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1. Introduction

Maintenance of temperature within an appropriate range is
critical to human activity. On the lowest level, keeping the body
temperature at ~37 °C ensures human survival." On upper
levels, methods that can improve thermal comfort and the
reliability of equipment have been pursued throughout the
history of human civilization,?™ resulting in technologies and
strategies that can now be generally referred to as thermal
management or thermoregulation. In the contemporary era,
the crises of global warming and sustainable development
further highlight some previously overlooked aspects of ther-
mal management, such as energy consumption. Tremendous
efforts from different disciplines have been made to address
the emerging grand challenges in thermal management.

Di Zhang is an academician of
Chinese Academy of Sciences and
a Chair Professor of Materials
Science at Shanghai Jiao Tong
University, China. He 1is the
director of the State Key Labora-
tory of Metal Matrix Composites
at Shanghai Jiao Tong University
and the founder and leader of the
Morphology Genetic Materials
group. He received his PhD in
Materials Science (1988) from
Osaka University, Japan. His
research interests include the
design, synthesis, and characterization of bioinspired materials
and metal matrix composites.

Di Zhang

Han Zhou is a Professor at the
State Key Laboratory of Metal
Matrix Composites, Shanghai
Jiao Tong University. She has
long been dedicated to cutting-
edge interdisciplinary research
and applied translation in Al-
designed thermal radiation meta-
materials, bioinspired thermal
metamaterials, and intelligent
metamaterials. As a correspon-
ding author, she has published
SCI papers in prestigious jour-
nals such as Nature, Proceedings
of the National Academy of Sciences (PNAS), and Advanced
Materials. She has received honors, including the National Young
Talent Program, being listed in the World’s Top 2% Scientists
(2023/2024), the WILEY Young Researcher Award, the Humboldt
Research Fellowship (Germany), and the Second Prize of the
National Natural Science Award.

Han Zhou

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev

Particularly, photonic solutions based on rationally engineered
photonic materials are considered a promising avenue.® This is
primarily because sunlight is a major energy source and
thermal radiation serves as an important channel of heat
transfer. In optics, the favored conditions for different scenar-
ios of thermal management can be cast into corresponding
spectral requirements. However, fulfilling such requirements
over the broad range of wavelengths from ultraviolet (UV)
through visible and near-infrared (NIR) to mid-infrared (MIR)
with the responses of structured materials is a computationally
very costly task of inverse design, which is usually dealt with by
using upgraded hardware (e.g., computer clusters, graphics
processing units) and/or software (e.g., advanced algorithms
for optimization or machine learning).

An effective approach to overcoming this difficulty is bio-
mimicry.” Many living organisms on Earth are recipients of
solar energy. And in spite of the inhabiting environments, they
need to manage the heat load with certain organs to maintain
the body temperature within some ranges, solving the thermal
management problem of their own version. Since the structures
in biological systems are shaped during the course of evolution
taking place continuously over millions of years, identifying
them and understanding the mechanisms can be very inspiring
for the design of optical materials targeting functions similar to
those of biological systems.® Compared with traditional design
methods that start the search from scratch, imitation of natural
materials offers a shortcut to complex designs, especially those
with intricate hierarchical structures,” for the optimization
to begin with, remarkably facilitating the search of high-
performance devices. In extreme circumstances, direct modifi-
cation of natural materials can provide practical solutions to
selective applications as well. Moreover, devices for thermal
management do not always operate in a fixed mode or in
environments at a constant temperature. To cope with the
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changing conditions, introducing dynamic materials with
responses adaptable to external stimuli will add great value to
the devices, and the design process could also benefit from
biomimicry.°

In this review, we discuss the recent advances in thermal
management enabled by biophotonics and bioinspired photo-
nic materials. Here, photonic materials are defined as compo-
sites of micro-/nanostructured materials that interact with
photons in the optical regime. Although the rapid progress in
biophotonics and thermal management, particularly in photo-
voltaics and passive cooling, has separately led to innovative
concepts and practical technologies,""'* these developments
have so far been reviewed mainly from the respective view-
points of, for instance, biomimicry of structural coloration,"*™>
bioinspired materials,'®'®"® energy conversion,*** radiative
cooling (RC),***?® smart windows,?”>° etc. In pursuit of better
photonic solutions to thermal management, which are critical
for fighting against global warming and searching for renew-
able energy sources, the inspiring role of biological systems has
not been examined from an integrative perspective. Therefore,
we believe a comprehensive survey on this topic is timely and
will provide new insights into thermal photonics.

The manuscript is organized as follows. In Section 2, we first
introduce the concepts of several representative scenarios of
thermal management, including passive RC, heating, smart
windows, and infrared (IR) stealth, establishing discrete con-
nections between each of these applications and their require-
ments on optical responses. Subsequently, a quick overview is
presented to outline how inspirations of designing new materi-
als can be obtained by studying biological models that have
naturally evolved to meet certain parts of such spectral require-
ments, namely broadband reflection, antireflection, and selec-
tive reflection. Section 3 breaks down the subject of static
thermal management and discusses in detail biological
structures and materials featuring the above three types of
characteristic optical responses, along with the respective
mechanism. Natural examples of thermoregulation employing
multiple mechanisms are also discussed. Section 4 is analo-
gous to Section 3 but focuses on dynamic thermal manage-
ment. After walking through the essentials, Section 5 switches
gears and reviews the applications of bioinspired photonic
materials for thermoregulation. In line with the structure of
Sections 2-4, the discussion starts with static cases, such as
RC, solar energy harvesting and photothermal conversion, and
then goes to dynamic materials for smart thermal control and
adaptive IR camouflage. Finally, Section 6 concludes the
survey with an outlook on the future directions of bioinspired
photonic solutions to thermal management.

2. Background and concepts

Thermal management refers to the strategies and techniques
used to maintain the temperature of a system so that it can
function with desirable performance. Governed by the princi-
ples of thermodynamics, the concept generally applies to many
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scenarios spanning a broad range of length scales, from the
cooling of electronics and batteries, the design and engineering
of solar cells, to the temperature control of the human body,
vehicles, and buildings. Because this review focuses on bioin-
spired solutions, of which the sources of inspiration mainly
deal with solar irradiation and dissipation of heat via thermal
radiation, the context of the following discussion is tailored
accordingly. More specifically, we consider the problems of RC,
solar energy harvesting, thermochromic smart windows, and IR
stealth (Fig. 1).

Finding solutions to the named applications can be formu-
lated as tasks of designing photonic materials with suitable
optical properties over a unified wavelength range of 0.3-25 pm,
covering the entire solar irradiation spectrum and the MIR
region overlapping the blackbody radiation spectrum of objects
near the ambient temperatures of about 300 K (shaded areas in
Fig. 1(a)-(e)). For the most emerging and practically significant
concept in modern thermal management, the spectral require-
ments of daytime RC are illustrated in Fig. 1(a). Without
employing any formalism, which is widely available elsewhere
and useful for performance evaluation,* here we describe them
in a qualitative manner to keep the explanation concise and
more consistent with the background of biomimicry. Briefly, an
ideal daytime radiative cooler minimizes its thermal load by
reflecting all the sunlight and environmental thermal radiation
impinging on it, except over the atmospheric transparency
window at 8-13 um wavelength, where the cooler has unit emis-
sivity or absorptivity and thus can send heat to the cold outer
space most efficiently. In other situations of RC, for instance,
where the device operates above the ambient temperature,
a much broader range of MIR wavelengths can be utilized for
emitting the excessive heat (solid curve in Fig. 1(b)).>° Further
adjustments may be applied to optimizing solar cells based on
the bandgaps.®"*> Similarly, in extending the RC concept to
meet additional functional or aesthetic requirements, it is
possible to introduce colors by carefully engineering the reflec-
tion behavior of the coolers in the visible region (dashed curve
in Fig. 1(b)).>> For heating and solar energy harvesting pur-
poses, the spectral requirements are reversed with respect to
RC. In this case, total absorption of the incident solar power is
desirable, while heat loss via thermal radiation should be
avoided at all MIR wavelengths (Fig. 1(c)).

A more sophisticated case of thermal management is the
thermochromic smart windows.** Fig. 1(d) and (e) illustrates
the concept when such devices operate at high and low tem-
peratures, respectively. The two states share the same response
of high transparency to visible light to perform the basic
function of windows but have opposite requirements in the
IR region. In summer, the smart window should block the
invisible part of sunlight to reduce the heating of the indoor
environment and meanwhile, possess high emissivity in the
MIR region to promote RC (Fig. 1(d)); the reversal of both func-
tions is favored in winter (Fig. 1(e)).

Besides the above scenarios involving sunlight, another
compelling application requiring engineered thermal responses
is IR stealth or camouflage. Although traditionally more efforts

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Spectral requirements for different scenarios of thermal management. (a) Solar irradiance spectrum at the sea level (yellow shaded area) and the
atmospheric transmission spectrum (blue shaded area) including the atmospheric transparency window at the wavelength range of 8-13 pm. The same
spectra are displayed in the background of (b)—(e) as a reference. The red curve outlines the ideal spectrum for daytime RC, which eliminates absorption
of light at all wavelengths but within the atmospheric window. (b) The spectral requirements for RC that operates above the ambient air temperature
(solid curve) or needs to exhibit a certain color in the daytime (dashes curve). (c) Opposite to passive cooling, heating favors total absorption of the solar
irradiation or in other words, solar energy harvesting, with the heat dissipation via thermal radiation being completely avoided. (d), (e) A good
thermochromic smart window should retain transparency in the visible region and have opposite infrared optical properties at high (d) and low (e)
temperatures. (f) For infrared stealth, the desired spectral responses vary in specific application scenarios. In one exemplary case, retroreflection is
minimized by engineering the MIR spectral response (e.g., selective absorption outside atmospheric windows) and angular scattering behavior at the

wavelength of the incident NIR laser from a light detection and ranging device (green strip).

were put in optimizing the reflection directions of the incident
NIR laser,* recent research has suggested taking thermal effects
into account as well.>® By overlapping the high emissivity band
with the non-atmospheric window at 5-8 pm wavelength, the
device could improve in thermal stability without sacrificing low
IR detectability (Fig. 1(f)).

The representative spectral profiles summarized in Fig. 1
exhibit two features, both of which could pose substantial
challenges for the design of photonic materials for thermal
management. First, the wavelength span from UV to MIR is very
broad. Over such an interval, not only will the dielectric proper-
ties of most materials vary significantly, but also the micro- and
nanostructures can lose the desired functions once the operating
wavelengths shift to another band. Second, when comparing
across applications, it is noticed that in managing the heat load
from solar absorption and thermal radiation, the ideal spectra are
essentially combinations of three types of characteristic
responses: broadband reflection, antireflection, and selective
reflection. The two features therefore render the design a
process of searching and optimizing ultra-broadband photonic
materials with band-selective functions. Typically, design tasks
of this kind are extremely challenging and need to be solved
through trial and error, requiring iterative optimizations or
training large-scale machine learning models based on compu-
tationally costly simulations. In this regard, finding alternative

This journal is © The Royal Society of Chemistry 2025

shortcuts to high-performance materials can potentially
reshape the landscape of materials design as well as the fields
where the materials are used.

Interestingly, one possible solution may be just hidden in
plain sight. Most if not all organisms can only live if their body
temperature is within a relatively narrow range of temperatures.
In other words, the need for thermal management is universal.
Given the diversity of living organisms on Earth, numerous
strategies, structures, and materials have been developed
by nature through evolution, the ultimate and everlasting
“optimization”, to perform various functions that help the
organisms to better survive in the dynamically changing
environment. Natural selection results in a comprehensive
library of exceptional examples for human to explore, learn
and imitate in engineering. When coming to thermal manage-
ment, the process of biomimicry can be adapted in accord with
the aforementioned features, inspecting primarily organisms
inhabiting in hot or cold environments. And even with simul-
taneous requirements for ultrabroad bandwidths and critical
band selectivity, instructive natural prototypes fulfilling both
aspects have still been discovered. A well-known example is the
Saharan silver ants capable of performing RC.>” More generally,
as illustrated in Fig. 2, the search for inspiring prototypes can
target one of the three characteristic responses to address the
individual band-selective function. This approach is particularly

Chem. Soc. Rev,, 2025, 54,10690-10723 | 10693
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Fig. 2 Retrieval of structures and mechanisms from biological models. Typical spectral profiles needed for static thermal management (first row) and
their possible origins from natural creatures (second row) containing diverse hierarchical micro- and nanostructures (third row), based on which various
mechanisms (fourth row) are retrieved through modeling and analysis. Whiteness, blackness, and coloration on the spectra are broadly defined, referring
to not only visual appearance in the visible region but also infrared responses featuring similar characteristic spectral profiles of broadband reflection
(whiteness), broadband absorption (blackness), and selective reflection (coloration), respectively. Examples in the second, third, and fourth rows are
selected to be representative in each step and do not necessarily have correspondence between the groups. Photographs of natural models in the
second row (from left to right, top to bottom): a white Cyphochilus beetle. Reproduced with permission from ref. 61, Copyright (2018) The Royal Society.
The highly reflective septum of the Lunaria annua plant. Reproduced with permission from ref. 49, Copyright (2020) CC BY-NC. A Saharan silver ant.
Credit: Norman Nan Shi and Nanfang Yu. The “glasswing butterfly” Greta oto. Reproduced with permission from ref. 100, Copyright (2009) The Royal
Society of Chemistry. Petals of Diphylleia grayi in the rain. Reproduced with permission from ref. 187, Copyright (2015) The Royal Society of Chemistry.
A super black bird Wahnes' Parotia Parotia wahnesi. Reproduced with permission from ref. 106. Copyright (2018) CC BY. The Brazilian weevil Entimus
imperialis. Reproduced with permission from ref. 127. Copyright (2010) Elsevier. A male Morpho rhetenor butterfly. Reproduced with permission from ref.
198. Copyright (2009) AIP Publishing. Electron microscopy images of analysed micro-/nanostructures in the third row: three nanospheres in the white
chromatophore cells of a Pacific cleaner shrimp Lysmata amboinensis showing spoke-like structures. Reproduced with permission from ref. 56.
Copyright (2023) Springer Nature. Hollow cell bilayer arrays in the septum of L. annua. Reproduced with permission from ref. 49, Copyright (2020) CC
BY-NC. Hairs of the Saharan silver ants. Reproduced with permission from ref. 37, Copyright (2015) AAAS. Quasi-randomly positioned pillars in the
transparent regions of G. oto butterfly wing. Reproduced with permission from ref. 101. Copyright (2015) Springer Nature. Normal black feather of
Lycocorax pyrrhopterus. Reproduced with permission from ref. 106. Copyright (2018) CC BY. The scale of E. imperialis. Reproduced with permission from
ref. 127. Copyright (2010) Elsevier. Wing scale of Morpho sulkowskyi butterfly. Reproduced with permission from ref. 203. Copyright (2020) Wiley-VCH.
Although not included in the diagram, active thermal control can be achieved by switching between different static states, for which some strategies are
adapted from those of natural creatures such as chameleons and cephalopods.

effective in the visible region, where broadband reflection, anti-
reflection, and selective reflection are manifested as whiteness,
blackness, and coloration, respectively. On the other hand, the IR
optical properties of biological structures are usually not visually
perceivable with the naked eye. However, the physical mechan-
isms and design principles retrieved from analyzing colored

10694 | Chem. Soc. Rev,, 2025, 54,10690-10723

functional organs are broadly applicable to the thermal wave-
length range, still providing valuable guidance for engineering the
IR part of the spectrum. Besides static spectral engineering,
another important function that has inspiring solutions from
nature is the active tuning of optical responses. Typical paradigms
are species with the ability to change color, such as chameleons

This journal is © The Royal Society of Chemistry 2025
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and cephalopods. To lay the basis for understanding bioinspired
materials for thermal management, we discuss in the two suc-
ceeding sections illustrative examples of biological structures with
static and dynamic optical properties, respectively.

3. Biological structures and
mechanisms for static thermal
management

In the complex tapestry of nature, organisms have evolved a
diverse array of biological structures and mechanisms to main-
tain thermal stability in various environments. This section
focuses on the subfield of static thermal management, delving
into the intrinsic mechanisms by which organisms regulate
temperature. Common strategies include broadband reflection
to scatter incident light and minimize heating, antireflection
for optimizing light absorption, and band-selective reflection that
fine-tunes thermal properties. Biological structures with functions
featuring these mechanisms exemplify the power of natural
selection and adaptive evolution. Moreover, some organisms
integrate multiple mechanisms into hybrid structures, enabling
synergistic interactions towards optimal thermal management.

3.1 Broadband reflective structures

Color is essentially a visual perception and can be produced
in many ways by mixing different spectral components of
visible light properly. Structural whiteness, although commonly
observed in insects, aquatic organisms, mammals and avifaunae,
along with other colors and patterns, has garnered growing
attention across multiple research domains. This phenomenon,
arising from intricately evolved structures, presents tangible con-
cepts for a wide spectrum of applications, spanning from displays
to energy-saving thermal control materials and devices.”'®8

Unlike structural colors, which are caused by the selective
absorption or reflection of light at specific wavelengths,
structural whiteness is heavily dependent on intricate surface
microstructures that lead to the broadband reflection of light.
Achieving a white appearance is challenging, as it requires
reflection with uniform efficiency over the whole visible range,*
resulting in a step-like reflectance spectrum. Natural structural
whiteness could arise through diverse mechanisms of broadband
light reflection, stemming from various physical origins including
multilayer interference, total internal reflection, multiple scatter-
ing in disordered structures, and the color-mixing effect.*** This
section discusses representative biological structures that exhibit
these mechanisms, aiming to lay the foundation for under-
standing structural whiteness and, more generally, broadband
reflection. And as previously noted, the mechanisms also hold
in the IR region.

3.1.1 Multilayer reflector and total internal reflection.
Certain organisms exhibit a silver or gold-like appearance due
to broadband reflection resulting from multilayer interference.
Bragg stacks, which are multilayered structures composed of
alternating layers of two materials with different refractive
indices, represent a widely utilized system for generating

This journal is © The Royal Society of Chemistry 2025
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structural colors.**™*?

When two materials, denoted as A and
B, each possessing refractive indices n, and ng, are stacked as
alternating layers with thicknesses d, and dg, constructive
interference of the reflected light from the interfaces occurs

only when the wavelength meets the following condition:*?
2
A= I’Tl[nAdA COS(OA) + npdp COS(()B)}. (1)

Here, 0, and 0p are the angles at which light is refracted in the
respective materials, while m is an integer.

An illustrative instance is an “optimal” stack where each
layer with high and low refractive indices has a thickness
equivalent to a quarter-wavelength (Fig. 3(a)). Parker et al
introduced three multilayer designs to generate broadband
reflectance: multi-stacked, chirped, and chaotic.** Conse-
quently, the general approach to achieving broadband reflec-
tion in a multilayer stack involves creating diverse layer
spacings to satisfy the conditions for constructive interference
across multiple wavelengths within the visible spectrum.*

The classical example of multilayer reflectors is found in
some fish species.”” The phenomenon of diffuse whiteness is
commonly associated with Mie scatterers. Nevertheless, an
atypical configuration of multilayer reflectors results in diffuse
whiteness across a broad range of observation angles in pyjama
squid, offering a novel mechanism for generating angle-
independent diffuse whiteness using multilayer structures
(Fig. 3(b) and (c)). It effectively achieves a broadband reflectance
of about 40% in the 200-1000 nm wave segment (Fig. 3(d)).*® The
white or silvery appearance observed in fish originates from
alternating layers of guanine crystals and cytoplasm, functioning
as a broadband, wavelength-independent reflector. Gur and
colleagues discovered that the shiny surface of Gin-Rin is caused
by multilayered reflectors comprising intertwined guanine crys-
tals and cytoplasmic layers. Accumulations of guanine platelets
with random yaw angles in the fish skin generate broadband
reflectance through color blending.*” Brady’s study revealed that
open-ocean fish species display camouflage that surpassed that
of both nearshore fish and mirror-like surfaces, demonstrating
significantly greater concealment at angles linked to predator
detection and pursuit.*®

Similarly, one-dimensional (1D) photonic nanostructures
could be found in some plants. For example, Guidetti described
and characterized that the septum of the Lunaria annua plant
produced sizable, multi-centimeter, self-supporting iridescent
sheets, exhibiting a unique silvery-white reflective appearance
(see Fig. 2, row two, column one, top-right panel). This arises
from the arrangement of cellulose fibers in the cells of the
septum, which elicited colors resembling thin-film interference
at the microscale (Fig. 3(e) and (f)). Hence, the vibrant, irides-
cent hues seen in the natural world frequently result from light
interference within nanoscale periodic structures.*’

We then move on to total internal reflection, which occurs
when a beam of light propagates from a high refractive index
medium to a low index one and impinges the interface at an
angle exceeding the critical angle. Early research discovered
that some plant leaves, due to their micro-nano surface
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Fig. 3 Multilayer structures and total internal reflection mechanism of biological static systems. (a) Schematic diagram of the multilayer model. (b)-(d) Diffuse
white of Sepioloidea lineolata white stripe. (b) The white and dark stripes produced by iridophores and superficial brown chromatophores. (c) Transmission
electron microscopy (TEM) composite image displaying the contents of iridophores and the morphology of Bragg stacks. (d) Changes in spectral reflectance
within the visible wavelength range. Reproduced with permission from ref. 46. Copyright (2014) Wiley-VCH. (e), (f) Reflective appearance of the septum of
Lunaria annua plant. (e) A close-up photograph of L. annua septum showing interference colors with a high degree of reflectivity over an area sized about a few
square millimeters. (f) Spectra taken from single-colored regions reflecting magenta, blue, and green light, along with corresponding optical micrographs.
Reproduced with permission from ref. 49. Copyright (2020) CC BY-NC. (g)—(l) Thermoregulatory mechanisms of the triangular hair of the Saharan silver ant. (g)
The silver ants emitting a dazzling radiance in the African desert. (h) Scanning electron microscopy (SEM) image of the head covered with a uniform and dense
layer of hairs. (i) Cross-sectional view of a silver ant’s hairs milled by focused ion beams. (j) Schematic diagram illustrating the optical interaction between visible
and NIR light and a hair at different angles of incidence. The two surfaces on the ripple could enhance diffuse reflection in the UV-visible range.
(k) Hemispherical reflectance measured within the visible-NIR range. The hair-covered region (red curve) shows evidently higher reflectivity than regions
with hairs removed (black curve). () Reflectance in the MIR range under normal incidence. Reproduced with permission from ref. 37. Copyright (2015) AAAS.

structures, exhibit superhydrophobicity, and the air within
their nanostructures can cause total internal reflection when
immersed in water. Subsequently, this mechanism has also
been found in other organisms.’® A well renowned example of a
natural creature exhibiting functions enabled by total internal
reflection is the silver ant (Cataglyphis bombycina) (Fig. 3(g)).>”"
Shi et al. were the first to discover that the heads of Saharan
silver ants are adorned with densely packed triangular hairs
(Fig. 3(h) and (i)) with two thermoregulatory effects: (1) improve-
ment of broadband reflectivity across the visible and NIR spec-
trum (Fig. 3(j) and (k)). The hairs with a triangular cross-section
interact with the incident light differently as the incidence angle
varies. This property makes the reflectivity enhancement parti-
cularly strong for incidence angles beyond 30° and up to about
75°% as a result of total internal reflection at the hairs’ bottom
facets (Fig. 3(j), middle panel). Outside this angular range, Mie
scattering by the hairs and total internal reflection at their top
facets have increasing impacts (Fig. 3(j), left and right panels),
directing more light into the ant’s body. (2) Enhancement of
emissivity in the MIR region that dissipates heat efficiently via
thermal radiation. This effect at long wavelengths is caused
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primarily by the effective gradient refractive index of the thin
layer of hair structure, which reduces MIR reflectivity (Fig. 3(1))
and helps to keep body temperature much lower than the
surroundings. Further discussions on the mechanisms of anti-
reflection will be presented in Section 3.2, and it is worth
mentioning that in bioluminescent systems such as the lantern
of fireflies, total internal reflection needs to be suppressed with
fine structures.” The biological remedy for a thermoregulatory
issue may greatly influence technology by stimulating the
advancement of biomimetic coatings for the passive cooling of
objects.*”

On this basis, Zhang and coworkers found another example
of total internal reflection.> They paid attention to Neoceram-
byx gigas’ outstanding temperature regulation with its dual-
scale fluffs. The longicorn beetle’s forewings display a radiant
golden sheen. Upon closer examination, it is observed that the
fluffs create upward triangular patterns from the base to the tip,
forming a dual-scale structure comprising two smooth surfaces
and a rippled surface with fringes. The intense reflectiveness
of the forewings is a result of the combined impact of Mie
scattering near the edges of the fluffs and total internal

This journal is © The Royal Society of Chemistry 2025
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reflection within the triangular structure, where light is cap-
tured and then emitted in all directions. This example will be
discussed again in Section 5.1.

3.1.2 Multiple scattering in disordered structures. At the
crossing of biomimicry and thermal management, where Sun is
a major thermodynamic source, the creation of a white appear-
ance requires the capability to diffuse light of all visible
wavelengths in the continuous spectrum of solar radiation
through, e.g., scattering. The diffusion minimizes the coherent
interference of light that leads to coloration and therefore,
provides a possible route to wide-angle, broadband high
reflectance.

Light diffusion is a common effect in materials with random
scattering inclusions or disordered structures.>*>> Indeed, by
investigating the biological organisms of animals and plants
exhibiting a white appearance, plenty of inspiring disordered
photonic materials have been discovered.*® At the individual
scatterer level, a particularly interesting example based on
birefringent nanospheres was recently identified in shrimp by
Lemcoff and coworkers.>® As shown in Fig. 4(a), a Pacific
cleaner shrimp (Lysmata amboinensis) features a bright white
color over several regions of its body, such as the carapace, tail
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(Fig. 4(b)), and antennae, arising from a thin layer of white
chromatophore cells. Using cryo-SEM, it is revealed that assem-
blies of very densely packed nanospheres (~50-65% in filling
fraction, Fig. 4(c)) are most likely responsible for the whiteness,
whereas the dense packings noticeably deviate from the
typical optimal condition of ~30% that suppresses undesired
optical crowding. This puzzle is resolved by further analyzing
the chemical identity and structural properties of the nano-
spheres, which turn out to be isoxanthopterin molecules
stacked in a spherulitic arrangement (Fig. 4(d)). The oriented
stacking results in birefringence of the particles, with the radial
and tangential refractive indices being 1.4 and 1.96, respec-
tively. The influence of this anisotropy on the optical properties
of particle assemblies is significant.”” Within a modest degree
of polydispersity, the birefringent nanospheres consistently
produce higher and more uniform reflectance than isotropic
particles of comparable refractive indices do in the visible
regime for a wide range of filling fractions (Fig. 4(e)). The
mechanism behind the drastic improvement is that birefrin-
gence in the present configuration helps to reduce the near-
field coupling between the particles, especially when they are
densely packed. Consequently, scattering is enhanced, allowing

0.8 ——out-of-plane
08 et s,
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Fig. 4 Whiteness arising from multiple scattering. (a)—(e) Thin layers of birefringent nanospheres in shrimp. (a) Image of the Pacific cleaner shrimp.
(b) Optical micrograph of white chromatophore cells in the tail. (c) Densely packed nanospheres in the white region from an antenna. (d) Schematic of a
birefringent nanosphere showing oriented stacking of isoxanthopterin molecules. (e) Comparison of simulated total reflectance for disordered
assemblies of 305-nm birefringent (red curve) and isotropic (black and blue curves) nanospheres at different filling fractions. Reproduced with
permission from ref. 56. Copyright (2023) Springer Nature. (f)—(h) 3D chitinous networks in a white beetle wing scale. (f) Image of a white beetle
Cyphochilus. (g) High-resolution tomographic slice of a beetle wing scale. (h) Left: 3D reconstructed morphology of the inner structure of a beetle wing
scale; right: simulated reflectance for different orientations of the network volume. Reproduced with permission from ref. 64. Copyright (2018) Wiley-
VCH. (i)-(1) Nanofibrils in native silk. (i) Schematic of biogenic light localization in a silk filament through multiple scattering by the interior nanofibrillar
structures. (j,k) SEM micrographs showing the edge of twin fibroin filaments (i) and nanofibrils in a filament (k). () Light localization as indicated by
simulated electric field distribution in 14 cohesively bonded silk filaments at ~600 nm wavelength. Reproduced with permission from ref. 66. Copyright
(2018) CC BY.
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whiteness to arise from ultra-thin layers of materials. Another
appealing aspect of this strategy is its effectiveness in an
aqueous environment, which is more challenging than in air
due to the reduced refractive-index contrast.

One of the best-known examples effective in air is the white
beetles (Fig. 4(f)), e.g., Cyphochilus and Lepidiota stigma. In ref.
58, Vukusic et al. first reported the brilliant whiteness resulting
from a three-dimensional (3D) photonic medium in the Cyphochi-
lus beetles’ scales, which have an elongated flat shape and are only
about 5 um thick, substantially thinner than many synthetic
systems. The interior fine structure of the scales is identified to
be a network of randomly interconnected chitin filaments with
a diameter of around 250 nm. To fully understand how this 3D
photonic network can result in efficient light scattering to
generate white reflection, tremendous research efforts have
been devoted to modelling its optical properties.>*"®' However,
given the random orientations of the chitin filaments and
distributions of their junctions, analytical treatments would
suffer various limitations. If possible, a better approach is
otherwise to import the reconstructed 3D replica into a Max-
well’s equations solver for numerical solutions.®>®* An impor-
tant advancement in this regard is demonstrated in ref. 64. By
employing a powerful technique that allows ptychographic
X-ray computed tomography under cryogenic conditions, the
3D network morphology of the interior of white beetle wing
scale is obtained at a high resolution (Fig. 4(g) and (h)). Based
on this model, full-wave simulations reveal several interesting
properties of the photonic network structure, including the
dependence of reflectance on its orientation (Fig. 4(h)) and that
the scattering power is achieved with minima of scale thickness
and material use, showing the power of evolutionary optimiza-
tion. Besides beetles, certain types of pierid butterflies, e.g.,
Pieris rapae,”® have also been identified to have whiteness
generated from thin layers of photonic materials.

Some biological photonic materials can host physics that is
conceptually more complicated. In native silk, numerous nano-
fibrils follow a parallel arrangement along the axis of the silk
fiber (Fig. 4(i)-(k)), making it possible for light to undergo
scattering in a quasi-two-dimensional (quasi-2D) structure on
the transverse plane and get Anderson-localized, an exotic
physical phenomenon rarely found in 3D or in nature.®®™®
As single silk filaments are bundled, the degree of localization
increases; see Fig. 4(1). The biogenic localization strongly
suppresses light transmission and hence, enhances reflectance
in the visible and NIR bands, giving rise to the white appear-
ance of silk under sunlight illumination. Moreover, thanks to
its protein composition, native silk exhibits strong MIR emis-
sivity, through which more heat is radiated than generated by
solar absorption, providing another natural solution to passive
cooling.®®*>”® The observation of Anderson localization also
implies the possibility to discover more exceptional optical
properties in natural systems.

3.1.3 Color mixing. Complex effects can also be achieved
through color blending, a phenomenon observed in certain
organisms. As such, a structural coloration may be linked to
pigment-based hues (for example, cephalopods”), luminescence
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(as seen in the Troides magellanus butterfly’*), or another form of
structural coloration (such as in the Entimus imperialis weevil”* or
the Papilio butterfly’®).

The production mechanism of white may also be the color
mixing effect, such as red, green, blue superposition to produce
white. Arising from the relationship between the intensity
of reflected light and the angles of observation or incidence,
structural whiteness can be categorized into two forms: diffuse
whiteness (independent of angle) and metallic silver (angle-
dependent).”>”® In the case of the former, light scattered by
random media like particles, micropores, chitinous networks,
and multidirectional plates retains its inherent colors regard-
less of the viewing angle. This diffuse whiteness can serve as a
backdrop for colored patches, enhancing contrast and visual
distinction, as seen in the white scales adorned with scattering
beads of the pierid butterfly.”® However, there are very few
documented instances of angle-dependent whiteness in butter-
flies. One prime example is the Costa Rican hesperiid butterfly,
Carystoides escalantei, which showcases diverse manifestations
of whiteness, encompassing both angle-dependent and angle-
independent characteristics, evident on its wings and antennae
(Fig. 5(a)).”” Ge and colleagues focused on the scales of angle-
dependent spots, which are oriented vertically and exhibit
variable tilting. These scales display undulating patterns
resembling ripples and are composed of periodic ridges and
ribs that run perpendicular to the ridges on both sides of the
scale (Fig. 5(b) and (c)). The white coloration seems to result
from the combination of diffracted colors originating from the
hierarchical structure and the tilting of the scales. The angle-
dependent scales amplify retro-reflection (Fig. 5(d)).”” This
examination can potentially accelerate the advancement of
materials that imitate structural whiteness, suitable for appli-
cations in sensing and low-energy consumption displays. The
wing scales of the butterfly Argyrophorus argenteus,”® not just
Carystoides escalantei, demonstrate exceptional broadband
reflectivity with an extremely thin structure (thickness smaller
than 1 pm). They feature a distinct variation in periodicity
aligned parallel to the reflective surface rather than perpendi-
cular to it. The unique coloration is due to a sub-micron scale
design that generates broadband diffuse silver reflectivity
through the addition of multiple colors. The combination of
structural colors reflected from the membrane scale results in
a transition from metallic to silvery white on certain butterfly
wings. Liu et al. found that the ventral side of the butterfly
Curetis acuta features highly improved broadband reflection
from bright silver scales (Fig. 5(e)). This is due to the color
mixing effect resulting from the irregular spacing and thick-
ness of the laminated scales (Fig. 5(f) and (g)). In air, the
maximum temperature difference is 2.4 °C, whereas in a
vacuum (Fig. 5(d)), it reaches up to 5.8 °C as a result of the
elimination of convective heat transfer (Fig. 5(h)).”> Seashells
have bright whiteness that are considered to be ideally
designed for display devices. Various species of giant clams
employ two mechanisms to create white coloration, which are
directly comparable to the RGB pixel strategy used in modern
electro-optical technology. Both mechanisms are distinctive

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Colour mixing structures in biological static systems. (a)-(d) Angle-dependent white of Carystoides escalantei. (a) A photograph of a male
specimen of Carystoides escalantei. (b), (c) The SEM images of angle-dependent spot al (male, dorsal) and, in the inset, a cross-sectional image
illustrating the scale thickness. (d) The reflectance spectra of spot al (male, dorsal) obtained from the vertical, wingtip, and wing surfaces. Reproduced
with permission from ref. 77. Copyright (2017) National Academy of Sciences. (e)—(h) Bright silver brilliancy from irregular microstructures in butterfly
Curetis acuta. (e) Image of the ventral side of the male C. acuta. (f) SEM image of the middle section of a silver scale. (g) The arrangement of Poynting
vectors on cross sections of full-scale models at 500 and 670 nm. (h) The temporal variation curves of the temperature on the dorsal and ventral sides of
the wings measured under both air and vacuum conditions. Reproduced with permission from ref. 75. Copyright (2019) Wiley-VCH.

systems of structural color that achieve white through color
mixing.”®7°

3.2 Antireflective structures

In addition to regulating thermal energy to sustain a stable
body temperature, organisms can also harness thermal energy
from the surroundings for additional use. Solar radiation serves
as the primary energy source for both Earth’s surface and
organisms. The efficient utilization of this resource is crucial
for the survival of the majority of living organisms, particularly
those that are small in size.®®! Under these circumstances,
diverse micro- and nanostructures have emerged across various
organisms to mitigate unwanted reflection for specific pur-
poses. For example, the compound eyes of nocturnal insects,
such as moths, feature subwavelength-sized nanoarray struc-
tures, which give rise to highly efficient anti-reflective (AR)
properties.®” These properties significantly enhance light
transmission under low-light conditions, thereby substantially
improving the visual sensitivity in the visible and NIR spectra.®®
Following this, comparable structures have been found on
the compound eyes and translucent wings of various arthro-
pods.®*** In this discussion, we present the designs and func-
tions of these biological antireflective structures.

The moth eye structure consists of a regular arrangement of
sub-wavelength cones or cylinders, which function to progres-
sively align the optical impedance of the object with its
environment. AR properties can be attributed to the interaction
of light with objects and the surrounding medium, which have
different refractive indices.®>®*#%%7 As depicted in Fig. 6(a),
when the dimensions of the AR structures are smaller than the
wavelength and are situated at the sub-wavelength or nano-
scale, an alternative approach is utilized. The AR structures do
not significantly affect the behavior of light and instead cause it

This journal is © The Royal Society of Chemistry 2025

to gradually bend, as if the AR surface possesses a gradient of
effective refractive index.*»*® Even though the angle of inci-
dence is changed, the coating still demonstrates a relatively
uniform change in the refractive index towards the direction of
incident light, thereby reducing the reflection of light across a
wide range of wavelengths.?>%87

The ommatidium of the nocturnal moth is equipped with
AR nanostructures, comprising an array of pillars measuring
200 to 300 nm in size.**°>°> These structures serve the dual
purpose of diminishing light reflection and improving the moth’s
ability to see in low-light conditions (Fig. 6(b)). As depicted in
Fig. 6(c), the sub-wavelength structures are meticulously orga-
nized in a precise array on the surface of the moth ommatidia.
The anti-reflective capabilities of the moth eye structure were
initially validated through scaled-up microwave experiments
involving dielectric lens models adjusted to the microwave
frequency. This was subsequently corroborated through com-
parative spectrophotometric assessments conducted on corneal
fragments from insects with both nippled and non-nippled
facets.”” The moth possesses a compound eye consisting of a
hexagonal arrangement of ommatidia. Stavenga and coworkers
identified that the corneal surface of the ommatidium was
additionally adorned with a hexagonal array of cone-shaped
nanostructures, approximately 200 nm in height, which they
referred to as “nipples”. Furthermore, a scalable biomimetic
antireflective film was developed, featuring a multiscale hier-
archical architecture inspired by the ommateum.’® Ding et al.
examined the red dragonfly (Crocothemis servilia), which has
two eyes with a substantial surface area. Their findings demon-
strated the remarkable anti-reflective properties of the com-
pound eyes of the dragonfly C. servilia.”

Following this, extensive electron microscopy investigations
revealed comparable organized nipple arrays in numerous
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Fig. 6 Gradient index mechanism and disordered structures of biological static system: (a) Diagrams of the mechanism for antireflection of the moth
eye and cicada wing. (b)—(f) Anti-reflection mechanism of periodic arrays in moth eyes and cicada wings. (b) Complete compound eyes of a moth and
(c) SEM image of the details of ommatidia showing the top view of the surface. Inset is a close-up SEM image to show the sub-wavelength structure array
in one ommatidium; scale bar: 1 um. Reproduced with permission from ref. 92. Copyright (2018) CC BY. (d) Digital photograph of a cicada M. intermedia
wing, with droplets on it to show hydrophobicity, placed on a sheet of paper. (e) Magnified image of a cicada wing. (f) Simulated electric field profile for
the cicada wing. Reproduced with permission from ref. 95. Copyright (2019) American Chemical Society. (g)—(l) Random nanostructures for the
omnidirectional anti-reflection properties of the glasswing butterfly. (g) The wings of the glasswing butterfly (Greta oto) are comprised of three distinct
regions, including transparent, deep brown, and white sections. (h) The top perspective reveals the seemingly haphazard arrangement of the columns, a
pattern supported by the 2D Fourier power spectrum of the nanostructure positions derived from this SEM image. (i) A statistical analysis of the
nanostructure height in the transparent region on the dorsal side of the butterfly wing. (j) The established model diagram of the anti-reflection structure.
The glass wing structure is modeled using nanorods with fixed radius but randomly distributed heights. (k) The omnidirectional and broadband reflection
in the visible light range. Reproduced with permission from ref. 101. Copyright (2015) Springer Nature. (|) Finite-difference time-domain simulations were
utilized to examine the near-field scattering profile in the postdiscal and basal regions at the wavelength of 420 nm. Reproduced with permission from

ref. 102. Copyright (2018) Springer Nature.

Lepidoptera species, encompassing both moths and butter-
flies.”® Over 30 years following the initial identification of the
moth eye structure, a nearly indistinguishable nanostructure
was found in the translucent wing areas of the hawkmoth.?> %
The cicada wing depicted in Fig. 6(d) appeared thin and
transparent, with a fibrous support network distributed on it,
and the distributed nanostructures on the cicada wing
(Fig. 6(e)) are clearly visible. The effective refractive index of
the mixed media underwent a smooth change along the height
of the nanocones, presenting a significant contrast to the
interface lacking nanostructures. Consequently, the nanocones
facilitate a seamless transition from air to the substrate, lead-
ing to reduced Fresnel reflection and exceptional antireflection
performance (Fig. 6(f)).°® Additionally, a unique antireflection
structure was identified on the black scales of the West African
Gaboon viper (Bitis rhinoceros). The leaf-like microstructures on
the black scales comprise densely packed crests. The angle-
independent low reflectance of the black scales is attributed
to the synergistic effect of the microstructures and dark
pigments.®®

The Greta oto butterfly wings (Fig. 6(g)) exhibit omnidirectional
broadband antireflection'® due to the disordered arrange-
ment and varied size distribution of nanopillars (Fig. 6(h))."**

10700 | Chem. Soc. Rev., 2025, 54, 10690-10723

The angular independence of the broadband antireflection is
experimentally characterized through angular resolved specular
reflection measurements (Fig. 6(k) and (1)). The omnidirec-
tional antireflection properties stem from the random distribu-
tion of nanopillar height and width (Fig. 6(i) and (j)) rather than
their random arrangement. Chorinea faunus, a member of the
Riodinidae family native to South America, exhibits a note-
worthy feature: the basal transparent area is comprised of
nanostructures of similar shapes but at a lower density. The
findings indicated minimal alterations with changes in the
incident angle, indicating its potentially valuable angle-
independent scattering characteristic.'® This scattering attri-
bute can alleviate the challenge of detecting optical signals at
wide angles, a common issue encountered in numerous light-
based devices, including implantable intraocular pressure sen-
sors. Another instance of utilizing disordered surfaces for
transparency in nature can be seen in the wing membrane of
the dragonfly Aeshna cyanea, where a rough surface consisting
of wax structures has been observed.'%?

When the depth scale and spacing between individual
structures are comparable to the wavelength of incident light,
light may become trapped between these structures, resulting
in multiple internal reflections.®* As a result, incident light can

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Multi-scattering mechanism of biological static systems. (a) The multiple reflections of incident light within the microstructure. (b), (c) Multi-
scattering in super black bird of paradise feathers. (b) SEM image of a spherical tubular array of super black feathers. Scale bar: 50 pm. (c) Simulation from
software package FRED demonstrates multiple scattering of a ray of light between the spherical tubular structures of the super black feathers.
Reproduced with permission from ref. 106. Copyright (2018) CC BY. (d) The widely distributed and morphologically diverse super black butterfly scales.
Scale bar: 1 um. Reproduced with permission from ref. 110. Copyright (2020) CC BY.

be effectively absorbed, significantly minimizing reflection at
the specific wavelength (Fig. 7(a)). McCoy et al. documented
the super black effect associated with microstructures on the
peacock spiders. The birds of paradise (Paradiseidae), which
are ecological counterparts of peacock spiders, have also devel-
oped super black areas near bright color patches.®® McCoy and
colleagues established the connection between super black
plumage in five species of birds of paradise and their micro-
structures. They identified highly altered barbules with micro-
scale spikes along the edges on the super black feathers
(Fig. 7(b)). The intricate arrangement of deep, curved indenta-
tions between the tiniest branches of the feather vane ensnared
incoming light and absorbed it through multiple instances
of scattering and reflection. The most minimal reflectance
(0.05-0.3%) is attained when observed from the distal direction
(Fig. 7(c)).**° Due to an intricate hierarchical microarchitecture,
butterfly wing antireflection function has received particular
interest. In 2004, Vukusic and colleagues initially demonstrated
that the nanostructures found in the wing scales of Papilio
ulysses butterflies played a substantial role in their black
appearance.'®” The microstructure of the black area on butter-
fly wings differs from the other colored regions, resulting in a
high level of light absorption.'®®'% Several black butterfly
wings with angle-resolved scattering were documented.'’
While the specific morphologies vary in these accounts, four
types of characteristic structures can be identified. The initial
category consists of an upper lamina layer perforated with a
nanohole array, also known as a quasi-honeycomb-like
configuration.'™* The second and third categories, referred to
as longitudinal ridges or an inverse V-type structure and
trabeculae, are both distinct and beneficial for the enhance-
ment of absorption."'*'" In addition, there is a basal lamina
layer at the bottom. Unlike the regular arrangement of the

This journal is © The Royal Society of Chemistry 2025

moth eye structure, the majority of the quasi-honeycomb-like
structures on butterfly wings lack order to prevent reflection
with a dependence on incidence or azimuthal angles. The lower
lamina layer is smooth and unstructured, capable of reflecting
light that escapes from the upper structures, resulting in the
reabsorption of light.>'%%11311% 7hang’s group conducted
a study on a nano-scale antireflection pattern found in the
black scales of the Troides aeacus butterfly wing, which can be
considered a natural solar energy absorber.' They also
described a disordered nanohole structure with ridges, inspired
by Papilio ulysses, which exhibits omnidirectional light absorp-
tion in contrast to the typical ordered structure.'® In 2017,
Siddique and colleagues conducted a study on the scales
of Pachliopta aristolochiae, which harbor complex micro
and nanostructures.'”” These nanoholes are supported by the
ridges and cross-ribs, extending approximately 800 £+ 35 nm
into the interior of the scales. Davis initially analyzed the scale
structure of 11 butterflies, consisting of seven ultra-black speci-
mens and four control specimens. Each of the butterflies
exhibit scales with a top layer penetrated by quasi-periodic
apertures (Fig. 7(d)).""® Their findings illustrate that butterflies
achieve ultra-black appearance by fabricating a sparse material
with a large surface area to enhance absorption and reduce
surface reflection. The primary absorption takes place within
the nanohole arrays rather than the ridges. These discoveries
carry significant implications for the development of optical
devices, solar cells, and, if enlarged, radar-absorbing materials.
Although the surface microstructures of butterfly wings have
been thoroughly examined for their structural coloration or
optical characteristics in the visible spectrum, their attributes
in the IR wavelengths, which may be linked to thermoregula-
tion, remain largely unexplored. Krishna and colleagues dis-
covered that the MIR emissivity of butterfly wings from warmer
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regions, such as Archaeoprepona demophoon and Heliconius
sara, is as much as twice that of butterfly wings from cooler
regions, such as Celastrina echo and Limenitis arthemis. Addi-
tionally, they elucidate the pivotal role of periodic microstruc-
tures in the MIR.'"®

3.3 Structures for selective reflection

The third class of spectral profiles correspond to band-selective
reflection. This type of optical responses is easily perceivable at
visible wavelengths and has thus been studied most extensively
in that spectral range."*™" In the IR region critical for thermal
management, the discovery of band-selective reflective struc-
tures is not as straightforward as in the visible region, but the
mechanisms retrieved from the latter can be readily referenced
to guide the design, and in certain applications such as RC,
the visual appearance of the devices can be a secondary
consideration.? In this sense, we introduce biophotonic struc-
tures that possess static or dynamic band-selective reflection
properties through discussing examples of color production.
3.3.1 Photonic crystals. Of all the possible origins of struc-
tural coloration, a particularly interesting category is photonic
crystals (PhCs).""® While as seen in the preceding sections,
whiteness often results from scattering by random structures
or mixing color components generated by different sources
(e.g pigments, luminescence, and optical resonances), producing
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a particular color intuitively requires optical effects from much
ordered structures. PhCs represent a wide range of such media.
Analogous to crystals in solid state physics, PhCs are periodic
arrangements of dielectric materials, with the periodicity typically
on the order of the wavelengths concerned. The multilayer film
discussed earlier is an example of the simplest PhCs in 1D,
where interference is responsible for the optical properties
including coloration. More sophisticated optical phenomena
can be expected with 2D and 3D PhCs, both widely existing in
nature,"**"** when diffraction is brought into play by the
lattices. Here, we focus on representative 3D biological PhC
structures found or derived from insects and shrimps. For 2D
PhCs and other mechanisms of structural coloration, the
interested reader may refer to ref. 123, among excellent refer-
ences discussing relevant topics in a broader context.'**%12*
The first 3D architecture identified in nature displaying
organismal structural colors and terminologically associated
with PhCs is probably in a weevil, Pachyrhynchus argus.'>® Since
then, many examples of natural PhCs have been discovered not
only in beetles (e.g., weevils and longhorns) but also in butter-
flies. Fig. 8(a) presents the dorsal-view optical images of a
neotropical weevil Entimus imperialis, along with the SEM micro-
graphs of its rainbow-colored wing scales, showing domains of
single-network diamond (D-surface) structures formed by stacks
of chitinous slabs with air cavities."*>'*>'>*'*® Different colors
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Fig. 8 Natural photonic crystals in beetles (a), (b) and butterflies (c)-(g) and biological glasses in shrimps (h), (i). (a) Microscopy image (top panel) of the
scales covering the elytra of neotropical weevil, Entimus imperialis and SEM images showing the 3D PhCs in the green/yellow domain (lower left/right
panel). (b) Calculated photonic band structure for the colored (solid lines) and colorless (dashed lines) regions in the scales of E. imperialis in (a).
Reproduced with permission from ref. 128. Copyright (2013) Wiley-VCH. (c)-(e) 3D gyroid PhCs in butterfly wing scales. (c) Optical micrograph of the
ventral wing scales of the butterfly Callophrys gryneus (scale bar: 100 um). (d) TEM image of a wing scale cell from a developing pupa of Callophrys
gryneus (scale bar: 1 um) showing concentric rings arranged in a triangular lattice. (e) Unite cell model showing the development of the wing scale cell.
From left to right: core—shell double gyroid structure, core—shell single gyroid, and single gyroid network of chitin. Reproduced with permission from ref.
129. Copyright (2010) National Academy of Sciences. (f) Image of the top surface of a butterfly Morpho didius wing and (g) its total reflectance (curve A) in
comparison to that of the bottom surface (curve B). Reproduced with permission from ref. 130. Copyright (2011) Elsevier. (h) Polarized optical micrograph
of a zoea of caridean shrimp (inset: zoom-in image of the eyes), and (i) Cryo-SEM image of the reflector cells for the color blue. Average particle size:
~ 247 nm. Reproduced with permission from ref. 132. Copyright (2023) AAAS.
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are originated from different orientations of the same PhC
structure in each domain. Great efforts have been devoted to
understanding the optical function based on the results of
structural analysis. For example, ref. 128 reported a compre-
hensive investigation of the correlation between the structure/
composition and the optical properties of these PhCs. The
computed photonic band diagram in Fig. 8(b) clearly shows
the different band-gap widths in different directions (solid
curves), in accordance with the iridescent visual appearance.
It is also revealed that for the colorless domains of the scales,
the vanishing band gaps (dashed curves) are a consequence of
reduced refractive index contrast, as air is replaced by SiO, in
these regions."”® The physiological mechanism of the substitu-
tion is nonetheless still not clear.

Another simple yet important class of triply periodic cubic
structures found in insects is gyroid. For many butterflies, vivid
colors are produced by a chitinous matrix with ordered air
holes or networks of cuticular chitin and air in the wing scales
(Fig. 8(c))."* Particularly, with the help of synchrotron small
angle X-ray scattering technique, the complex color-generating
nanostructures in papilionid and lycaenid butterfly scales have
been identified to be single network gyroid PhCs. The optical
function can be predicted fairly well based on the structural
data. More interesting is how the model helps to understand
the development of these biological PhCs. By referencing
the TEM images of the structures in a developing pupa of
Callophrys gryneus (Fig. 8(d)), it is deduced that these butterfly
PhCs in scale cells initially develop as a thermodynamically
favored, core-shell double gyroid (Fig. 8(e), left panel). The
precursor motifs then transform through chitin deposition and
cell degeneration into a single gyroid network (Fig. 8(e), middle
and right panels), which is more efficient in performing optical
functions. This study exemplifies a possible route to engineer-
ing and fabricating complex gyroid structures at the micro/
nanoscale. With other PhC structures found in certain butter-
flies such as Morpho didus,"*° very bright colors are produced in
the blue region of the visible spectrum (Fig. 8(f)), which is rare
with natural pigments. When the structures’ long-range order
is removed, a stark difference in color is observed on the
bottom side of the same wing (Fig. 8(g)). Moreover, chitin as
the most common constituent material of the shell of insects
exhibits modest thermo-optic effects.'*® This property leads to
traceable lowering of its refractive index and in turn blue-
shifting of the photonic band when the temperature increases
within a moderate range, offering a new way to control the
optical properties of chitin-based photonic structures, in addition
to heat- and stress-induced expansion.

3.3.2 Photonic glasses. Inspiring coloration strategies have
also been discovered in sea creatures. To lower the risk of being
detected in aquatic habitats, many oceanic prey animals need
to possess transparent bodies while trying to make their con-
spicuous eye pigments unseen by the predators from any
directions.”®' Besides reducing the size of the eyes/retinas,
certain larval decapods develop a reflector overlying the eye
pigments and showing a color matched to the background,
usually varying from deep blue to yellow-green. One such

This journal is © The Royal Society of Chemistry 2025
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example of a zoea of caridean shrimp is shown in Fig. 8(h).
Shavit et al. unveiled the mechanism of the eyeshine phenom-
enon with systematic structural analyses and optical modelling.**?
The results suggest that a compact photonic glass comprising an
assembly of wavelength-sized, high-index (n = 1.96) isoxanthop-
terin nanospheres lacking long-range ordering is key to achieve
the desired crypsis. The color of the eyes can be tuned by
changing the sizes of the nanospheres (across different shrimp
species) and/or the particle ordering. Because of the relatively
lower particle filling fraction and lack of long-range periodicity,
this photonic glass does not produce iridescence as many biolo-
gical PhCs do but exhibits colors insensitive to the viewing angle.
If limiting the context strictly to PhCs, similar non-iridescent
coloration has been reported for certain parrots (e.g:, the scarlet
macaw"** and Steller’s jay'**), where the spongy keratin structures
in the feather barbs only have short-term order, and many other
animals and plants."** These photonic structures possessing only
short-range order are sometimes termed amorphous PhCs."*

3.4 Thermoregulation with multiple mechanisms

As can be seen from the above discussion, diverse nanostruc-
tures and mechanisms of light manipulation have been identi-
fied in biological models showing exotic responses to certain
electromagnetic radiations. In realizing effective thermal man-
agement, nonetheless, individual nanostructures and asso-
ciated mechanisms are usually inadequate to give optimal
performance over all the involving frequency bands. Instead,
complementary functions need to be achieved properly in each
band. Before concluding this section, we highlight two cases of
thermoregulation where multiple mechanisms are combined to
fulfill the electromagnetic requirements in different wavelength
regimes and environments. Note that some examples discussed
earlier with a different focus, such as the Saharan silver ants,
also fall into this category.

Insects inhabiting in hot environments has proved a bounti-
ful pool for searching inspirations for biomimetic coatings in
pursuit of passive cooling. Provided their small thermal capa-
cities, insects must employ very efficient strategies to maintain
a constrained range of body temperatures. While the silver ants
are representative species found in extreme temperature envir-
onments, there are plenty of thermophilic insects in the urban
habitat as well. Many of them are reported to have expanded in
population during urbanization, likely a consequence of the
increasing urban heat island effect."*” Two such examples are
the cicadas Cryptotympana atrata and Hyalessa fuscata. For the
C. atrata, which exhibits a bright golden color on the dorsal
side of the abdomen (Fig. 9(a)), Liu et al. revealed that it is the
porous structure of the golden microspikes (Fig. 9(b)) respon-
sible for the desired thermoregulation function.'*® Specifically,
in the visible and NIR region, the unique cross-sectional shape
of the microspikes helps to bend the path of light hitting the
edges along the surface (see black arrows in Fig. 9(c)), an effect
similar to total internal reflection. Meanwhile, the bundle of
porous structures of various sizes scatters light impinging on
the central area (see red arrows in Fig. 9(c)), considerably
increasing reflectivity in a broadband fashion in contrast to a
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Fig. 9 Biological examples of radiative cooling in cicadas (a)-(d) and butterflies (e)—(h). (a) Photographs of a female Cryptotympana atrata (left and
center) and of a single golden microspike of it (right). (b) SEM (left) and TEM (right) images of the microspike in (a). (c) Schematic illustrating a microspike
with porous heart-shaped inner structures on its cross-sectional plane and how Mie scattering of visible light by such pores helps to enhance the
backscattering efficiency of microspikes. (d) Comparisons of measured reflectivity spectra in the vis-NIR and MIR regions for hairy (in red) and bald (in
blue) areas. Reproduced with permission from ref. 138. Copyright (2021) Wiley-VCH. (e) Photograph of a male Bistonina biston, showing four colors on
the dorsal forewing surface corresponding to four types of wing scales. Scale bar: 5 mm. (f), (g) Solar absorption (f) and thermal emissivity spectra
(9) measured from different regions of the Bistonina biston forewing. Data are overlaid on a normalized solar spectrum and the normalized thermal
radiation spectrum of a blackbody at 40 °C, respectively. (h) A box plot of the temperatures that start to trigger displacement responses of butterflies.
The comparison is made across 50 species in 6 families (see legends on the upper boundary). Reproduced with permission from ref. 140. Copyright

(2020) CC BY.

solid spike. If taking a macroscopic view of the specimen,
the hairy area is essentially covered by densely distributed
and spatially overlapped microspikes. This stacking further
enhances the reflection of vis-NIR light, as shown in Fig. 9(d).
In the MIR region, especially over the atmospheric window, the
hairy area also displays favorable lower reflectivity (i.e. higher
emissivity) than the bald area. The mechanism is somewhat
close to the previously discussed case of moth-eye: the rounded
shape of the microspikes’ cross section results in a smoothened
transition of effective refractive index profile across the inter-
face, leading to improved broadband and wide-angle antire-
flection. With all the above properties combined, structured

10704 | Chem. Soc. Rev., 2025, 54,10690-10723

microspikes enable effective thermoregulation that protects
cicadas’ body from overheating in hot environments.
Likewise, many butterflies develop structural and behavioral
strategies to manage the heating of their wings when exposed
to sunlight.””® In a comprehensive study of the wings of
Lepidoptera across 50 species, Tsai et al. examined the thermo-
dynamic and thermoregulatory properties of the wings covered
by diverse scales and studied the response of wings to local
heating.'° Fig. 9(e) shows an example of an adult male
Bistonina biston. On the dorsal side of the forewings, four types
of nanostructured scales are identified through structural
analysis, corresponding to the black region, blue region, as

This journal is © The Royal Society of Chemistry 2025
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well as the “scent patch” and “scent pad” of the androconial
organs, respectively. Despite not having a white appearance but
bright coloration, different regions of the B. biston wings
consistently have a modest solar absorption under dorsal and
ventral irradiation, mainly contributed by the substantially
higher absorptivity in the visible than in the NIR (Fig. 9(f)).
This effectively helps to reduce the wings’ temperature in the
sun. In the MIR regime, however, the four types of scales
exhibit drastically different abilities to dissipate heat through
thermal radiation. As compared in Fig. 9(g), only the scent
patch and pad have emissivities as high as near unity. Further
study resolves two different mechanisms for these seemingly
similar spectral responses. In the scent patch, specialized
nanostructures of the scales are key to realize high emissivity,
which also exist with minor structural variations in other
species of Eumaeini tribe. In the scent pad, it is the thickness
of the unfused membranes resulting in its high emissivity.
Temperature mapping reveals the power of combined low solar
absorption and high thermal emissivity: under simulated
environmental conditions, the regions featuring both proper-
ties are ~10 °C cooler than the hottest part of the wings.
Besides the static characterization, a particularly interesting
finding of this study is that wings as living structures also
function as a distributed network of sensors to modulate the
dynamic behaviors of butterflies under thermal stimuli. Various
displacement responses are observed when the wings are locally
heated by a laser beam to certain temperatures (Fig. 9(h)).

4. Biological models and mechanisms
for dynamic thermal management

In addition to examples of static thermal management, some
organisms in nature have evolved the remarkable capability to
adjust their appearance in real time. For instance, chameleons
and squids have developed adaptive camouflage abilities for
self-protection and hunting. Such adaptable and dynamic
camouflage allows organisms to conceal themselves in intricate
and fluctuating surroundings. While the biological camouflage
effect is primarily observed in the visible light spectrum, it has
sparked interest in developing adaptive infrared camouflage for
thermal engineering systems as well.’**™** The ever-changing
coloration of these animals’ skin serves as a rich source of
inspiration for infrared regulation systems.

4.1 Cephalopods

For millions of years, cephalopods have utilized their adjusta-
ble iridescence for concealment and signaling, highlighting the
enduring nature of this evolutionary trait."**"**® The cephalopod
skin, in its broadest sense, dynamically and reversibly regulates
the passage, uptake, and emission of light through an intricate
hierarchical structure, within which various strata house specia-
lized organs referred to as chromatophores, as well as cells known
as iridocytes and leucophores.'**** Iridocyte cells generate iri-
descence by causing constructive interference of light with intra-
cellular Bragyg reflectors (Fig. 10(a)). The leucophores function as
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dispersed reflectors that disperse light, the iridophores function
as active Bragg stacks that mirror light, and the chromatophores
function as adjustable spectral filters that absorb/transmit light.
The cell membrane periodically folds inward within the iridocyte
to create a potential Bragg reflector composed of a series of
narrow, parallel channels that separate the resulting high refrac-
tive index, protein-rich layers within the cytoplasm from the low
index channels that connect with the extracellular space. Upon
stimulation by a neurotransmitter, the iridocytes selectively
absorb or release water in accordance with variations in reflection
intensity and wavelength. Consequently, the swift, reversible
movement of water through the extensively folded iridocyte
membrane directly regulates the optical characteristics of this
adaptable, biological multilayer reflector (Fig. 10(b))."*

Woo et al. recently developed methods to carry out detailed
studies needed to comprehend this extraordinary system at a
mechanistic level. Study showed that the process involves
aligning the animal’s visual characteristics with those of its
surroundings, but actually, it does not faithfully replicate the
substrate’s appearance; instead, it involves visually triggered
statistical estimation and generation of that appearance. The
routes followed during a camouflage change are winding,
sporadic - comprising alternating pattern movement and rela-
tive steadiness — and not stereotyped. In consequence, it is the
high dimensional, non-stereotyped, diverse skin patterns that
enable cephalopods to possess incomparable camouflage abil-
ity (Fig. 10(c) and (d)).">® These discoveries can potentially aid
in the creation of distinct categories of adjustable photonic
materials.

4.2 Chameleons

Numerous chameleons, especially panther chameleons, pos-
sess the extraordinary capacity to display intricate and swift
alterations in coloration during social engagements such as
male competitions or mating rituals.’> Upon encountering a
rival male or a potentially receptive female, an adult male
panther chameleon is capable of changing the base color of
its skin from green to yellow or orange, while blue patches
become paler and red intensifies with subtle changes in hue
(Fig. 10(e)). This transformation takes place within a few minutes
and is completely reversible.

Panther chameleons’ skin comprises two overlapping dense
layers of iridophore cells that contain guanine crystals with
varying sizes, shapes, and arrangements. The configuration
of materials with high and low refractive indices (nguanine =
1.83, Neyoplasm = 1.33) is accountable for the creation of a PhC.
TEM micrographs reveal that guanine crystals are arranged in
face-centered cubic lattices within the skin of a mature male
chameleon (Fig. 10(f)). When subjected to an external stimulus,
a shift towards longer wavelengths in the reflected light occurs
as a result of the expansion of the nanocrystal spacing, leading
to a change in color. Furthermore, research indicates that a
denser distribution of iridophores containing larger crystals
reflects a significant portion of sunlight, particularly in the
near-infrared spectrum. Measurements demonstrate a notably
high level of reflectivity in the near-infrared region, resulting in
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Fig. 10 Structures and mechanisms of biological dynamic systems. (a)—(d) Tunable iridescence of squids. (a) Iridocyte cells in the dermis under dark-
field illumination. Scale bar: 50 pm. (b) The mechanism by which the iridocytes of squids produce iridescent colors. Reproduced with permission from
ref. 149. Copyright (2013) National Academy of Sciences. (c) Two examples of camouflage skin patterns classified as disruptive (left) and mottled (right).
Scale bar: 10 mm. (d) Based on a large image set of one representative cuttlefish of ten analyzed, the skin-pattern space was visualized using a 2D uniform
manifold approximation and projection embedding. Reproduced with permission from ref. 153. Copyright (2023) Springer Nature. (e)—-(g) Color change
of chameleons. (e) The mechanism diagram illustrates the reversible color change in two male chameleons: when stimulated, the skin undergoes a
transition from green to yellow/orange, while the mid-body stripes shift from blue to white. (f) TEM image of avian guanine nanocrystals in the excited
state and a 3D model of the face-centered cubic lattice. (g) The reflectivity of a white skin sample from a panther chameleon (black solid curve) and the
solar radiation spectrum (blue-shaded area) at the sea level, which together determine the amount of solar radiation absorbed by deep tissues (red
shaded area). Reproduced with permission from ref. 156. Copyright (2015) CC BY. (h)-(j) Dynamic color change of hodfish (Lachnolaimus maximus).
(h) By aggregating and dispersing pigment granules within chromatophore units, a bright or dark appearance can be generated, thereby achieving
color change. Scale bar: 100 pm. (i) The percentage of light transmission for different types of chromatophore units in the pigmented skin of hogfish.
() The mechanism diagram showing the functional relationship between the chromatophore pigment and photoreceptors in the skin of hogfish.

Reproduced with permission from ref. 159. Copyright (2023) CC BY.

a substantial reduction in sunlight absorption. Panther chame-
leons screen 45% of the radiation energy in that spectral range
through dermal reflection (Fig. 10(g))."® Therefore, through
the regulation of excitation and retraction, panther chameleons
demonstrate the distinctive capacity to adjust the skin color
reversibly, serving purposes such as camouflage, communica-
tion, or thermoregulation."®’

4.3 Color-changing fish

The phenomenon of dynamic color alteration represents a
swift, adaptable, and context-specific response, characterized
by similar physiological traits across a wide range of animal
species. Despite their varied evolutionary backgrounds, a
shared trait among color-changing animals is the inherent
light sensitivity of their skin and the anticipated correlation
of this sensory capability with their capacity for change.'>®
Take hogfish for example, following the settlement phase,
individuals of both genders exhibit the ability to undergo

10706 | Chem. Soc. Rev, 2025, 54,10690-10723

dynamic color transformation, transitioning between a mini-
mum of three chromatic variations: consistent white, consis-
tent reddish-brown, and a variegated hue (Fig. 10(h)).***
Through an analysis of the structure, function, and optical
properties of dermal photoreception in hogfish, Schweikert
et al. demonstrated that this system suggests that the disper-
sion of pigments in chromatophores inhibits the reception of
short wavelength light by SWS1 (short-wavelength-sensitive-1)
photoreceptors, while the aggregation of pigments enhances
the reception of light by the SWS1 photoreceptors, rendering
them responsive to alterations in chromatophore coloration.
Consequently, the anticipated role of dermal photoreception
in hogfish is to discern these changes in chromatophore
pigments, thereby providing sensory input regarding the
performance of color transformation (Fig. 10(i) and (j)).**°
This model of sensory response offers understanding into
the importance of dermal photoreception in color-changing
organisms.

This journal is © The Royal Society of Chemistry 2025
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5. Bioinspired materials for thermal
management

The great success in understanding the diverse strategies and
mechanisms of thermal management that many natural crea-
tures employ has at least two direct outcomes. On the one
hand, it stimulates continuing interests and efforts to keep
investigating unstudied species, identifying new structures
from them, and revealing unprecedented mechanisms “smartly”
developed through evolution.'®® On the other hand, and in a more
practical perspective, the findings of aforementioned activities
have inspired the rapid development of photonic materials and
devices with novel functions and/or largely improved
performance.'® "% In this section, we review the progress in
bioinspired materials for thermal management, focusing spe-
cifically on radiative cooling, thermal radiation harvesting, and
dynamic responses.

5.1 Bioinspired materials for radiative cooling

Efficient passive radiative cooling requires reduced solar
absorption and enhanced radiative heat dissipation simulta-
neously (Fig. 1(a)).*>**> The reflective property in the vis-NIR
region and antireflective property in the MIR region, as discussed
in Section 2, are usually associated with specialized hierarchical
structures and each with certain mechanisms.'®*%® Therefore,
the design of materials for radiative cooling can be eased by first
looking up the biological solutions known for having these
properties and then replicating the structures with appropriate
engineering and adaptions.>”>*"*® We start by exemplifying this
process with a demonstration of flexible photonic films inspired
by the longicorn beetle Neocerambyx gigas.>® This type of beetles is
known to be very adaptable to regions of a hot climate all year
round, such as Thailand and Indonesia. On investigating the
optical and thermodynamic properties of N. gigas, Zhang and
coworkers first discovered how these beetles’ thermoregulatory
function stems from the fluffs on their forewings, and, subse-
quently, applied the principle to device design. Fig. 11(a) depicts a
simplified flow chart of the conceptualization. After knowing the
mechanism of the fluffs being responsible for body temperature
reduction, the key to making an artificial version is to realize the
critical structural features with commonly accessible materials,
preferentially in a way compatible with mass production. In this
case, the dual-scale triangular-shaped structure is replicated by
simply spin-coating a precursor solution of PDMS containing
randomly distributed Al,O; microspheres onto a wafer-scale
template with inverted pyramid (or alternatively, cone) arrays,
followed by thermal curing in a vacuum. A subsequent, secondary
spin-coating process can be performed to obtain films on a larger
scale (Fig. 11(b), left panel). Note that no metal back plane is
needed in this device. Compared with the natural prototype, the
fabricated bio-RC film (Fig. 11(b), right panel) shows an even
enhanced performance. Not only does the pyramid array resem-
bles the pleats on the corrugated facet of fluffs to produce high
vis-NIR reflectivity from Mie scattering and total internal reflec-
tion, as well as high MIR emissivity due to the gradual refractive
index change along the surface normal, but the use of the PDMS
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matrix and ceramic microspheres further helps to increase MIR
absorption thanks to their respective dielectric properties.
Fig. 11(c) compares the measured optical responses of the bio-
RC film and of a flat PDMS film with embedded Al,O; nano-
particles. The drastically enhanced vis-NIR reflectance proves the
beneficial role of the interfacial microstructures. In a representa-
tive daytime radiative cooling performance measurement, the bio-
RC film shows an average temperature drop of ~5.1 °C relative to
the ambient air (Fig. 11(d), upper and central panels), corres-
ponding to a cooling power around 90.8 W m > (Fig. 11(d), lower
panel).

An alternative route to achieving scalable manufacture,
which, strictly speaking, is not a biomimetic solution, is to
process natural materials directly. A promising product of
“cooling wood” from practicing this strategy is reported in
ref. 167. Wood has been widely used as a building material for
thousands of years. In modern times, it still stands out owing to
superior sustainability and economic efficiency, among other
advantages. By complete delignification and mechanical press-
ing of natural wood, an engineered radiative cooling structural
material is obtained, exhibiting bright whiteness in the visible
and blackness in the MIR region. The mechanism behind these
optical properties can be readily told by examining the wood’s
microstructures shown in Fig. 11(e): the partially aligned multi-
scale cellulose fibers behave as disordered low-loss scattering
elements at all visible wavelengths, resulting in broadband,
strong, and diffusive reflection. Meanwhile, high and wide-
angle infrared emissivity is generated by the molecular vibra-
tional and stretching modes of cellulose. As shown in Fig. 11(f),
across the atmospheric window, the average emissivity exceeds
0.9 for a wide range of emission angles between +60°. Combin-
ing the desirable visible and MIR responses, the fabricated
cooling wood can produce an average radiative cooling power of
53 W m™ 2 over the 24-hour period, potentially contributing to
cooling energy savings between 20 and 60%. It is also worth
mentioning that besides the cooling function, the engineered
wood receives an 8-fold enhancement in mechanical strength,
while further treatments can improve its weatherability and
resistance to other environment factors. For example, by bond-
ing TiO, and mica particles to the cellulose nanofibers of
delignified wood, the wood receives significantly better UV
stability,'®® a highly desirable property for outdoor and long-
time use (Fig. 11(g)).

The effectiveness of disordered microscopic scatterers in
rendering macroscopic whiteness has reflected in many other
photonic materials for radiative cooling. Inspired by the inter-
connected random network of chitin filaments in the scales of
Cyphochilus, the whitest known insect in the world, a hierarchi-
cally structured radiative cooling ceramic was developed by Lin
et al'® Through phase inversion and sintering, a three-
component precursor can be made into a ceramic composed
of porous a-alumina structurally similar to the Cyphochilus
scales (Fig. 11(h)), resulting in intense whiteness under natural
light. Meanwhile, the vibrational modes of alumina’s Al-O
bond lead simultaneously to a high emissivity within the atmo-
spheric window. In a continuous 84-hour outdoor measurement,
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Fig. 11 Bioinspired materials for radiative cooling. (a)—(d) A photonic film inspired by the longicorn beetle Neocerambyx gigas. (a) Schematic showing
the conceptual flow from the fluffs on the forewings of N. gigas (upper left) to the bio-RC film with dual-scale nanostructures (center), through modeling
the fluffs’ triangular cross section with a corrugated facet (upper right). The vis-NIR component of solar irradiation is reflected through Mie scattering and
total internal reflection (lower left), whereas the MIR emissivity is enhanced by the gradual refractive index change and phonon polariton resonances
(lower right). (b) Photograph of a fabricated film (left panel) and the SEM image of its section (right panel). (c) Measured optical properties of the bio-RC
film (black curves) in comparison to those of a flat PDMS film with randomly embedded Al,O3 nanoparticles (red curves). Shaded areas in the background
are the normalized ASTM G173 global solar spectrum (in yellow) and atmospheric transparency window (in light blue). (d) Temperatures of the ambient air
and of the bio-RC film under direct sunlight (upper panel) measured in Shanghai in late May 2019, resulting in a subambient temperature drop around
5.1 °C (middle panel) and a radiative cooling power around 90.8 W m~2 (lower panel). Reproduced with permission from ref. 53. Copyright (2020)
National Academy of Sciences. (e), (f) Engineered wood for radiative cooling. (e) SEM image of the cooling wood. (f) Polar plot of the cooling wood's
emissivity averaged across the atmospheric window. Reproduced with permission from ref. 167. Copyright (2019) AAAS. (g) Optical images of the durable
cooling wood (DCW) and delignified wood (DW) before (left panel) and after (right panel) long-time exposure to UV light. The color change of DW
signifies degrading caused by oxidation, whereas DCW shows superior UV stability. Reproduced with permission from ref. 168. Copyright (2025)
American Chemical Society. (h)-(j) A cooling ceramic inspired by the beetle Cyphochilus. (h) SEM image of a fabricated sample. (i) Comparison of the
temperatures of the ambient air, a commercial white tile and the white cooling ceramic, measured in Hong Kong in mid-November 2021. Shaded areas
indicate the solar intensity. (j) Photographs of colored cooling ceramics and commercial tiles in the same color. Reproduced with permission from
ref. 169. Copyright (2023) AAAS. (k)—(m) Structurally colored radiative cooling films inspired by the scarab beetle. (k) Cross-sectional SEM image of a
green film showing colloidal PhCs embedded in ordered micropits near the surface (panel i) and disordered pores inside the film (panelii). () Photographs
of selected colored films and their coordinates on the CIE chromaticity diagram. (m) Photograph and an infrared image of a car with the hood covered
with structurally colored cooling films and a commercial film of a similar color. Reproduced with permission from ref. 173. Copyright (2025) Elsevier.

the cooling ceramic consistently yielded a temperature well below
that of the ambient air and outperformed the white commercial

tiles during the daytime (Fig. 11(i)). Furthermore, introducing
colors to the cooler (as conceptualized by the dashed line in

10708 | Chem. Soc. Rev,, 2025, 54, 10690-10723 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00471c

Open Access Article. Published on 07 October 2025. Downloaded on 3/28/2026 3:46:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

Fig. 1(b)) for aesthetic considerations becomes convenient with
this ceramic platform, which can be done by simply sintering
a thin layer of colored glaze on top of the white substrate.
In contrast, rational design employing optimization or parameter
sweep would be necessary to find suitable structural parameters
for devices not using pigments or photoluminescence.*'”*">
The fabricated colored ceramics have nearly identical visual
appearance to commercial tiles (Fig. 11(j)) but offer better perfor-
mance in reducing the thermal load, primarily due to the higher
NIR reflectance. In another design of colorful coolers proposed by
Hou et al., the thermal management function is obtained with a
polymer-rich film, of which the hierarchically porous structure
mimics that of the elytra of scarab beetles,'”* and the coloration
results also from a structural origin, i.e., PhCs composed of close-
packed colloidal polystyrene nanoparticles (Fig. 11(k)). The result-
ing color spans from purple to red (Fig. 11(1)), determined by the
size of the particles. Because the PhCs are blade-coated on the
surface of the cooling film with densely distributed micropits, the
structural color is mechanically durable against abrasion. In a
daytime outdoor test, the films showed superior cooling perfor-
mance, reducing the temperature of a car hood by ~5.9 °C, while
a commercial film caused drastic heating (Fig. 11(m)).

5.2 Bioinspired materials for solar energy harvesting and
photothermal conversion

Many scenarios of thermal management do not have simulta-
neous requirements on appearance (vis-NIR response) and
thermoregulation (MIR response) as passive radiative cooling
does. For example, in pursuit of renewable energy, develop-
ment of new materials for harvesting solar light has attracted
tremendous efforts from academia and industry. Various appli-
cations, such as photovoltaics, desalination, and sterilization,
de-icing, can be derived once solar energy is efficiently captured
(Fig. 1(c)). In the ideal case, a material that absorbs all the solar
light impinging on it appears black. Being the ultimate oppo-
site of whiteness, interestingly, blackness can also arise from
structural disorder on the micro- and nanoscale, when some
critical dimensions fall into the proper range for trapping light.
Representative examples found in birds’ feathers and butterfly
wings have been discussed earlier in Section 3.2. If we use
blackness and broadband high absorption in an interchange-
able manner, the favorable MIR response for passive radiative
cooling can also be considered as “MIR blackness”. But unlike
in most radiative cooling devices that rely more strongly on the
vibrational modes or phonon resonances of materials to absorb
MIR light, the black appearance of living organisms can have
an origin from materials (e.g., light absorbing pigments),
structures, or both. Here, we focus on solar energy harvesting
inspired by disordered structures in biomaterials, followed by a
brief discussion on other applications of photothermal conversion.

Going forward from the previous studies on black butterfly
wings, Siddique et al. analyzed the scales of Pachliopta aristo-
lochiae locally and managed to relate structural variations,
particularly the air-filling fraction, to the wings’ optical proper-
ties."'” It is then revealed that the most important component
enabling the broadband absorption in the UV-vis-NIR regime is
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the 2D disordered network of nanoholes in chitin, while the
contributions of ridges and bottom laminae are secondary.
Inspired by this discovery, thin photovoltaic absorbers are
designed and fabricated by introducing disordered air holes
to a-Si:H thin films (Fig. 12(a)). The seemingly simple strategy is
proved surprisingly effective. Compared to an unpatterned a-
Si:H film of the same thickness, the absorber with patterned
through-holes exhibits a darker appearance over a wide range
of viewing angles, which is consistent with measured absorp-
tion spectra (Fig. 12(b)). A noticeable improvement by the
bioinspired nanostructures is the remarkable absorption for
wavelengths above 550 nm. A plain a-Si:H film poorly absorbs
light in this regime because of its low extinction coefficient. In
contrast, the disordered nanohole distribution with optimized
air-filling fractions not only enhances the absorption through
light in-coupling and trapping, but also improves angular and
polarization robustness with good mechanical stability, sug-
gesting a promising solution for thin-film-based solar cells.
Further increase of solar absorption towards perfect absorbers
can be accomplished with more sophisticated interfacial engi-
neering. Fig. 12(c) presents an example that takes inspiration
from the compound eyes of Chinese mitten crabs (Eriocheir
sinensis)."”* By mimicking the cornea layer of crystalline cones
with multilayered reduced graphene oxide coated on a gold film
of honeycomb apertures, the fabricated device exhibits a broad-
band solar absorption up to 0.95 over the entire visible regime
(Fig. 12(d)), enabling very efficient photothermal conversion
without sacrificing the mechanical stability.

One direct application of solar light harvesting at an inter-
face is de-icing. In a freezing environment, converting solar
irradiation efficiently into heat can delay ice formation or melt
the ice accumulated on a surface.'”>™"”® Superhydrophobicity is
also favored for de-icing, in order to quickly remove the melted
water."”?'%° Biological materials provide solutions to fulfilling
both requirements.*®" Inspired by the cactus thorns, a photo-
thermal icephobic surface was realized in ref. 182 by laser
patterning the copper substrate into arrays of microspines
(Fig. 12(e)), followed by proper surface treatments."®* The fabri-
cated device shows excellent photothermal as well as hydro-
phobic properties and is abrasion-resistant due to the honey-
comb boundaries (Fig. 12(f)). When fabricated on a copper alloy
transmission line, the surface successfully removes the freezing
rain at —10 °C under 1 sun illumination. Other bionic structures
for photothermal de-icing have also proved quite effective.'®** In a
similar vein and inspired by fish scales, photothermal fabrics with
modified surface wettability were reported in ref. 185. The fabrics
are coated with black polypyrrole nanoparticles to mimic the ridge
arrays of the scales and then modified with cellulose nanocrystals
playing the role of hydrophilic proteins in mucus.'**'®” This
results in anti-fouling membranes with a high solar-absorbing
efficiency (Fig. 12(g)), specifically suitable for applications in oil-
polluted water.

Alternatively, biological structures can be used as a template
or precursor for materials synthesis.'®® Ref. 189 reports such an
attempt by applying solutions containing carbon nanotubes
(CNTs) to the wings of Morpho sulkowskyi butterflies to form a
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Fig. 12 Bioinspired photonic materials for solar energy harvesting. (a), (b) A bioinspired patterned thin absorber. (a) Atomic force microscopy image of
the a-Si:H thin film showing a short-range ordered hole distribution within the plane parallel to the surface. (b) Comparison of absorption spectra of thin-
film photovoltaic absorbers with (red curve) and without (blue curve) disordered nanoholes. Reproduced with permission from ref. 117. Copyright (2017)
CC BY-NC. (c), (d) A perfect absorber inspired by crab-eye. (c) Optical (upper panel) and SEM (lower panel) images of a fabricated prefect absorber. Scale
bar: 1 um. (d) Absorption spectrum (light blue curve) of the device in (c) showing broadband high absorption over the visible wavelengths. Reproduced
with permission from ref. 174. Copyright (2024) Wiley-VCH. (e), (f) A photothermal icephobic surface inspired by cactus thorns for de-icing. (e) Optical
image of the surface consisting of microspine arrays surrounded by honeycomb walls, along with the image of water droplet showing a large contact
angle (upper left inset) and the infrared optical image of the device under 1 sun illumination (lower left inset) (f) Comparison of temperature variations of
surfaces with different micro- and nano-structures. Reproduced with permission from ref. 182. Copyright (2023) Wiley-VCH. (g) Infrared optical image of
dry photothermal fabrics under simulated sunlight. Reproduced with permission from ref. 185. Copyright (2025) Elsevier. (h), (i) CNT-butterfly wing
composites for laser-induced remote heating. (h) SEM image of the CNT-butterfly wing composite. (i) Thermographic image of the surface of the
composite under the irradiation of a 785 nm laser at ~80 mW mm~2. Reproduced with permission from ref. 189. Copyright (2013) American Chemical
Society. (j) Efficient solar steam generation can be achieved with natural (upper row) and carbonized (lower row) mushrooms by taking advantage of their
unique heat behaviors under solar illumination. Reproduced with permission from ref. 190. Copyright (2017) Wiley-VCH. (k)—(m) Pistia-inspired
photothermal fabric for low-cost vapor generation. (k) Image of the loop-pile fabric consisting of a base layer, piles, and loop yarns. (l) Absorption
(orange curve) and transmittance (green curve) spectra of the fabric. (m) The vapor condensation behavior of a loop-pile fabric-based device in an

outdoor experiment. Reproduced with permission from ref. 191. Copyright (2022) Wiley-VCH.

multifunctional biohybrid. Although the modified wings
change little in color, a honeycomb-shaped CNT network is
self-assembled following the pattern of the wing scales
(Fig. 12(h)). Thanks to the superior photothermal properties
of CNTs and the light-trapping capability of honeycomb struc-
tures, the CNT-butterfly wing composite converts NIR laser
irradiation to heat very efficiently (Fig. 12(i)), far surpassing
the performance of control samples without CNTs or modified
with other carbon materials. The demonstrated remote heat-
ing, along with other functions such as high electrical con-
ductivity and repetitive DNA amplification, showcases another
interesting case of biomaterials.

Discrete applications of solar energy harvesting usually
require considerations more than light absorption. In desalina-
tion and sterilization, for instance, the overall energy conver-
sion efficiency is dictated by several factors including solar
absorption, heat localization, water supply, vapor transporta-
tion, etc. Fulfilling all these requirements simultaneously is

10710 | Chem. Soc. Rev., 2025, 54,10690-10723

challenging in design, but evolution-driven optimization may
provide natural shortcuts. In ref. 190, it is found that shiitake
mushrooms can function as efficient solar steam-generation
devices. In standard characterization, a natural mushroom with
an umbrella-shaped black pileus already gives an ~79%
absorption of solar energy. A simple carbonization treatment,
which increases the surface roughness, thereby further redu-
cing reflection, yields a higher absorption of 96%. Assisted by
the porous context and the fibrous stipe facilitating water
supply and vapor escape, the curved surface of the pileus about
twice the size of its projected area enables stronger evaporation
and thus greater temperature reduction. These properties are
also beneficial for suppressing heat loss of all types. As shown
in Fig. 12(j), under 1 sun illumination, the temperature of a
natural (carbonized) mushroom increases quickly and reaches
the quasi-steady state around 37.5 °C (38 °C) in about 10 minutes.
The result leads to theoretically a 2.2 (2.9) times higher evapora-
tion rate than that of pure water. To make low-cost industrial

This journal is © The Royal Society of Chemistry 2025
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production of solar steaming devices possible, textile material is a
better choice. Inspired by the morphology of the root system and
resulting differential transpiration of the aquatic plant Pistia,
Wang et al. developed a loop-pile fabric using waste short carbon
fibers."”" The fabricated fabrics resemble Pistia in structure
(Fig. 12(k)), with a base layer and piles mimicking layered leaves
as a photothermal body and loop yarns mimicking the roots.
Because of the dielectric properties of carbon as well as the porous
structure and rough surfaces of each component, the fabric
exhibits a high solar absorption of about 96% (Fig. 12(1)). When
put in place, the base layer and piles are set above the water
surface, while the yarns go deep into water and pump water to the
upper layer through the capillary effect. In an outdoor experiment,
the bioinspired fabric generates water vapor quickly: the glass
cover becomes foggy in just 2 min, and visible water droplets are
formed after ~30 min (Fig. 12(m)). The measured evaporation
rate approaches 1.5 kg m~> h™", about 3 times that of a control
setup without the fabric. As the fabrication process is compatible
with industrial textile equipment and the waste carbon fiber is
much cheaper than many commonly used raw materials, the
prototyped device provides a new possibility for manufacturing
low-cost solar evaporators. More recently, various bioinspired
materials for solar-driven interfacial water evaporation have been
reported, primarily derived from plants.’**™%> Other functions
critical to the development of renewable energy, such as solar-
thermal energy storage, have made progress as well by taking a
cue from the Cyprinus carpio fish."*®

Besides solar energy harvesting, bioinspired materials also
find applications in other subjects of thermal regulation where
the photothermal conversion property is specialized. In dealing
with the challenges in thermal imaging, an innovative uncooled
detecting approach is derived from the iridescent wing scales of
tropical Morpho butterflies."” Its working principle is based on
the thermal expansion of the air-filled hierarchical scale
structures,’®® which is caused by absorbing IR photons
and induces visible iridescence changes as readout signals.
In particular, the submicrometer dimensions of the functional
elements hold great promise for improving the spatial resolu-
tion of thermal imaging. Different designs have been proposed
and evaluated to engineer the device performance or extend
their function.”” ! For instance, by decorating the wing
scales with CNTs, high-speed mid-wave IR detection with
18-62 mK temperature sensitivity is demonstrated in ref. 197.
Fig. 13(a) illustrates a revised scheme where the decoration is
made locally with thin gold patches near the edges of horizontal
lamellae, resulting in a cantilever-like structure.”*> Compared
with the original version of global doping with CNTs, the selective
modification leads to a non-uniform expansion of each lamella
due to the difference in the thermal expansion coefficients of gold
and chitin. Under the irradiation of a broadband IR lamp, the
fabricated sample shows a change of 0.11 in relative reflectance
for a temperature increase of 5 °C (Fig. 13(b)). These values
correspond to a temperature sensitivity of 32 mK, improved by
about two times in comparison to that of the CNT-doped device.
In a follow-up study, the same team explored an alternative
detection scheme that did not rely on temperature-induced

This journal is © The Royal Society of Chemistry 2025
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structural changes. Instead, the optical readout signal, i.e., the
change of reflectance at visible wavelengths, is a consequence
of the IR-stimulated desorption of vapor molecules from the
wing scales (Fig. 13(c)).2°**°* without the need to decorate
structures, this scheme further improves the temperature sen-
sitivity of the detection to a few mK, while the response speed
remains decent.

Functionally opposite to passive radiative cooling, passive
heating represents another aspect of thermal regulation.
In simple words, an ideal passive heating device needs to have
a cladding layer that is transparent to solar light but thermally
insulative to minimize heat loss, an efficient photothermal
conversion layer to convert sunlight to heat, and a third
component for energy storage and heat release. In ref. 205, a
biomimetic multilayered material is devised inspired by the
skin structure of polar bear. Three functional layers are stacked
from top to bottom following the above order (Fig. 13(d)): the
silica aerogel has a near unity transmittance across the UV-vis-
NIR regime and an ultralow thermal conductivity, playing the
role of thermal insulation hair. The middle layer for photo-
thermal conversion consists of a glass plate coated with black
paint, mimicking the black skin of solar bear. Lastly, a bottom
layer of phase-change material (PCM) composed of n-octa-
decane microcapsules is introduced, which can provide high
latent heat via solid-solid phase transition, allowing the storage
and release of heat for maintaining a relatively comfortable
temperature against cold environments. Fig. 13(e) shows the
performance of this material in an outdoor experiment con-
ducted on a sunny day in winter. While the roof of the model
houses coated by the aerogel and black paint reaches 90 °C at
noon, the inside of the control house without PCM is substan-
tially colder (green curve). In contrast, the use of PCM can
produce a maximum indoor temperature difference of 28 °C
over the daytime (red curve). For each component of the passive
heating device, improvements can be made with biomimetic
strategies as well. An interesting example of PCM is presented
in Fig. 13(f), where a MXene aerogel-based film is designed and
fabricated, inspired by the thermal management system of
antifreeze beetles.”®®

5.3 Bioinspired dynamic materials

Materials for radiative cooling and heating have attracted great
attention owing to their exceptional optical and optothermal
properties. Nonetheless, for most applications, maintaining a
relatively stable temperature is of more interest, primarily
because humans can only live and work within a narrow
temperature range, necessitating the use of thermostats and
other thermal regulation systems. There has been extensive
research into dynamic thermoregulatory materials.>®” The
appearance-changing skins of animals such as cephalopods,
chameleons, and hummingbirds provide rich inspiration for
the development of visible and IR regulation systems, and their
distinctive structures and functions have fueled considerable
advances in adaptive optics and photonics for various applica-
tions, including biomimetic flexible active surfaces, light-emitting
displays, intelligent radiation devices, adaptable IR camouflage,
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Fig. 13 Bioinspired photonic materials for various thermal management applications. (a)—(c) Morpho butterfly wings for IR detection. (a) Under IR light
illumination, the non-uniform thermal expansion of the Au-modified lamellae induces a local deformation at the edge of each lamella layer, resulting in
(b) a change of reflection in the visible region. Reproduced with permission from ref. 202. Copyright (2014) Wiley-VCH. (c) The desorption of vapor
molecules stimulated by IR light illumination is also sufficient to cause changes in optical reflection (upper panel), showing dynamic responses when the
incident IR light is modulated (lower panel). Reproduced with permission from ref. 203. Copyright (2020) Wiley-VCH. (d) A multilayered device inspired by
the physiological skin structure of polar bear and (e) its performance for passive heating. Curves 1-3 are measured at the photothermal layer on the roof
of the model house, inside the model houses equipped with and without PCM, respectively. Reproduced with permission from ref. 205. Copyright (2022)
American Chemical Society. (f) MXene aerogel-based phase change film for thermal management. Reproduced with permission from ref. 206. Copyright

(2022) Elsevier.

and intelligent thermal control technologies."*>****'* The main

inspiration for developing IR regulation materials comes from
the ability of the skin to dynamically modulate its radiation
energy in the IR region in response to an external stimulus.
According to the Stefan-Boltzmann law, the radiated IR energy
is proportional to ¢, the emissivity of the emitting surface, and
the fourth power of the object’s temperature 7. Thus, the
dynamic manipulation of materials’ ¢ at IR wavelengths
enables the implementation of adaptive IR camouflage and
smart thermoregulation.”

5.3.1 Bioinspired materials for smart thermal control. The
implementation of efficient intelligent thermal regulation is of
paramount importance for the functionality of numerous con-
temporary technologies, including electronic circuits, smart
thermal management textiles, zero-energy sustainable building
and urban infrastructure. The captivating dynamic color-
shifting dermal adaptation observed in coleoid cephalopods
serves as a powerful source of inspiration for the development
of next-generation adaptive thermal control systems. Similarly,
chameleons possess the ability to swiftly alter their body colors
for communication purposes, demonstrating adaptive thermal
management by actively adjusting the lattice of guanine nano-
crystals within their dermal iridophores.'®'*°

10712 | Chem. Soc. Rev,, 2025, 54,10690-10723

The proportion of energy consumption attributed to buildings
globally stands at a staggering 30%, with their greenhouse gas
emissions accounting for 10% of the total global emissions.*"?
This presents significant environmental and economic challenges
for the future of sustainable development. Within this substantial
energy consumption, approximately 48% is solely dedicated to
space heating and cooling, necessitating innovative approaches to
sustainably manage building temperatures and create net-zero
energy buildings.*'*>*'*> While the development of radiative cool-
ing and solar thermal materials has successfully aided buildings
in cooling during summer and harvesting heat during winter,
these static materials (solely for cooling or heating) are incapable
of adjusting to the dynamic climate changes throughout the year.
Consequently, this greatly limits the energy-saving performance
of air conditioning systems over the entire year.>'® Therefore,
adapting the response to solar and infrared spectra in real-time
of building fronts to help them adapt to seasonal temperature
changes has emerged as a fresh chance to enhance energy
efficiency in buildings.

Taking inspiration from the temperature-responsive skin
color of chameleons, Dong et al. have effectively integrated
temperature-responsive solar absorption and passive daytime
radiative cooling technology to achieve a “warm in winter

This journal is © The Royal Society of Chemistry 2025
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and cool in summer” effect. They designed and produced a
temperature-responsive radiative cooling coating with color
variability, which has the capability to regulate 41% of visible
light.?*® Inspired by the Himalayan rabbit’s hair and Mimosa
pudica’s leaves, Zhang et al. introduced a dynamic radiative
heat management device that operates at zero energy, utilizing
visible light and infrared thermochromism. The combination
of these two spectral control mechanisms enables the device to
independently control a wide spectral range from visible light
to MIR, thereby allowing the device to autonomously adjust its
heat management mode with zero energy consumption in
response to temperature changes.””” A building facade with
the ability to directly achieve various climate control functions
through independent and multifunctional optical reconfigura-
tions could significantly reduce energy consumption. Kay et al.
showcased a comprehensive “optofluidic” platform designed
for buildings, enabling independent and combined control
of total light transmission (95% modulation), NIR-selective
absorption (70% modulation), and dispersion (Fig. 14(a)). The
combinational optical adjustability allows for the customizable
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maximization of the amount, wavelength, and location of solar
radiation transmitted within buildings, leading to annual
simulated energy savings of over 43% compared to current
technologies (Fig. 14(b) and (c)).>*®

The intelligent thermal control windows are also a highly
representative technology in energy-efficient buildings
(Fig. 1(d) and (e)).>""*** A perfect smart window should offer
transparency across the visible spectrum under varying tem-
perature conditions.”*! The solar transmittance is influenced
by both the visible and NIR spectra, leading to the warming of a
room. Transitioning the NIR state from opaqueness in the
summer to transparency in the winter is thus highly sought-
after. Furthermore, an optimal smart window should exhibit a
high emissivity in the long-wave infrared spectrum (erwir) at
elevated temperatures to facilitate radiant cooling during hot
weather, and a low ¢wr at lower temperatures to inhibit
radiant cooling under cold conditions. In ref. 222, a layer-by-
layer assembly method inspired by the structural coloration
and color-changing mechanisms observed in living organisms
was employed for the large-area fabrication of mechanically
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Fig. 14 Bioinspired materials for smart thermal control. (a)-(c) Multilayered optofluidics for sustainable buildings. (a) A schematic diagram of
independent multilayer switchable responsive elements within the building facade, where fluid flow within different layers enables a variety of optical
responses. (b) Utilizing the office model for energy simulation. (c) The parameter space encompasses all fluid combinations with specular visible, specular
NIR, and diffuse visible optical properties. Reproduced with permission from ref. 218. Copyright (2023) National Academy of Sciences. (d)-(f) Bioinspired
mechanically responsive smart windows. (d) Schematic illustration of the production process and mechanochromic mechanism for smart windows.
(e) Changes in spectral transmittance of fabricated films under various stretching conditions. (f) A digital image illustrating the reversible formation and
vanishing of octopus-like patterns within a sample film when it was subjected to mechanical stretching and subsequent releasing, highlighting its
potential for anti-counterfeiting purposes. Reproduced with permission from ref. 222. Copyright (2024) Wiley-VCH. (g)—-(i) Flexible electro-driven
nanophotonic devices for dynamic radiative thermoregulation. (g) Illustration of the architectural configuration and working principle of the devices for
thermal management and electric power supply. (h) Visualization and (i) thermal imaging of the devices utilized for cryptographic applications.
Reproduced with permission from ref. 227. Copyright (2025) American Chemical Society.

This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 10690-10723 | 10713


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00471c

Open Access Article. Published on 07 October 2025. Downloaded on 3/28/2026 3:46:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

responsive films. These films were designed for multiwave-
length spectral modulation in the visible and NIR regions, with
potential applications in smart windows (Fig. 14(d)). The incor-
poration of SiO, nanoparticles and W;30,49 nanowires into the
film structure enabled an optical modulation rate of up to
42.4% at a wavelength of 550 nm and 18.4% in the NIR region
(Fig. 14(e) and (f)).>** With advantages of low costs, easy
preparation, and simple construction, these research findings
hold promise for advancing energy-saving and zero-energy
technology, and potentially bringing about new breakthroughs
in intelligent thermal management for buildings.

In recent times, several technologies have displayed signifi-
cant potential for use in challenging real-world thermal
management situations. The advancement of new localized or
wearable thermoregulatory platforms presents an exciting pro-
spect and has the capacity to greatly diminish global energy
consumption.’***** Drawing inspiration from the dynamic
color-changing ability of squid skin, Leung et al. developed a
composite material with adjustable thermoregulatory proper-
ties. The composite material is capable of regulating a quarter
of the anticipated metabolic heat flux for a sedentary indivi-
dual, and it can also adjust localized changes in a wearer’s body
temperature by almost tenfold.”*® Along this line, the same
team further demonstrated how another squid skin-inspired
heat-managing composite material could fulfill the critical
requirements in the food and beverage industry for sustainable
packaging.”*® However, integrating multifunctionalities into
flexible thermal management systems remains challenging.
Inspired by cephalopod skin, Xie et al. showcased a flexible
electro-driven nanophotonic device with dual functions:
dynamic radiative thermoregulation and continuous energy
supply (Fig. 14(g)).>*” It achieves high IR emissivity tuning from
0.19 in the heating mode to 0.85 in the cooling mode for a
13 °C temperature modulation, meeting the needs of personal
thermal comfort. The dynamic IR emissivity modulation
further enables information encryption. By controlling the
lithiation process, distinct patterns (e.g., letters, numbers,
and stars) are clearly visible using IR imaging (Fig. 14(h) and
(i)), showing great potential for information recognition and
secure encryption applications. Zeng et al. have introduced a
groundbreaking concept of versatile and adaptable multi-
functional devices, employing a sophisticated hierarchical
structural design. As a result, they demonstrated correlated
alterations in optical signals, such as transparency, reflec-
tance, and coloration. This remarkable adaptability allows for
diverse applications, including encryption devices responsive
to multiple stimuli, dynamic optics responsive to moisture
and photothermal stimuli, and pressure-mapping sensors
assisted by smartphone apps.**®

5.3.2 Bioinspired materials for adaptive camouflage. The
development of camouflage technology, aimed at concealing or
obscuring an object within its surroundings, has been a subject
of considerable interest for a variety of significant applications.
In general, camouflage technology is typically divided into
two primary classifications, namely color camouflage and IR
camouflage. Depending on the specific scenarios, the spectral

10714 | Chem. Soc. Rev., 2025, 54,10690-10723

View Article Online

Review Article

requirements could vary a lot, and the curve in Fig. 1(f) outlines
a representative profile not yet found to have a natural
solution.”*® Bioinspiration for stealth has so far mainly been
seen in the study of adaptive camouflage.'® Numerous organ-
isms in the natural world have developed the remarkable
capability to change color and dynamically blend into their
surroundings visually, serving as a means of protection, signaling
potential threats, and concealing themselves from predators.'*>
The epidermis of cephalopods, including octopus, cuttlefish, and
squids, provides a compelling demonstration of on-demand active
cloaking by selectively reflecting visible and infrared wavelengths
as required, thereby facilitating their adaptation to the environ-
ment through the swift modulation of chromatophore arrange-
ments within the dermal layer in response to rapid neural and
muscle signals.'****° Researchers have announced the creation of
infrared camouflage materials inspired by cephalopods, achieved
through the development of adaptable crumpled textures for
infrared reflection coatings.’*® Additionally, a camouflage system
inspired by cephalopods has been developed, allowing for color
changes in both the visible and infrared spectra by injecting
colored or temperature-controlled fluids into highly flexible
elastomer microchannels. Furthermore, they have successfully
demonstrated visible color-changing materials inspired by
chameleons, which can be easily activated by various external
stimuli such as mechanical force, electric stimulation, humid-
ity control, and thermal effects.

Xu et al. drew inspiration from the extraordinary abilities of
a cephalopod to create and produce unparalleled, electrically
powered IR-reflecting adaptive materials and devices.”*" Intri-
guingly, when electrically activated, the device transformed into
a substantial level surface and displayed a noticeable tempera-
ture contrast with its surroundings, rendering it distinguish-
able from the background.

However, conventional single-band stealth is difficult to align
with the growing demand for multiband compatibility and intel-
ligent adaptation. Here, Lee and colleagues showcased an active,
imperceptible artificial skin that transitions seamlessly from
visible to infrared, offering on-demand camouflage in both day-
time and nighttime using a single controlling factor: temperature.
The dual-functionality (with the ability to actively cool and heat) of
the thermoelectric component allows for precise temperature
control of each pixel, thus enabling thermal camouflage in
the infrared spectrum through synchronization with the sur-
rounding temperature.>** Inspired by cephalopods, a visible-IR-
radar multi-band camouflage MXene nanocomposite choles-
teric liquid crystal elastomer (MXene-CLCE) was reported
(Fig. 15(a)). Large-area CLCE flexible films were fabricated via
in situ Michael addition and free radical photopolymerization
of liquid crystal precursors, and further functionalized by
introducing an isocyanate interfacial layer to achieve covalent
chemical bonding between the MXene nanocoating and the
CLCE film. The resulting MXene-CLCE exhibited dynamic
structural color changes, tunable IR radiation, and switchable
microwave shielding properties (Fig. 15(b)~(d))."** This research
provides a novel approach for the development and application of
multi-band camouflage smart materials, holding great potential

This journal is © The Royal Society of Chemistry 2025
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ref. 235. Copyright (2025) Wiley-VCH.

for applications in military stealth, intelligent optical camouflage,
and dynamic thermal management.

Driven by the progress in artificial intelligence (AI) and
sensor technologies, bionic adaptive camouflage systems are
poised to exhibit enhanced capabilities in intelligence and
adaptability. Future developments in this domain are antici-
pated to transcend the limitations of singular functionalities,
such as color variation or thermal concealment. Instead, a
convergence of multiple features, encompassing optical camou-
flage, thermal camouflage, electromagnetic camouflage, and
environmental perception, is expected to be realized. This
multifunctional integration is projected to significantly aug-
ment the system’s capacity to adapt and maintain concealment
in environments characterized by complexity and dynamism.
A novel 2D material, Ti;C,T, MXene, along with an interfacial
engineering approach, is utilized in the creation of a flexible
robotic skin that exhibits multifunctionality inspired by cepha-
lopod skin. Electrically controlled arrays were constructed
using MXene-coated dielectric elastomer actuators to achieve
dynamic thermal camouflage. Through the utilization of inter-
facial instability, the MXene robotic skin with adaptable

This journal is © The Royal Society of Chemistry 2025

microtextures showcases adjustable infrared emission (0.30-0.80),
allowing for dynamic thermal camouflage in soft robots.'*!
Inspired by chameleon adaptive coloration, Zhang et al. devel-
oped a multifunctional smart skin comprising PhC nanohole
arrays, CNT coatings, and liquid crystal elastomers. It inte-
grates tunable structural coloration, sensing, and actuation in a
single structure, coupled with an image acquisition unit
(mimicking eyes) and a controller (mimicking a brain) to form
an active tunable system emulating the dynamic color change
of chameleons (Fig. 15(e)).*** Kim et al. developed a chameleon-
inspired soft robot with an artificial camouflage skin, integrat-
ing thermochromic liquid crystals and vertically aligned silver
nanowire heaters in a multi-tiered structure. This design over-
comes the traditional lateral pixel limitations by overlaying
heater-induced temperature profiles for dynamic coloration.***
Other than chameleon and cephalopod camouflages, inspirations
have also been drawn from other biological models. For example,
motivated by animal skin/hair thermal adaptation, Wang and
coworkers developed a programmable, self-adaptive IR camou-
flage system with autonomous IR regulation via temperature
feedback for all-day programmable camouflage.**> The system

Chem. Soc. Rev,, 2025, 54,10690-10723 | 10715
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combines flexible reconfigurable wire metamaterials, IR sen-
sors, a microcontroller, and a motor driver into a self-adaptive
closed-loop (Fig. 15(f)), eliminating manual operation. Using
simulated backgrounds (jungle/desert/road) and cloaks of the
corresponding colors (green/yellow/grey), the device’s dual cap-
abilities in visible and IR camouflage were validated, matching
adaptively the background apparent temperature from about
41 to 14 °C from day to night with unrecognizable temperature
differences (Fig. 15(g)). Overall, these discoveries constitute
notable progress in the ongoing exploration of bioinspired
light and heat manipulation, potentially catalyzing advance-
ments in the development of electronic gadgets, solar cells, soft
robotics, and techniques for thermal detection and regulation.

6. Summary and outlook

Throughout human history, the natural world has been a vital
source of inspiration and innovation for technological advance-
ments. Organisms that have evolved over billions of years
possess sophisticated microstructures that enable them to
effectively manipulate light and heat radiation, thereby adapt-
ing to environmental changes and ensuring their survival and
evolution. The optical structures and their underlying mechan-
isms are crucial for the survival and reproduction of these
organisms. Understanding the optical structures and systems
in biology can enhance our comprehension of the ecological
adaptability and evolutionary mechanisms of organisms, offer-
ing new insights into the field of life sciences. Moreover,
research on bioinspired optical materials and systems provides
essential perspectives for elucidating the fundamental struc-
ture-function relationships in optical and photonic systems. In
recent decades, significant efforts have been devoted to unco-
vering the intricate structures of these biological models,
elucidating the mechanisms behind their exceptional optical
and thermal properties, and advancing fabrication techniques.
These bioinspired materials and structures can effectively con-
trol the conduction, radiation, and absorption of heat, thereby
playing a significant role in various engineering and scientific
applications, including energy-efficient buildings, wearable
thermal management, camouflage, invisibility, and other
fields. Consequently, a fundamental understanding of biopho-
tonics has propelled remarkable progress in the development
of biomimetic and bioinspired photonic devices.

In this comprehensive review, we examined the typical
photonic structures and principles employed by biological
organisms for thermal regulation, alongside the latest advance-
ments in thermal management and heat utilization technolo-
gies inspired by biomimetic materials. We overviewed the
typical optical responses available from nature, and how their
combinations fit different thermal management scenarios. In
these investigations, the diverse microstructures found in living
organisms are categorized into three primary classes based on
their distinctive optical characteristics: bioinspired antireflec-
tive microstructures, reflective microstructures, and dynamic
radiative microstructures. We have comprehensively reviewed
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the optical phenomena and their underlying physical mechan-
isms of microstructures for thermal regulation from diverse
research endeavors. The intricate structures and remarkable
thermal regulation abilities found in biological systems have
not only advanced the fabrication of materials and systems for
radiative cooling and heating, but also sparked interest in the
investigation of adaptive IR camouflage and thermal control
technologies. It is clear that drawing inspiration from biology
can provide an appealing pathway for innovating the design
and operational fundamentals of thermal controlled materials
and systems, leading to enhanced performance and additional
functionalities compared to those achieved through traditional
engineering approaches.

Bioinspired photonic materials have enormous potential for
thermal management applications. Accelerating the matura-
tion of this exciting field presents numerous challenges as well
as opportunities (Fig. 16). First, the biological models that have
been discovered and studied by researchers as well as that
possess thermal management and thermal radiation function-
alities represent merely the tip of the iceberg. The intricate
mechanisms governing the detailed thermal regulation and
utilization, especially the interplay between their dynamically
evolving complex structures and thermal behaviors, have yet to
be fully elucidated. Nature offers a wide array of prototypes for
the design and fabrication of new photonic materials. Future
research may focus on polar and deep-sea organisms. The insula-
tion mechanism of polar bear fur has been confirmed,*****” while
the insulation and heat conduction mechanisms of other polar
organisms, such as penguins, remain to be verified. In addition,
deep-sea organisms, including tube worms, krill, deep-sea fish,
jellyfish, sponges, and corals, inhabit unique environments char-
acterized by high pressure, darkness, and low/high temperature.
Organisms in these environments may possess special heat
management strategies. New mechanisms and photonic struc-
tures,>*® such as non-reciprocal thermal radiation,?*° also need
further investigation. The close association of numerous
remarkable optical properties with their evolutionary functions
and environmental conditions, including those found in
extreme environments, underscores the importance of uncover-
ing new phenomena, structures, and the underlying physical
mechanisms as the foundation for biomimetics.

Second, the performance disparity between artificial biomi-
metic structures and biological microstructures largely stems
from the intricate complexity of the latter, which poses a
significant challenge for achieving a high degree of precision
in artificial fabrication. The functionality arises from the capa-
city to manipulate these systems across hierarchical length
scales, ranging from the molecular level to the macroscale. In
the future, it is our aspiration to develop more refined manu-
facturing processes, such as digital fabrication. Furthermore,
the majority of materials are still in the laboratory stage, and
there is a hope to develop large-scale, low-cost, and scalable
manufacturing processes to promote their practical application
in various fields.

Third, by establishing performance testing standards and
improving existing materials, the comprehensive performance

This journal is © The Royal Society of Chemistry 2025
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of bioinspired photonic materials can be enhanced to meet
various application demands. Currently, some bioinspired
materials need improvements in strength and toughness. For
example, certain bionic composites with high hardness may
experience performance degradation over long-term use. Their
optical properties in specific bands are also suboptimal, lead-
ing to low photothermal conversion efficiencies. The same
issue occurs at extreme temperatures, affecting long-term sta-
bility. Future research should focus on evaluating the thermal
properties of these materials, with key indicators such as
thermal conductivity, stability, and temperature dependence.
Mechanical properties, e.g., flexural strength and modulus, are
also crucial. Environmental adaptability, including the humid-
ity influence coefficient, needs assessments as well. For further
improvement of performance, combining different materials is
aviable way to integrate their strengths and functionalities, and
there is still a lot of space to enhance the optical and thermal
properties by optimizing micro-/nanostructures and refining
the fabrication processes.

Fourth, most existing approaches to thermal control and
camouflage are inherently static. For camouflage, the ability to
conceal is typically limited to a specific ambient temperature or
background color, making it difficult to achieve genuinely
adaptive concealment in complex and unfamiliar environ-
ments. Likewise, current strategies of thermal management
lack or are short in the capacity to respond dynamically to
environmental changes. Future development could prioritize
the creation of advanced adaptive thermal management
systems that can tune their properties and functions auto-
nomously, and ideally in real time, to react to the changing
external conditions,'*!??240-243

Last but not the least, in light of emerging research on
internet of things and AI technologies, we propose an

This journal is © The Royal Society of Chemistry 2025

intelligent thermal management system for future thermore-
gulation. The biological regulation of thermal energy can be
integrated with additional functionalities to attain enhanced
overall efficiencies and performance. For example, thermal
management can be combined with computation, environmen-
tal sensors, energy harvesting, displays and other functions to
form an intelligent interactive integrated system.>**2*® The
formidable task of creating advanced thermal energy control
systems with integrated elements and features persists a sig-
nificant challenge. Meanwhile, AI has the potential to change
the current landscape of materials design.”*” As discussed in
Section 2, unlike in most common applications, materials for
thermal management usually feature simultaneous ultrabroad
bandwidths and band-selective functionalities. In the past, a
main reason that we turned to biological models for inspiration
is the difficulty in designing complex hierarchical structures
from scratch with traditional computational tools by trial and
error. This pain may be greatly relieved by employing Al-based
or Al-assisted design frameworks.>**>** For a specific applica-
tion, although there is an ideal spectrum (Fig. 1), practical
devices do not need to meet exactly that line shape to reach
high performance, because local discrepancies have limited
influences on the overall optothermal properties after aver-
aging over the entire wavelength range. With relaxed require-
ments on spectral accuracy, Al-based design methods are
particularly strong in searching the enormous combinations
of materials and structures for desirable functions,>** >°® and
this search can be reinforced by training the model with
knowledge extracted from biological materials. In a recent
demonstration, Zhou’s team and collaborators showcased a
machine learning-based inverse design framework for efficient
discovery of high-performance thermal meta-emitters.”>® Through
introducing a robust descriptor capable of translating 3D
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structural and materials data into parameters that neural
networks can process, the accessible design space is greatly
extended (Fig. 16, right panel). One limitation with biomimicry
is that biological models resulting from evolution, which
essentially is a multi-objective optimization process, may
compromise on maximizing the performance in a selected
function to meet the requirements of other functions. With
Al-empowered search tools, it is reasonable to assume that the
performance of bioinspired materials can be further improved
by lifting this constraint or by tackling the multiple objectives
in a more efficient way.

In summary, bioinspiration is a means, not a goal. The
overarching objective is to surpass the constraints inherent in
nature and engineer sophisticated bionic artificial systems that
can effectively address human needs, rather than to merely
replicate biological mechanisms. As research in bioinspired
and biomimetic engineering continues to progress, the excep-
tional structures and features identified in biological models
are expected to drive the development of increasingly sophisti-
cated functional materials for a wider range of applications.
Despite the challenges ahead, the field of bioinspired photonic
and thermal microstructured materials is poised for rapid
growth, promising significant advancements in biophotonics
and thermal management.
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