculated by:

[(Eltf )2 +(Ests )2 +2E,Estit, (28 +3t,t, + 24 )]
= [6E,Extit, (1 +1,)(0t — 0ty ) AT

(4)

where t; is the thickness of each layer, and E; is the Young's
modulus of the ith layer.

In general, polymers and elastomers present very high CTE,
while metals and CNMs have very low or even negative CTE.[**/]
Therefore, many authors have used composite materials made
of plasmonic or carbon nanostructures as photo-thermal
responsive layer and a soft polymer as layer with high CTE.

As example of plasmonic based actuators, Shi et al. devel-
oped a bilayer of AuNPs mixed on poly(N-isopropylacrylamide)
(PNIPAM) and poly(acrylamide) (PAAm).I%® In this system,
AuNPs were heated upon irradiation at the plasmon resonance
wavelength, which produced the differential thermal expansion
between both layers. This effect was enhanced by the desorp-
tion of water molecules from the polymer surface. Plasmonic
resonances are especially interesting to achieve wavelength
selectivity. In this line, an actuator based on Au NRs on PMMA
was demonstrated’? (Figure 7a). The rational tuning of the NRs
dimensions made possible building an actuator with regions
that were sensitive to different wavelengths in the visible and

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

858017 SUOWWOD BAIER.D 3(gedljdde ayy Aq peusenob a e sajolie VO ‘8sN JO S9INJ 10} A%iq1T8UIIUQ AB|IM UO (SUOIPUOD-PUR-SLURIALIO" A3 1M ARIq U1 |UO//STIU) SUOIPUOD pue SWws | 84y 88S *[£202/0/.0] U0 Akeiqiauluo A|1M ‘(-ouleAnde) aqnopeay AQ 60TETZZ0Z WiPe/200T 0T/I0p/u0o" A3 1M Aiq 1 ul|uoy/Sdny Wolj papeoiumod ‘T ‘€202 ‘8209TIT



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

7.0 1100
£65 |
%6.0 % &
s | §
g55 180 %

{72
o =
0 50 7]
o {70 ¢
(7] ©
£ 451 . =
240 160
- OFF 1
150

50 100 150 200 250
Irradiance (mW/cm?)

#  .Head

Weaker sunlight
-
-
Stronger sunligh

:

Figure 7. Soft actuators based on photothermally driven differential thermal expansion. a) Multi-wavelength responsive actuator based on gold NRs.
Reproduced with permission.? Copyright 2012, Wiley-VCH GmbH. b) Optomechanical response of an ultrabroadband absorption nanostructured-Fe/
PDMS self-regulated iris. Reproduced with permission.[8% Copyright 2021, Elsevier. c) Venus flower-like PEDOT-PDMS actuator under NIR irradiation.
Reproduced with permission.[7*l Copyright 2017, Springer Nature. d) Self-locomotive soft actuator based on asymmetric microstructural Ti;C,T, MXene
film driven by natural sunlight fluctuations. Reproduced with permission.l'®2 Copyright 2021, American Chemical Society.

NIR. Also, Chen et al. encapsulated copper NRs in a PVA
matrix to build wavelength-dependent actuators.™ In contrast,
highly damped plasmonic nanostructures could be designed to
achieve ultrabroadband light response. This was demonstrated
by mechanically-coupled arrays of Fe nanodomes transferred to
thin PDMS layers to build soft actuators that could respond to
light from the UV to the thermal infrared, which was applied
to develop a self-regulated iris, an optical gripper and an opto-
mechanical electrical switch (Figure 7b).1%% In another strategy,
Li et al. reported a magnetic-plasmonic actuator composed of
hybrid Fe;O,/Ag NRs and photocurable polymer that could
be modulated by switching the laser polarization.®!l A self-
locomotive bipedal soft robot driven by the light polarization
was demonstrated by magnetically controlling the orientation
of the NRs.

CNMs have been also widely used to build bimorph actuators.
For instance, graphene oxide (GO) has been deposited on poly-
mers like as PDMS or PMMA to develop actuators in applica-
tions such as a light-controlled electrical switch, a smart curtain
that self-folds due to the sunlight irradiation, crawler and swim-
ming robots, and NIR-responsive origami structures.[©2719 Gao
et al. took advantage of the water absorption/desorption effects
to produce the opposite movement of the light induced actua-
tion for constructing a bi-functional mechanical gripper.'®®!
Furthermore, GO sheets have been combined with other photo-
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thermal agents to offer extra capabilities. As examples, Yang
et al. incorporated AuNPs in poly(dopamine) (PDA) to achieve
an enhanced responsivity of the actuator,'] Zhang et al. com-
bined nano-sized graphite and polyvinylidene fluoride (PVDF)
with GO forming a dual-responsive (moisture and light) bilayer
structure,®® and Luo et al. developed a microwave-absorbing
hollow carbon spheres/GO/PDMS photothermal actuator for
military applications.'®” GO has also been combined with
CNTs in PDMS to achieve dual movement and twisting due to
thermally-induced actuation and water desorption.”?! Single-
wall carbon nanotubes (SWCNTs) have been also used to build
photothermal actuators.l”%72 Their optical absorption is highly
dependent on the nanotube chirality, which has been exploited
to develop a multi-wavelength responsive actuator.”3! In addi-
tion, a CNTs/PDMS curled droplet-shaped actuator rendered
a continuous phototactic self-locomotion, being also appealing
for energy harvesting.!’4

Other photothermal agents have been applied in this type
of photothermal actuators. For example, a trilayered actuator
made of carbon black ink on polyethylene terephthalate (PET)
and an acrylic layer was developed.™ In this approxima-
tion, the combined actuation of thermal expansion and water
desorption was demonstrated to build a mechanical gripper,
a crawling robot and a solar-driven mill, being appealing
for innovative energy harvesting approaches. Examples of
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other photothermally driven actuators include the develop-
ment of an artificial NIR-responsive Venus flytrap based on a
poly(3,4-ethylenedioxythiophene) (PEDOT) on PDMS bilayer
(Figure 7c)7 and a leafinspired, (Ti;C,T,)—cellulose composite
on a polycarbonate (PC) membrane. In the latter example,
different photothermally driven devices were built, such as a
worm-like robot, a light-controlled electrical switch, or appli-
cations in displays and camouflage.’®l Following this trend,
the high photothermal efficiency of MXene materials (e.g.,
Ti;C,T,) has been used of to build sharp bilayer actuators.77-180]
For example, Luo et al. reported multifunctional Ti;C,T,/poly-
ethylene soft robots accurately driven by NIR, electricity, and
heat.® In a different approach, a bimorph structure composed
of an MXene-based asymmetric layered microstructure and
polyethylene was reported, which demonstrated directional self-
locomotion driven by natural sunlight (Figure 7d).I8? Besides, a
bioinspired soft actuator made from MXene-doped polydiallyldi-
methylammonium chloride served as artificial muscle to photo-
thermally actuate a PhCs film and achieve a dynamic structural
color imaging system.'®3] More recently, novel photothermal
agents have been explored to combine various functionalities,
such as magnetic self-sensing by using Fe;0,® or NdFeB par-
ticles,®% or multiresponsive actuators based on the conductive
polymer polypyrrole.'8181 Additionally, thick bimorph struc-
tures (with high transmission in the NIR) achieved high-force
output owing to the use of rare earth oxides!!®¥l or MoO,/®*% as
photothermal elements.

As a step forward, 3D-printing has enabled the production
of rationally designed and precisely tuned photothermal actua-
tors based on multiphoton lithography, which allows achieving
a programmed printing density with high resolution. For
instance, 3D-printed hydrogel actuators composed of dynamic
and static layers with low and high printing density containing
Au NRs presented a sharp optomechanical response.'”! In
this line, NIR-responsive and catalytic hydrogel actuators were
fabricated by 3D-printing using spinach leaf-derived thylakoid
membrane (nanothylakoid) as photothermal agent featuring
catalase-like property.*!

3.1.2. Soft Actuators Based on Thermally-Driven Phase Transitions

The other common strategy to build soft photothermal actua-
tors is to generate a phase change in the substrate material as
actuating mechanical force. In particular, thermotropic liquid
crystals (LC) are an ideal choice for this application due to their
softness and temperature-dependent macromolecular order.
These systems can be classified into liquid crystal elastomers
(LCE), liquid crystal polymers (LCP), or liquid crystal networks
(LCN) depending on their macromolecular structure and phys-
icochemical properties.!"?

Phase transitions actuators can be also combined with a
variety of photothermal agents. For example, Shi et al. devel-
oped a color-changing actuator based on a Ag nanoparticle array
on a LCE substratel’® (Figure 8a). In their approach, Ag NPs
generated the necessary heat to drive a phase change in the LCE
and to produce a deflection on the structure. This deflection, in
turn, modified the nanoparticle arrangement, which produced a
shift in the reflected color. A different example of phase change-
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driven actuation was presented by Meder et al., in which AuNPs
in a liquid dispersion were encapsulated in an elastomeric
matrix. In this case, the plasmonic-assisted heating evaporated
the encapsulated liquid, thereby causing an increase of pressure
that produced the mechanical response.'* Also, a 3D-printing
approach was developed to fabricate light-driven actuators
based on shape-memory polymers with phase transitions trig-
gered by embedded AuNPs as photothermal agent.”! Fe or
iron-oxide (FeO) powder was used in combination with a LCN
to develop a dual optical-magnetic actuator (Figure 8b),19617]
which was applied to develop a mechanical gripper that could
be transported and rotated by a magnet and actuated using blue
light. Dyes and graphene have also been used as photothermal
agents to drive phase transitions in LC.'®] For example, a polar-
ization-dependent actuation was achieved in LCEs doped with
dichroic dyes, which presented polarized light absorption and
photothermal properties, thus providing an additional degree of
freedom to the light-driven structures.’® Another interesting
approximation for light-driven actuation with dye-doped LCN
was presented by Zeng et al., in which a self-regulating artificial
iris capable to modulate the light transmission depending on
the incident light intensity was developed.l'’] The artificial iris
consisted on a circular arrangement of 12 actuators composed
of a LCN matrix mixed with a red dye, which was actuated by
circularly polarized light to achieve the radial actuation. In addi-
tion, a core-shell fiber actuator made of LCE coated with CNTs
was demonstrated as a high-force artificial muscle able to lift
loads 4600-fold heavier than its own weight (Figure 8c).2%l

3.1.3. Soft Optomechanical Actuators Based on Other Mechanisms

Analogously to the thermal expansion driven actuators, bilayer
mechanical structures can be actuated by thermal dehydra-
tion. In this case, the bending mechanism is driven by a dif-
ferential expansion/contraction between the two layers due
the absorption/desorption of the ambient humidity triggered
by light. As previously mentioned, it is possible to combine
both effects (thermal expansion and thermal hydration) to pro-
duce an enhanced effect or a dual response.l®®1%] Nonethe-
less, soft actuators only driven by thermal dehydration have
been also developed. For example, a GO-PDA actuator was
developed to build origami self-folding devices?*! (Figure 8d).
Using this approach, programmable structures such as a soft-
robotic hand or a walker robot were demonstrated. In this line,
Arazoe et al. built an autonomous actuator with high sensitivity
and extremely fast response to variations in environmental
humidity.?92 Their structures were based on 7-stacked carbon
nitride polymer (CNP) on a glass substrate of guanidinium car-
bonate (Gdm,COs).

By using photothermally-controlled swelling of single layer
systems, Mourran et al. studied soft, light-triggered microswim-
mers based on AuNPs in a PNIPAM matrix.2* They studied
different geometries to maximize the propelling motion of the
soft-robot due to the swelling/shrinking of the structure pro-
duced by the rapid photogenerated heating of AuNPs upon NIR
irradiation. Lastly, a peculiar example of photothermal medi-
ated actuation was demonstrated by Li et al..’®! In this work,
they build a magnetically-responsive actuator based on CrO,
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Figure 8. Soft actuators based on photothermally driven phase transitions and other mechanisms. a) Soft actuator structure based on a Ag nanoparticle
array on a LCE, in which the photogenerated heat produces a phase change on the polymer and a change on the interparticle distance. Reproduced
with permission.l'3l Copyright 2016, Royal Society of Chemistry. b) Iron powder-PDMS/LCN actuator providing magnetic- and light-driven actuation.
Reproduced with permission.””] Copyright 2019, Wiley VCH-GmbH. c) Light-driven core-shell fiber actuator based on CNTs/LCE for artificial muscle
and phototropic locomotion. Reproduced with permission.2%% Copyright 2022, Elsevier. d) GO-PDA actuator based on a differential water desorption.
Reproduced with permission.l?%l Copyright 2015, American Association for the Advancement of Science. e) Photogenerated air bubble actuation in
hydrogel beads containing Fe;0,4 NPs. Reproduced with permission.2% Copyright 2020, Springer Nature.

on PDMS and silk fibroin. Since the magnetization of CrO, is
temperature dependent, the strength of the magnetic actuation
could be controlled by the photogenerated heat.

Additionally, soft photothermal actuators based on fun-
damentally different actuation mechanisms that the ones
described previously have been reported in the last years. For
instance, Li et al. built a hydrogel actuator containing Fe;O,
NPs that displayed a strong and ultrafast response. In this case,
the driving force was induced by the bubbles generated due to
the photothermal effect while taking also advantage of the high
elasticity of the hydrogel?®! (Figure 8e). In another example,
NIR and UV-responsive dye-loaded polyethylene actuators dis-
played fast locomotion in liquid environment thanks to a photo-
thermally induced Marangoni effect.?%! On the other hand,
remarkable advances in light-driven microrobots based on
shape-memory alloys have been also reported.207-20%
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3.2. Soft Photochemical Actuators

Photochemical actuators rely on the conversion of light into
mechanical work by the rearrangement of dynamic chem-
ical bonds in the chemical structure of the actuator material.
The endpoint macroscopic deformation depends on the col-
lective structural reorganization at the molecular scale. The
most common strategy is to include molecular photo-switches
(such as azobenzenes,?!% spiropyransl?'!l or fulgides) into the
polymer-based actuator (usually composed of LCNs or LCEs).
Azobenzene and its derivatives have the ability to produce a
cis-trans isomerization as a response to a certain light wave-
length (usually UV light at 365 nm), and have been widely
employed to build light-controlled actuators. For example,
Lamsaard et al. demonstrated the incorporation of azobenzene
molecular switches into LCNs to build optomechanical devices
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that support different deformations, from left-handed to right-
handed helix twisting, depending on the molecular alignment
with respect to the actuator geometry.?!”l Other authors fol-
lowed the same principle to develop different devices, such as
crawling and swimming soft microrobots?'>?l (Figure 9a),
an artificial flytrapl!®! or a biomimetic artificial cilia for lab-
on-a-chip applications.?"l Besides, other photo-switches were
incorporated in order to utilize longer wavelengths compatible
with biological applications. For instance, azotolane-containing
LCPs driven by blue-light and natural sunlight were demon-
strated.?162V] Additionally, Yu et al. achieved red-light and
even NIR triggered actuators by including photo-luminescent
compounds in addition to the azo derivatives into the polymer
network.?1821] In these cases, the emission spectra of the
luminescent dyes overlapped with the absorption band of the
azotolane moieties. In addition, by combining two different
photo-sensitive moieties, dual-responsive and reprogram-
mable actuators controlled by different light wavelengths were
reported.?2% However, since the cis isomer in the azobenzene
molecules is transient under dark conditions, it spontaneously
reverts to the trans form, thus compromising the stability of the
photo-induced state in the actuators. In this regard, LCN actua-
tors based on hydrazones as photochemical switches rendered
a long-lasting stability (months) of the photo-induced state.??!
On the contrary, Gelebart et al. incorporated azobenzene deriva-
tives with fast cis-to-trans thermal relaxation into LCs, obtaining
films that experienced light-induced mechanical waves ren-
dering directional locomotion and cargo transportation.???!
Another strategy that has been studied is based on new
classes of cross-linked polymers that include exchange-
able and reversible bonds into the structure to induce re-
arrangements of the cross-linking network in response to
the incident light. With this approach, Ube et al. combined

a

uv

Visible light

Visible light

b

Stretching direction "
" 120°C

3
30 min ‘

Aluminum plate
— -

poly(hydrogenmethylsiloxane) and vinyl compounds to produce
LCE containing dynamic covalent bonds based on ester and
hydroxy groups,??’l as shown in Figure 9b. These structures
showed reversible bending upon UV and visible light, as well
as the rearrangement of the initial chemical structure by heat
application. In addition, LCE with allyl sulfide functional group
were synthesized by other groups to fabricate optomechanical
structures with different programmable actuation modes.[2422]
In this case, the light-to-mechanical conversion was driven by
the exchange reaction between allyl sulfide groups. Other exam-
ples of reversible, dynamic chemical bonds for photochemical
actuation include the use of hydrogen bonds.??6! Moreover, the
panel of photo-chemical moieties used in the construction of
light-fueled actuators has been widely expanded recently to,
for example, anthracene derivatives,?”-2%%] diarylethene deriva-
tives,??’l and fulgides?*” For a deeper insight, the reader is
referred to excellent reviews on this topic.[156:231:232]

4. Summary and Outlook

In this review, the fundamental principles, design concepts,
and applications of soft optomechanical systems have been
overviewed. The review covers different fundamental aspects
derived from the combination of the photonic and photo-
thermal response of plasmonic nanostructures, dielectric
micro/nano-structures (i.e., diffraction gratings, PhCs and sur-
face wrinkles), CNMs, and macromolecules with the mechan-
ical properties of soft-polymers. A broad range of actuation and
detection mechanisms are summarized, such as soft plasmo-
mechanical systems,?*>?3  mechanochromic polymers, !
or structurally colored polymeric materials,’®l and light-driven
actuators,*1232 providing a comprehensive framework for

0.56 nm

Glass plate \ ‘Vis
P

‘UV

Figure 9. Soft actuators based on photochemical reactions. a) Light-mediated cis-trans isomerization of azobenzene inside an LCE matrix. Reproduced
with permission.?"®l Copyright 2015, Springer Nature. b) LCE with a polysiloxane backbone displaying light-mediated sophisticated 3D motions. Repro-
duced with permission.?23 Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA.
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the soft optomechanical systems and their diverse applica-
tions. In particular, the main mechanisms for applications in
sensing and light modulation have been divided in i) mecha-
nochromism generated by plasmonic features or structural col-
oration, and ii) changes in light intensity. On the other hand,
photothermal effects and light-sensitive macromolecules are
the main mechanisms of optomechanical actuation.

In contrast with conventional (hard) optomechanical devices,
which are often based on high aspect-ratio micro/nanostruc-
tures such as resonators and FP cavities made of silicon or
metals,232%] the introduction of soft materials (Young’s mod-
ulus (F) ranging between 10*-10° Pa) offers various beneficial
features. First, owing to their low stiffness and high optical
transparency, soft polymers allow the use of thicker struc-
tures and even bulk materials while keeping a suitable optom-
echanical sensitivity, thus reducing the fabrication complexity
and costs. Remarkably, soft polymer-based optomechanical
systems can often be manufactured via inexpensive versatile
routes that can be easily tailored to incorporate diverse func-
tionalities. Besides, due to their excellent mechanical tunability,
in most cases the optomechanical readout/stimulation can be
performed with white light instead of a coherent light source.
Moreover, flexible materials can adaptively fit onto curved
surfaces and therefore can be utilized in, for example, wear-
able sensors. Despite all these advantages, hard systems are
still paramount in high-precision measurements demanding
outstanding sensitivity and modulation speed, e.g., mass
sensing, accelerometry, ultrasound sensing, and quantum
techniques.[238-240]

Soft optomechanical materials for sensing and modulation
are mainly achieved by combining plasmonic and photonic
nanostructures with soft elastic materials (e.g., PDMS). Au and
Fe are especially interesting materials for these applications
due to their optical and thermo-plasmonic properties, while
polystyrene microparticles are intensively used for the devel-
opment of colloidal PhCs. In addition to self-assembly, lithog-
raphy-based techniques are specially used for the fabrication
of 2D features arrays when a superior control over the dimen-
sions and positions are required. Mechanochromicity is one of
the mechanisms more extensively exploited detection mecha-
nisms, in which the material color change is measured by spec-
trometry or simply by visual inspection. However, the practical
applications of visual color changing materials still presents
some challenges related to sensitivity, detection limit, speed
of response, or sensing range. Sensing applications based on
polymer thermal expansion or swelling present also problems
related to the time response and the relaxation time.

Measuring physical forces (strain, pressure) has been the
primary focus in soft optomechanical sensors, for applica-
tions in colorimetric structural health monitoring and pres-
sure sensing. In this line, mechanochromic systems with
outstanding mechanical sensitivities and resilience have been
demonstrated, which hold great potential to be translated into
useful market products.?* On the other hand, soft mechano-
chromic materials have gained increasing attention in chemical
and biochemical sensing.l) Combining the high sensitivity and
biocompatibility of soft mechanical structures with the ease of
use of colorimetric analysis may open unprecedented possibili-
ties in clinical diagnostics and environmental monitoring. It is
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worth mentioning that color imaging-based readouts enable
2D-mapping of the mechanical deformations and hence allow
monitoring a large number of sensors in parallel. In this way,
soft mechanochromic systems are also appealing as a tool for
measuring the forces exerted by living cells and performing
mechanobiology studies.?*??% In addition, integration of the
soft mechanochromic materials (e.g., hydrogels) within micro-
fluidics!?*! and paper-based devices!?*l may in turn foster new
relevant applications.

Soft optomechanical modulators, mainly based on wrinkled
PDMS surfaces, have been widely exploited to build high-
performance smart windows and optical displays switched
by external strain.! These systems offer very promising fea-
tures toward robust and energy-efficient solutions for future
sustainable buildings. Interestingly, endowing these systems
with light-driven actuation capabilities may boost the develop-
ment of fully autonomous and efficient light modulators. On
the other hand, it is also worth mentioning that a variety of
optical modulators based on hard materials switched through
optical, electrical, and thermal pulses have been developed in
recent years, which have demonstrated outstanding perfor-
mances; for example, tunable optical metasurfaces relying on
different mechanisms for applications in tunable focusing,
beam steering, and holograms.[*l Among them, chalcogenide
phase-change metamaterials play a prominent role, since they
can be switched by low-power electrical/optical signals with fast
transition speeds.?#-252]

Soft optomechanical actuators have experienced a big expan-
sion during the last years, especially for applications in soft-
robotics. Light actuation can be applied remotely, eliminating
the necessity of wires and, consequently, reducing the com-
plexity of soft-robots. Light actuation can also be combined
with other stimuli for multifunctional applications. However,
there are still many challenges to translate soft optomechanical
actuators from the lab to the market. Size, strength or high-
performance actuation are some of the limitations of the cur-
rent developments, which are generally demonstrated by using
simple suspended beams or small size grippers. As a step for-
ward, sunlight-driven®2 and high-forcel'®®l soft actuators have
been demonstrated, as well as systems harnessing novel high-
performance photothermal agents.'®] Besides, other actua-
tion mechanisms beyond photothermal and photochemical
processes are being explored, which may offer very interesting
features.[?3l Remarkably, soft actuators easily incorporate a self-
sensing capacity (e.g., mechanochromic) to enable precise con-
trol of the actuation strength.[18%]

Another critical issue to both optomechanical sensing and
actuation devices is the lack of industrial processes for scaling
up the manufacturing of PDMS-based devices. PDMS is the
crucial polymer used in a significant fraction of the reviewed
systems. However, although there are currently well-established
methods for replicating microfabricated PDMS devices, the
cost is relatively high compared to other inexpensive industry-
standard polymers (i.e., thermoplastics). Mass production
techniques commonly used for manufacturing polymer-based
devices (e.g., injection molding, rolling, hot embossing, laser
cutting or micromillling) are not transferable to PDMS pro-
cessing, making it difficult to translate PDMS-based systems
into the market. Moreover, PDMS is a material that swells
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and absorbs small molecules that can affect the sensitivity
and reproducibility of the system over time, aging and losing
its original properties.?>’ Alternatively, new soft polymers
recently employed for manufacturing microfluidic devices pre-
sent interesting mechanical features (e.g., low Young’s mod-
ulus (E), Eppys=1.8 MPa), and may be advantageous in terms
of manufacturing scalability. For example, polyester elastomers
(E=0.7 MPa)®>¥ and tetrafluoroethylene-propylene elastomers
(E=0.8 MPa)?> have been used to build soft structures by con-
ventional molding techniques. Interestingly, thermoplastic elasto-
mers can be processed by injection molding and hot embossing,
presenting however a higher stiffness (E=34 MPa).?*® On
the other hand, soft structures based on thiol-ene polymers
(E=10-30 MPa) may be obtained by photopolymerization using
UV-lithography and reaction injection molding.?>’]

In conclusion, a wide variety of soft optomechanical systems
are being developed exploiting the unique features enabled
by the combination of soft polymers with photonic/photo-
responsive materials. Although still in its infancy, these flexible
engineered systems are already offering remarkable advances
in sensing, modulation, and actuation. Following this trend,
these technologies will most likely provide great benefits in
many fields in the near future.
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