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(octopus, cuttlefish),™® humidity-responsive opening of pine
cones™* and rapid closure of Venus flytraps upon insect touch.®
These “intelligent” survival skills of creatures with stimuli-
responsive color- and/or shape-changing capabilities inspire the
next paradigm of ‘“smart” bio-inspired sensing and actuating
materials, whose state-of-the-art advances are reviewed in this
article.

Bio-inspired sensing and actuating materials are usually
developed based on stimuli-responsive materials capable of
sensing di [erént external environmental stimuli such as humidity,
pH, ions, temperature, electromagnetic fields and light.15%°
Among them, stimuli-responsive polymers with flexible mole-
cular chains, controlled intermolecular interactions and sometimes
tailored thermodynamic properties resembling the features of
biological materials are excellent candidates.?*2* Through elaborate
structural design integrated with hybrid strategies, these materials
can change their molecular conformations upon exposure to
specific external stimuli and subsequently alter their macro-
scopic properties by contraction, wrinkling, bending, twisting
or volume change, which provides the basis for the formulation
of “smart” materials with the capabilities of programmable
color alteration and/or reconfiguration on demand. With such
amazing biomimetic properties, these “smart” materials have
shown their great potential as sensing and actuating materials
since they can directly sense different environmental stimuli by
color/shape changes as visual outputs and exhibit dynamically
reconfigurable properties for accomplishing complicated tasks,
which have therefore demonstrated their remarkable promise
for diverse applications in sensors, actuators, flexible electronics,
soft robotics and various biomedical fields.?>° This article
presents a brief overview of “smart” bio-inspired sensing and
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actuating materials in response to different stimuli (e.g, humidity,

pH, ions, temperature, electromagnetic fields and light) and
summarizes their respective application scopes in different areas.

We envision that this review shall offer valuable inspiration to the
future direction of bio-inspired sensing and actuating materials

and the integration of such materials into advanced “smart”
devices and machines to better benefit human lives.

2. Bio-inspired color-changing
sensing materials

The change in coloration in response to environmental stimuli
is a common strategy for creatures to camouflage themselves.
One typical example is cuttlefish, which have chromatophores
that can be squeezed with the contraction of circular muscles
and subsequently change their color upon exposure to external
stimuli.®® Inspired by the amazing features of cuttlefish, many
types of pigments and luminescent materials exhibiting color-
changes in response to their environmental changes have been
developed, while their relatively short duration and unsatis-
factory stability are their main drawbacks.!*? In nature, many
color-changing organisms dynamically change their colors
depending on the self-regulation of their unique periodical
micro-/nanostructures in furs, squamae, feathers or carapaces,
which is called structural color, that is, coloration based on the
interference, di[rattion and multiple reflections of light, or
the combined e [ecks.®® Structural color materials based on the
principles of thin film interference and colloidal photonic
crystals olerl much more durable and brilliant coloration
than conventional pigments, which inspired the development
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of artificial color-changing sensing materials with superior
properties. On the basis of the thin film interference e [ecks,
di Cerént artificial color-changing materials have been developed,
whose color alteration relies on the changes in the thickness and/
or reflective index of the thin film usually made of responsive
materials.3**® However, these color-changing materials confront
challenges in displaying homogeneous colors and are di [cult to
apply on transparent substrates since a reflective layer with a high
reflective index is indispensable. Alternatively, chameleons, as one
of the most famous color-changing animals that adapt their skin
color according to environmental changes by changing the period-
ical micro-/nanostructures in their skin (Fig. 1a), have attracted
extensive attention from researchers and inspired them to develop
another class of artificial color-changing sensing materials called
responsive photonic crystals.'?> And these responsive photonic
crystals as artificial sensing materials with robust color-changing
properties will be highlighted in this article. Photonic crystals
usually formed by the “bottom-up” ordered assembly of multilayer
thin films or colloidal particles by dilerént methods such as
sedimentation, vertical deposition, blade coating, spray coating,
spin coating, interfacial assembly and inkjet printing,%*=*° whose
coloration arises from the diffraction of light by the assembling
periodical units. The wavelength I of light reflected by a typical
three-dimensional (3D) photonic crystal is determined according
to the following Bragg’s law equation:

I"8 !1/2
ml ¥ 2D n?V; sin’y (1)
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where D is the periodical spacing of the photonic crystal, n; and V,
are the refractive index and volume fraction of each component,
and y is the angle between the incident light and the sample.
According to this equation, it is straightforward to conclude that
the coloration of photonic crystals can be easily tuned by adjusting
the periodical spacing or the refractive index of the assembling
units (Fig. 1b).** Applying a mechanical force such as stretching,
compression, or bending is a straightforward way to alter the
periodical spacing of photonic crystals (Fig. 1c),** which directs
the development of various types of mechanochromic materials
showing potential as pressure/strain sensors.**** Furthermore,
with an appropriate integration of photonic crystals and respon-
sive materials, a variety of responsive photonic crystals exhibiting
dynamic color changes in response to different external stimuli
have been developed.*® In turn, these responsive photonic crystals
can be promising sensing materials to reflect the environmental
alterations by visualized color alteration. In the following sections
of this article, the design principles and properties of such novel
artificial color-changing materials capable of sensing different
stimuli (e.g, chemicals, temperature, electric fields, light and
magnetic fields) are reviewed. Their great promise in various
application fields especially sensors and displays is introduced.

2.1 Chemo-induced color-changing sensing materials

There are many organisms whose colors are sensitive to the
changes in chemical environments. Flowers are well-known
examples.46 For instance, the colors of litmus change according
to di Lerknt pH values. Litmus reagent derived from this plant is

Fig. 1 The principle, fabrication and applications of chameleon-inspired respon sive photonic crystals. (a) Reversible color change of chameleon skin be tween
relaxed and excited states with changes in the per iodical spacing between the microstructures on th  eir skin. (b) The color-tuning principle of respo nsive photonic
crystals. (c) Chameleon-inspired photonic crys tals show di erent colors, which are tuned by controlling the di erent periodical spacings of assem bling units by
force. (d) Rewriteable papers based on responsive photonic crystals which can be written on with water. (e) Structural color contact lens. (f) Respon  sive photonic
crystals for the non-invasive in vivo imaging of the ionic regimes along the gastrointestinal trac t of Japanese medaka. Reproduced from ref. 12, 41, 42, 65 and 69,
with permission from the Nature Publishing Group (NPG), the American Chemical Society (ACS) and the Royal Society of Chemistry (RSC).
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hence used as a pH indicator. Artificial materials responding to
the changes in chemical cues such as vapor, solvent, pH, and
ionic concentration are abundant too, which o [erk the basis to
form chemo-induced color-changing materials for sensing
the changes in chemical environments. With an integration
of photonic crystals and chemo-responsive materials, various
types of artificial materials showing brilliant and tunable
colors, as well as the abilities to change their colors in response
to di [erént chemical cues, such as organic solvents,*”~>° water, >3
and specific vapors,®>" have been recently developed. For
instance, Asher and coworkers developed a responsive ionic
liquid polymer two-dimensional (2D) photonic crystal, whose
colors were responsive to water and ammonia.®® Yu and
coworkers developed a photosensitive polystyrene/silver bromide
hybrid colloidal film with the ability to probe bromine vapor by
color changes.®” Based on responsive hydrogels, different color-
changing materials with opal or inverse opal structures have been
developed. They could be used for measuring ion concentrations
and pH values, as their reflectance spectra would shift according
to the changing periodical spacing along with the shrinkage/
swelling of hydrogels in situations with different ion concentra-
tions or pH values.®® These chemo-induced color-changing
materials, particularly responsive hydrogels with opal or inverse
opal structures exhibiting color-changes in response to different
chemical cues. Based on these excellent response properties, our
groups and others have developed different applications of these
chemo-induced color-changing materials in various fields such as
rewriteable papers using water or salt solutions as environment-
friendly inks (Fig. 1d),*>% structural color contact lens (Fig. 1e) for
noninvasive monitoring of glucose and drug delivery,*”®® and
in vivo mapping of metabolism (Fig. 1f).%*"° The sensitivity of
photonic crystal-based chemical sensors could be enhanced with
the assistance of metal-organic frameworks or silk fibroin.?%7*~"
Furthermore, photonic crystal-based chemical sensors capable
of simultaneously detecting multiple chemical signals using
spatially/time resolved spectra have been developed with the
assistance of materials with multi-modal responsivity.”*®? For
instance, Gu and coworkers developed a novel optical chip with
photonic crystal sensor arrays assembled from mesoporous
colloidal beads functionalized with different alkoxysilanes,
showing excellent nose-like functions to distinguish varieties
of compounds by colors.?

2.2 Thermo-induced color-changing sensing materials

Thermally responsive materials have been extensively investi-
gated in the last few decades, o [ering an important foundation
for preparing thermo-induced color-changing sensing materials.
The photonic crystals formed with the assistance of thermally
responsive materials should undergo transitions in the periodical
spacing and/or refractive index in response to the temperature
changes, subsequently resulting in tunable colors. Compared to
inorganic thermally responsive materials generally exhibiting
a high phase transition temperature,®* thermally responsive
polymers usually present much lower responsive temperatures,
making them excellent candidates for a broader range of applica-
tions, particularly in various biomedical fields.®®> For example,
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poly(N-isopropylacrylamide) (PNIPAM) is one of the most famous
thermally responsive polymers, which exhibits volume phase
separation in response to temperature to swell at a temperature
below the lower critical solution temperature (LCST) of 32 1C and
conversely to shrink when the temperature is above the LCST.
Di Lerént thermo-induced color-changing materials have been
developed based on photonic crystals coupled with PNIPAM via
di [erént approaches, such as the assembly of PNIPAM hydrogel
microbeads and silica particles with modified PNIPAM brushes®-8
or the preparation of PNIPAM hydrogels with inverse opal
structures.?®®! To mitigate the impact of the viewing angle
on the color observed, amorphous colloidal structures were
introduced into PNIPAM-based photonic crystals, leading
to angle-independent thermally responsive color-changing
properties and thus superior reliability in terms of sensing
temperature.®® By preparing photonic crystals using copoly-
mers of NIPAM and other different responsive monomers, a
series of multi-modal responsive materials with the abilities
to change their colors in response to temperature and other
stimuli, such as pH®%°2 and electric fields,®® have been devel-
oped, showing the potential of multi-modal sensing. Apart
from PNIPAM, liquid crystals and shape-memory polymers
that can memorize a temporary shape and recover a perma-
nent shape when the environmental temperature exceeds the
transition temperature (Tians) have also been widely investi-
gated for forming thermally responsive photonic crystals.®>®
These thermally responsive photonic crystals exhibit different
responsive temperatures, varying due to the distinct proper-
ties of the liquid crystals and shape-memory polymers, which
have been employed for different applications such as tem-
perature sensors, anti-counterfeiting, and displays.

2.3 Electrically induced color-changing sensing materials

Electrically induced color-changing sensing materials are extre-
mely attractive and urgent in many fields such as displays, anti-
counterfeiting and smart windows. One e [eckive method to
prepare electrically induced color-changing sensing materials
is to employ electroactive polymers as “photonic inks” to form
electrically responsive photonic crystals. In particular, Ozin and
co-workers realized electrically induced full-color displays
based on photonic crystals assembled from electroactive
polymers such as polyferrocenylmethylvinylsilane and poly-
ferrocenyldivinylsilane, whose color could be e Ceckively tuned
by electric fields across the whole visible spectrum.®®%’
Electrical tuning of colors could also be realized in an indirect
way based on metal ion-responsive photonic crystals where the
color is tunable according to the dilerent redox states of
the triggered metal ions. In particular, photonic microbeads
assembled from colloids with copper-responsive hydrogel coat-
ing layers exhibited electrochromic properties when suspended
in a solution containing Cu®" ions. A voltage applied to the
solution could alter the transition between Cu?* and Cu® via
electrochemical reduction/oxidation processes, resulting in the
shrinkage/swelling of the ion-responsive hydrogel outer layers of
the colloids, and subsequently, the color changes owing to the
di [erént periodical spacings of the photonic microbeads (Fig. 2a).%
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have been established for photo-induced actuation through the
coupling between photothermal nano-agents (Au NRs,'#” GO,2%
black phosphorus,?°? etc) and thermo-responsive materials
such as PNIPAM hydrogels and shape-memory polymers, which
have shown their respective potential in many areas such as
tissue engineering and flexible electronics (Fig. 7b).1#7:202
Assisted by a colloidal template etching method, a film with
gold nano-conic arrays has been prepared. This film exhibits
NIR-responsive photothermal properties owing to the strong
surface plasmonic resonance e [ecks of the gold nano-cones,
which subsequently exhibit site-specific actuation behaviors
in liquids driven by the bubbles generated by the evaporation
of the liquids through pinpoint NIR irradiation.?’® Besides,
a novel design of actuators combining optically absorptive
elements and ferromagnetic powders with a low Curie tempera-
ture capable of demagnetization upon increasing the tempera-
ture has also been demonstrated for photo-induced actuation
under a magnetic field, whose magnetic properties can be
modulated by the heat converted due to photoirradiation.?**
In this case, photoirradiation o[erk an additional parameter
in the control over their actuating behaviors. Photo-induced
actuating materials bring convenience to remotely control actua-
tion by on/o [slvitchable photoirradiation using a laser beam.
Furthermore, lights with di [erént wavelengths have been recently
explored to generate programmable and complex reconfigurable
shapes in a photo-controlled manner. In particular, sequential
self-folding of a transparent inkjet shrink film (which exhibits
obvious shrinkage when heating above a transition temperature)
with patterning colored hinges possessing di Lerént light absorp-
tivities has been achieved by the separately controlled bending of
di Cerént colored hinges using light-emitting diodes (LEDs) with
di [erent wavelengths (Fig. 7c).2%® Predictable multiple 3D struc-
tures can be formed under photoirradiation of dilerént LEDs
with the assistance of origami/kirigami design principles. Also,
it can be forecast that more programmable reconfigurations
and more complex structures can be prepared on the basis of
photo-responsive materials coupled with other stimuli-responsive
materials, which may further extend the applicability of bio-
inspired shape-morphing actuating materials to various fields.

3.5 Magnetic field-induced shape-morphing actuating
materials

Magnetic field guidance is critical for the navigation of many
creatures in nature. As an e [eckive stimulation way to drive
actuation, magnetically induced actuators based on artificial
materials have also been widely investigated.*” Magnetic field-
guided motion is a straightforward way for the actuation
of magnetic materials. Alternatively, magnetically induced
actuation can be realized through the nonequilibrium stress
generated from either magnetic field gradients or the materials
with magnetic responsivity dilerkntials in dilerkent parts.
For instance, flexible magnetically responsive films have been
fabricated by dispersing magnetic nanoparticles within poly-
mer matrices, which can be stretched, contracted or bent upon
exposure to dilerént inhomogeneous static magnetic fields
(Fig. 8a).2°® The responsivity and sensitivity of such magnetically
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induced shape-morphing materials can be improved by preparing
ultralight yet sti Cfilms made of hybrids of magnetic nanoparticles
and elastomer aerogels.>®”?%® Besides, composite films with direc-
tional actuating properties have been prepared by site-specific
patterning of chained iron microparticles for obtaining aniso-
tropy. On that basis, targeted drug delivery, self-folded grippers
and directional motion have been realized using magnetic
materials coupled with other stimuli-responsive shape-morphing
systems.2°°?° programmabile reconfigurations can also be achieved
in magnetically induced manners through the integration of the
hyperthermia elects of magnetic nanoparticles under an alter-
nating magnetic field and the thermo-induced actuating behaviors
of specific materials such as shape-memory polymers (Fig. 8b) and
PNIPAM hydrogels (Fig. 8c),?"*2 which have been employed
for “smart” tissue-engineered scalaldls with remotely actuated
reconfiguration capabilities.>*> As a remote stimulation approach,
magnetic guidance olerd the possibility of contactless controll-
ability, showing promise in many specific application fields that
require remotely controllable actuation. However, precise control of
the actuation of magnetically induced actuators (including their
actuation direction and reconfigurable shapes) remains challenging.
Investigations into magnetically induced actuating materials with
better controllability and capability to reconfigure into multiple
complex 3D shapes will be of great value in future studies.

4. Bio-inspired materials with
simultaneously color- and shape-
changing properties

Biological systems such as cephalopods (octopus, cuttlefish)
exhibit outstanding abilities to simultaneously change their
skin color and shapes in simple and reversible manners for
camouflage purposes. Artificial materials with combined color-
changing and shape-morphing properties shall also be highly
promising, especially in the fields of electronic skins and soft
robotics for the instantaneous visualization of environmental
changes and emotional expression/communication. However,
design of such artificial materials is di Cculk since it requires
appropriate integration of di [erént responsive systems. A sophis-
ticated design by combining elastomers and microfluidics has
been demonstrated for preparing devices exhibiting simultaneous
color change and reconfiguration for the first time (Fig. 9a).%%*
Although the color adaption of the resulting devices relies on
the simple filling/flushing of pigment solutions through the
embedded microchannels rather than complicated nerve-
controlled systems based on chromatophores or iridophores,
biomimetic functions have been achieved to make soft devices
move and camouflage against/display on di Cerént backgrounds.
Recent studies in this field have paid more attention
towards developing materials with integrative color- and shape-
actuating behaviors based on their coupling stimuli-responsive
mechanical and optical properties. For example, through the
incorporation of thermochromic pigments and silver nanowire-
embedded electrothermal soft elastomers, the color and shape
of the resulting biomimetic actuators could be simultaneously
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Fig. 9 Bio-inspired materials with simultaneously color- and shape-changing properties. (a) Soft robotics with embedded microchannels for the filling/
flushing of pigment solutions achieve simultaneous color change and reconfiguration. (b) Electrothermal soft actuators incorporated with thermo -
chromic pigments. Their colors and shapes can be simultaneously tuned by the heat generated by the integrated transparent silver nanowire percolati  on
network to mimic the behaviors of a flower, a butterfly and a tendril. (c) Biomimetic eebutterflyss made of a gelatin hydrogel with embedded
cardiomyocytes and inverse opal structures for simultaneous color and shape changes. Reproduced from ref. 214, 215 and 221, with permission from
the American Association for the Advancement of Science (AAAS) and John Wiley & Sons.

a living thing. Based on di [ergnt stimulation sources (e.g, chemical
signals, temperature, electric fields, light and magnetic fields), these
bio-inspired sensing and actuating materials show distinct proper-
ties and performances in terms of the response rate, reversibility and
remote controllability (Table 1), thus exhibiting dilerént pros
and cons for diverse applications. Recently, even some artificial
sensing and actuating materials with multi-modal responsivity to

simultaneously sense multiple stimuli and/or multi-functionality
to simultaneously change their colors and shapes upon exposure to
a specific stimulus have been developed and investigated, which
significantly promote the progress of many fields such as sensors,
actuators, biomedicine, flexible electronics, and soft robotics.
Despite the significant progress that has been made in the
field of bio-inspired sensing and actuating materials, there is

Table 1 Summary of di erent types of stimuli-responsive materials for forming bio-inspired sensing and actuating materials

Remote
Subtype Response rate Reversibility controllability Ref.
Chemo-induced sensing  Vapor-responsive materials Lessthan1ls Usually no Yes 148 and
and actuating materials 159
Chemo-responsive hydrogels Several seconds to  Usually yes No 161-166
several hours
Thermo-induced sensing Thermo-responsive polymers Several seconds to  Yes No 171-173
and actuating materials several minutes
Shape-memory polymers Several seconds to Usually no (except for bidirec- No 132 and
several minutes tional shape-memory polymers) 176-184
Electrically induced Piezoelectric materials Lessthan1s Yes No 136
sensing and actuating Dielectric elastomers Lessthan1ls Yes No 135 and
materials 185-192
Photo-induced sensing Liquid-crystal elastomers based on  Several seconds to Yes Yes 133 and
and actuating materials  photoisomerized molecules several minutes 195-198
Photothermal materials Several seconds to Usually no Yes 147 and
several minutes 201-205
Magnetically induced Magnetically guided actuating Lessthan1s Yes Yes 206-208
sensing and actuating materials
materials Responsive materials based on the  Several seconds to Usually no Yes 211 and
magnetically induced hyperthermia  several minutes 212
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