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Abstract: Living organisms frequently use structural color for coloration as an alternative mechanism to chemical
pigmentation. Recently there has been a growing interest to translate structural color into synthetic materials
as a more durable and less hazardous alternative to conventional pigments. Efforts to fabricate structurally col-
ored materials take place on different fronts, from 3D printing to spray-coating and roll-to-roll casting. Stability,
performance, and quality of the color, the environmental impact of the materials or their manufacturing methods
are some of the heavily researched topics we discuss. First, we highlight recent examples of large-scale manu-
facturing technologies to fabricate structurally colored objects. Second, we discuss the current challenges to be
tackled to create perfect appearances which aim at the full color gamut while caring for environmental concerns.
Finally, we discuss possible scenarios that could be followed in order to involve other manufacturing methods

for creating structurally colored objects.
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1. Introduction

Color is an important aspect of everyday life, both for aesthetic
reasons, for example in art and design, as well as for information
transfer, for example in sensory systems or for traffic regulation.
Color usually originates from pigmentary absorption, where an
organic molecule or transition metal ion absorbs light wavelength-
dependently due to its interactions with the electronic structure.
Another mechanism to create coloration is through scattering
from structured materials, where interference of light scattered by
a periodic nanostructure whose period is comparable in size to the
wavelengths of light, causes color. Today pigmentary coloration is
still the main way of coloration, although it has raised several en-
vironmental concerns. It is known that many pigments cause pol-
lution starting from their production, during their applications and
after they have been used, for instance they cause health hazards
when digested by humans or animals.l'! One other disadvantage of
pigmentary coloration is their photo- or thermal-instability. When
exposed to light or heat, pigments made from organic molecules
tend to degrade and bleach. Similarly, inorganic pigments, usually
containing hazardous heavy transition metal atoms, may also run
into oxidation and color fading issues e.g. when they are exposed
to heat.[2l Therefore, creating color without the use of absorbing
dyes and pigments is of interest, in order to circumvent health and
safety hazards as well as solve stability issues.

Nature has created excellent examples of structural coloration
where photobleaching-resistant and stable color can be achieved
and controlled without the use of pigments. Periodic nanostruc-
tures in the forms of multilayers, 2D arrays of scattering objects,
or photonic crystals can be found in iridescent gemstones called
opalsB3-51 as well as in butterfly wings,©! beetles!’! and fish.[8:9]
Color in some of the above-mentioned natural photonic materials
depends on the illumination angle and observation, which leads
to the characteristic iridescence. Iridescence limits the suitability
of structural color as an alternative to isotropic coloration gener-
ated by absorption-based pigments. Therefore, creation of angle-
independent structural color is on the radar of scientists. The angle
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dependency of the color is related to the order of the scattering
units in the structure and their arrangement, and researchers have
recently shown that isotropic structural colors can be obtained by
creating disordered scattering systems.[10-121 Because structural
color is based on interference of scattered light, the color depends
on a few material parameters such as the refractive index of the
scatterers and its contrast to the continuum refractive index, the
solid fraction of scatterers and the length scale of the periodic-
ity of the structure. Note that structural coloration does not ex-
plicitly depend on the exact chemistry of the materials but rather
on the material physical properties. This is indeed advantageous
for materials selection in designing structural color because the
same color appearance can be achieved by a variety of materials.
Such an advantage turns out to be critical, especially for picking
sustainable and bio-sourced material options for alternative col-
oration strategies of the future, which constitutes one of the main
motivations of the current interest in structural color research.
Some of the many ways of synthetically creating structural
color can be listed as nanofabrication of metasurfaces, self-assem-
bly of colloids or block co-polymers and multi-layer film fabri-
cation.[3-151 Because structural color requires periodic materials
with features at a length scale that is similar to the wavelength of
visible light, i.e. on the order of a few hundred nanometers, as-
sembly of building blocks which are already at this length scale
simplifies the fabrication process. Therefore, out of these strate-
gies, colloidal self-assembly distinguishes itself to be prominent
for its promises in relatively simple production, scalability and
possibility of creating 3D bulk structures. Whereas, top-down ap-
proaches that achieve such resolution are often constrained to 2D.
Consequently, colloidal self-assembly has been intensively
used to prepare and understand structural color from many as-
pects.[16-181 Colloidal self-assembly often employs colloidal
nanoparticles as the building blocks and assembles them in a bot-
tom-up fabrication fashion. However, many manufacturing tech-
niques used in industry today require a top-down approach where
a known bulk shape is given to a material that is continuously fed
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to the fabrication setup. To date, the use of bulk material fabrica-
tion methods to create objects with structural color applications
is rare.l'9-211 To obtain objects with particular design and shape
which are colored with alternative structural coloration strate-
gies, current manufacturing technologies have to be combined
with self-assembly routes for structural color. This primarily re-
quires the combination of the top-down approach of the fabrica-
tion methods with the bottom-up approach of the self-assembly
which gives rise to the structural color.

Here we first discuss the already reported examples that com-
bine current manufacturing technologies with structural color-
ation routes via self-assembly. Second, we discuss the current
challenges to be tackled to create perfect alternatives for the col-
oration of the future which aims at the full-color gamut while
caring for environmental concerns. Finally, we discuss possible
scenarios that could be followed in order to involve other manu-
facturing methods for creating structurally colored objects.

Itis worth noting here that many coloration applications do not
always require bulk color, but rather a surface coating of single
or multiple colors. Therefore, we will also discuss manufactur-
ing methods for surface applications such as spraying and ink-jet
printing. It is also worth mentioning that such surface coating
methods require development of new methods to incorporate
structural color pigments in paints, coatings and inks.

Pressing

2. Manufacturing Colored Objects

2.1 State of the Art

There has been significant interest in reproducing structural
color synthetically and this has motivated scientists to use various
methods to produce structurally colored films/coatings?2l and al-
so pigments using colloidal assembly. These methods include col-
loidal assembly by using microfabricated templates,!'4! external
fields[23-241 or deposition techniques for coatings!??! and include
microfluidic encapsulation and fabrication of supra-structures
from polymers, 251 liquid crystals(26l and colloids.271 Most of these
demonstrations aimed for the production of the color, the colored
surface or pigment particles and did not focus on the production of
large-scale materials with color. Recently scientists have started to
take this into account and shown promising examples that com-
bined manufacturing methods with structural color that originates
from colloidal self-assembly.

Pressing is a commonly used method for industrial production
and recently Takeoka and co-workers used this method to produce
disc-like structures with color!2!l (Fig. 1A and 1B). Here they as-
sembled monodisperse silica nanoparticles and mixed them with
carbon black to achieve color saturation. Pressing was used for
compaction of the powder and resulted in color after reaching a
solid volume fraction of ~50%. Pressing also increased the me-
chanical strength of the particle assembly and gave the final shape
of the colored object. Although the pressing technique has pos-
sibilities to obtain simple shapes other than discs via shaping the
pressing bed, here the shape was limited to discs. In addition, the
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Fig. 1. Large-scale fabrication and shaping of bulk structurally colored assemblies. A) Pressing tool used to press powders into pellets. B) Samples
pressed from silica nanoparticles with varying particle sizes and carbon black concentrations. Scale bar 1 cm. Panels A & B adapted with permis-
sion from ref. [21]. Copyright 2019 American Chemical Society. C) Sketch of the setup which depicts the working principle of inkjet printing. D)
Deposited droplets of silica nanoparticles for achieving structural color with different droplet sizes for controllable printing resolution. Adapted with
permission from ref. [28]. Copyright 2021 American Chemical Society. E) An example of inkjet printing of vivid colors with different colors and sizes
created from liquid crystal forming polymer brushes. Scale bar 100 pm. Adapted from ref. [29]. F) Sketch showing the roll-to-roll (R2R) casting setup.
G) Examples of casted macroscopic samples with structurally colored thin films. Red, green and blue R2R-cast CNC films deposited onto a black
PET web. Images are courtesy of Benjamin Drouget and Silvia Vignolini. H) 3D printed objects with the direct write method. The printed grid struc-
tures were created with a silica nanoparticle ink that contains carbon black. The size of the nanoparticles increases from 200 to 300 nm from left to
right. Scale bar 1 cm. I) Sketch that shows the direct write printing setup with the ink ingredients. J) A multicolor vase demonstrating the possibility
of printing complex objects with spatial and temporal control with multiple colors. Scale bar 1 cm. Panels H-J are adapted from ref. [34].
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final pressed object was not robust enough to further process for
shaping purposes.

When it comes to surface coloration, ink-jet printing is a pos-
sible method of choice. Ink-jet printing sprays relatively monodis-
perse droplets on flat or curved surfaces which, upon evaporation,
solidifies and forms programmable patterns with high resolution.
Recently this method was applied to form well-controlled and col-
ored patterns with structural coloration.[28:21 One of the methods
used the assembly of colloidal particles?8! (Fig. 1C and 1D) and
another one used the assembly of polymer brushes!??! for vivid
colors (Fig. 1E). The usual approach consists of jetting a nanopar-
ticle dispersion and consecutively drying it directly on a substrate.
Special attention should be paid to avoid nozzle clogging and the
coffee-ring effect after drying. Depending on substrate proper-
ties, different morphologies can be achieved, such as mono- and
multilayers or microdome aggregates.[39 This approach, however,
severely limits the range of available substrates and complicates
color mixing. The potential solutions are to dry dispersions in
flight!311 or print pre-assembled colorful colloidal aggregates.[32331

Tape-casting is a method that is used for creating thin films
and is usually combined with a roll-to-roll setup for continuous
production in industry. A neat example of tape-casting for struc-
turally colored films was shown by Vignolini and co-workers.[33]
They assembled cellulose nanoparticles for structural coloration
and created thin films with color continuously (Fig. 1F and 1G).
Although the mechanical strength of the film should be enhanced
for industrial applications this is a breakthrough in the field, which
demands sustainable coloration alternatives.

Additive manufacturing methods have received significant at-
tention due to their strength in shape complexity for relatively low
cost. To this end, colloidal assembly and co-polymer assemblies
were used to 3D print structural color recently.l36-39 However, in
these examples the colors were angle-dependent due to the ordered
nature of the assembled constituents. It has been shown that disor-
dered assemblies of colloidal particles provide angle-independent
structural coloration. Recently 3D printing of colloidal particles
with isotropic coloration was successful.34] Here researchers have
shown that silica particles mixed with a co-polymer and carbon
black can be optimized to have the right consistency to prepare an
ink for extrusion.3* Such an ink can be extruded from a nozzle
to obtain complex geometries. These complex-shaped particle as-
semblies were colorful after degradation of the co-polymer which
increased the solid packing of the particles. As a result of this
increased solid fraction a colloidal glass with isotropic color is
observed (Fig. 1H to 1J). Note that the removal of the copolymer
here not only increases the solid packing but also increases the
refractive index contrast between the assembled particles and the
continuous medium. This is because the copolymer has a refrac-
tive index which is close to the silica particles, therefore its re-
moval leaves behind air which has a significant contrast with the
silica nanospheres, and leads to stronger reflection.

2.2 Structural Color Appearance and its Challenges
While a variety of techniques can be adapted to achieve large-
scale materials with structural colors, open challenges remain re-
garding their final appearance. One drawback of structural color
compared to conventional pigments concerns the limited available
color gamut, in particular for angle-independent colors. The colors
of photonic crystals can cover the visible spectrum, and they often
stand out for their brilliance and iridescent appearance. However,
iridescence is a strong visual effect that is not always desirable.
Moreover, manufacturing crystalline structures over large scales
can be challenging. Polycrystalline materials are easier to make,
but in that case the appearance can be patchy, as, for instance,
in natural opals. By contrast, the colors of disordered photonic
materials are non-iridescent, and thus look similar to absorbing
dyes. This makes them appealing for a variety of applications, as

underneath their ‘normal” appearance lie the advantages of struc-
tural color outlined above: colorfastness, sustainability, as well as
the potential for dynamic tunability. In addition, the fact that these
materials are inherently disordered at large scales can facilitate
their application, as the tolerance in their structural defects can be
higher. However, the available palette of the colors of disordered
photonic materials is currently limited: yellow, orange, and red
colors have poor color purity.l“0-411 Moreover, achieving optimal
color saturation for all colors requires special considerations. The
challenges to color purity and saturation arise from several dis-
tinct optical phenomena that we outline below.

The creation of pure yellow, orange, or red angle-independent
structural colors requires the design of materials that have a scat-
tering peak at long wavelengths. This peak can arise from con-
structive interference between neighboring scatterers. To achieve
a peak in the red, these scatterers have to be further apart com-
pared to those in a material designed to be blue. In such materials,
however, there are often other concurrent optical effects that favor
the scattering of blue light. One such effect arises in materials
made out of close-packed colloidal particles embedded in a me-
dium of lower refractive index, a common approach (see Fig. 1B,
1H, 2A). In these materials the particle diameter sets the average
interparticle spacing and thus affects the resonant color. Saturated
blue can routinely be achieved with particles about ~150-200 nm
in diameter for typical polymeric materials in air.l!242] However,
simply increasing the particle size does not lead to red structural
color (Fig. 2A). This is due to resonances within the individual
particles, where they act like cavities and scatter preferentially
in the blue. In smaller particles, these resonances are in the UV,
therefore invisible to the human eye. However, for particles that
are larger than ~250 nm, these resonances enter the blue side of
the visible spectrum, mix with red, and yield purple or magenta
hues, reducing color purity.[*0411 This issue can be mitigated by
designing materials where these single-particle scattering reso-
nances return to the UV range. One such approach is to create
structures out of core-shell particles where the scattering cores are
smaller than the inter-particle spacing (Fig. 2B),143] and another
is to create ‘inverse’ structures, where the particles have a lower
refractive index than the surrounding medium (Fig. 2C).[40:4445]
Of course these two approaches can be combined (Fig. 2D).[46]
Taking inspiration from nature and its impressive palette of vivid
colors, it is also possible to mix chemical and structural coloring
by adding pigments,[7! for instance absorbing in blue, however
in this case the advantages of structural coloration could be miti-
gated by the need for a conventional dye.

Special considerations also need to be taken to optimize color
saturation for all angle-independent structural colors. Color satu-
ration can be compromised mainly by two effects. The first is re-
lated to angle independence itself: materials with angle-indepen-
dent structural colors are generally isotropic, which is achieved
by introducing randomness in their internal structure. This means
that the characteristic length scale of structural correlations that
gives rise to resonant scattering is not as well defined as it is, for
instance, in crystals. Thus, the resulting reflection peaks are also
generally wider and lower in amplitude than those of crystalline
structures. This tradeoff between angle independence and color
saturation is indeed a topic of active investigation.[*8! The second
effect that can compromise color saturation is multiple scattering,
which leads to a broadband background. This is because multi-
ply scattered light traverses distances inside the material that are
longer than the extent of correlations between scattering points.
As aresult, there is no longer constructive interference to select a
specific range of wavelengths, but instead all wavelengths can be
reflected back to the viewer. This mixing of wavelengths is less
of an issue in photonic crystals. In perfect crystals it simply does
not occur, because light at off-resonant wavelengths interferes
destructively. In imperfect crystals, multiply scattered light can
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Fig. 2. Structural color appearance and its challenges. A) Black and white image: scanning electron micrograph of a disordered packing of polysty-
rene spheres. Scale bar is 200 nm. Adapted with permission from ref. [49]. Copyright 2020 American Physical Society. Color images: photographs
of disordered packings of poly-methyl-methacrylate particles, mixed with carbon black. These samples are a few mm in size. Particle size increases
from left to right. Adapted with permission from ref. [40]. Copyright 2014 American Physical Society. B) Schematic, and micrographs in reflection
mode, of photonic balls containing disordered packings of core-shell particles with scattering polystyrene cores and transparent poly(N-isopro-
pylacrylamide-co-acrylic-acid) shells. Blue, green, and red structural colors are obtained using different shell thicknesses. Scale bar is 20 microns.
Adapted with permission from ref. [43]. Copyright 2014, Wiley-VCH. C) Black and white image: cross-sectional scanning electron micrograph of

the internal nanoarchitecture of a photonic pigment of the ‘inverse’ type. The primary material is poly(norbornene-graft-polycaprolactone)-block-
poly(norbornene-graft-polyethylene glycol), a biocompatible bottlebrush block copolymer. Color images: optical micrographs of microspheres con-
taining such inverse, porous structures, formed from monodisperse toluene/water microdroplets via controlled evaporation at different temperatures
(T = 22-80°C). Adapted with permission from ref. [45]. D) Micrographs, in reflection mode, of disordered packings of bidisperse hollow silica par-
ticles. The particles used to make the sample shown in panel (a) are larger than the particles used to make the sample shown in panel (c). Panels (b),
(d) show the change in color from panels (a), (c), respectively, after infiltration of the packings with trimethylolpropane ethoxylate triacrylate, a photo-
curable monomer, resulting in a transformation from a ‘direct’ structure, shown schematically in the inset of panel (a), to an ‘inverse’ structure, shown
schematically in the inset of panel (b). Adapted with permission from ref. [46]. Copyright 2017 American Chemical Society. E) Reflection spectra and
dark-field optical micrographs of disordered packings of polystyrene nanospheres with the same sphere diameter but different sample thickness.
The calculated value for color saturation is listed on the right. Adapted with permission from ref. [49]. Copyright 2020 American Physical Society. F)
Inset: photographs of five drop-cast films of polystyrene spheres containing carbon black. The sample numbers are listed above the samples, and

the corresponding wt% of carbon black is listed below. Main graph: the width of the spectra of the reflection peak for each sample. Adapted with
permission from ref. [12]. Copyright 2010, Wiley-VCH. G) The CIE 1931 color space chromaticity diagram, one of the standards used to represent
color space. Adapted from Wikipedia.®® H) The avian four-dimensional color space, where the black points represent the gamut of all avian plumage
colors. Reproduced with permission from ref. [57]. Copyright 2022, National Academy of Sciences, U.S.A.

evade destructive interference, for instance due to defects or due
to the finite size of the material; still, it is less pronounced than in
disordered photonic materials, where the spatial correlations are
short-ranged only. In disordered materials, multiple scattering can
be mitigated by carefully controlling the sample thickness (Fig.
2E)91 or by adding broadband absorbers, such as carbon black
(Fig. 2F)11247.501 to limit the sample’s optical thickness. Since sam-
ples that are too thin tend to be transparent, while samples that are
too thick tend to be white, there is typically an optimal thickness
that can be calculated depending on the materials involved.49!

A few other effects have been identified as potential obsta-
cles to color saturation in amorphous photonic materials. Even
before the onset of multiple scattering, scattering processes of a
few events can also contribute to the final color. For instance, in
the inverse structures of bird feathers double scattering has been
shown to generate a secondary reflection peak,>!l while in col-
loidal photonic glasses a similar peak has been attributed to light
that undergoes total internal reflection at the sample—air interface
before scattering again and exiting the sample.[*)1 Last but not
least, when it comes to fine-tuning color, it needs to be noted
that the shape of the reflection spectra can be affected by other
parameters such as surface roughness or wavelength-dependent
absorption naturally present in the ingredients.[52]

For practical applications it is important to compartmentalize
structurally colored materials in the form of colorful microob-
jects, thus they stay compatible with industrial techniques using

chemical pigments. A popular approach to achieve this goal is to
use spherical aggregates of nanoparticles — ‘photonic balls’.[27]
The spherical symmetry of photonic balls ensures particularly low
angle dependency and homogeneous color. The colorful nature
of individual photonic balls can potentially simplify color mix-
ing. The films of photonic balls, however, strongly suffer from
multiple scattering, which arises not only from internal multiple
scattering inside photonic balls but also scattering between dis-
tinct photonic balls. Thus, such photonic ball films suffer either
from strong white appearance or low brightness if high enough
concentrations of black absorber are used. These drawbacks can
be potentially overcome by changing the photonic ball structure,
such as using inverse structures or core-shell particles.

Finally, to close the gap between research and application it is
essential to understand the optical phenomena that come into play
in the context of the environment in which these colors would be
used. Several factors are important in this context. One is the type
of illumination, and in particular whether it is directional or dif-
fuse. The structural colors of photonic glasses are truly angle-in-
dependent under diffuse illumination, i.e. when light arrives from
many different directions; however they still show some weak de-
pendence on the viewing angle when illumination is directional.
[12,40.51,531 Still, this angular dependence is typically weaker than
in photonic crystals.l'!l Last but not least, the reflection spectra
of structural colors are of limited practical use unless they are
related to color perception, i.e. the color seen by an observer in
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response to the reflected light. To underline this, we note here
an interesting fact from the avian world. Birds have achieved an
impressive range of colors, thanks to pigments as well as struc-
tural coloration. To us, human observers, they are one of the most
colorful species on our planet. Yet the range of colors they can
achieve in their plumage is only a small subset of the color gamut
they can see with their tetrachromatic vision (Fig. 2G, H).[54 The
importance of relating the optical response to color quality has
been increasingly appreciated by the structural color community
in recent years, and color standards are now often used in order
to complement the characterization of the reflection spectra of
photonic materials in the literature.[32:41.44.45.50.52.55]

The challenges of the visual appearance of angle-independent
structural color should not discourage the development of tech-
niques for their mass production. In a historical coincidence, let
us remember that the color blue has also played an important role
in the development of photography: one of the first photographic
techniques was the cyanotype, a method for imprinting images in
shades of blue still used today in art. If we continue to develop
ways to apply structural color on the large scale using the colors
currently available, we will be ready to extend them to the full
palette once this has been achieved.

2.3 Sustainability

Manufacturing color into large-scale applications comes with
the challenge of availability and cost efficiency of the raw mate-
rial. Commercially available color pigments and dyes can be very
cost effective but are nowadays often heavy-metal based, made
from toxic molecules or by plastic polluting polymeric resources.
A sustainable choice of the building blocks for artificially made
objects, including color pigments, is essential from a health safety
as well as an environmental aspect.[58.59]

The possibility to create colored objects through scattering by
structured materials instead of absorbing dyes increases chances
for the choice of sustainable building blocks.

One example is block copolymers (BCPs), that have drawn
recent attention by achieving a wide palette of angular indepen-
dent structural color through designing inverse photonic ball
structures.[*5! However, there is an urgent need to consider their
environmental impact (microplastic pollution). Progress has been
made by showing the full range of colors can be reached using
biocompatible bottlebrush block copolymers (BBCPs).[13]

In this context, nature can serve as a primary example.
Inherently the colors created by natural organisms use biocom-
patible and renewable materials.[001] Structural color in nature is
used to achieve stunning appearances from shimmering gold!¢?! to
matt bluel*!l and bright white.[63]

The majority of biological materials are based on just a few
substances — proteins (e.g. silk), polysaccharides (such as chitin
and cellulose) and a few minerals (Fig. 3A-D and F).[¢4 While
these have poorer basic properties (such as a low refractive in-
dex) than engineered materials, nature achieves a wide range of
appearances by assembling them into a diversity of structures.
Additionally we can learn from natural structures how hierar-
chical assembly allows us to achieve multifunctionality. As an
example, surface nanostructures can combine light manipulation
with mechanical protection or water repellencyl®>! and chitin in
insects and arthropods is often used to build carapaces and sen-
sory systems.

Often building blocks extracted from biological resources
are used to build biocompatible non-toxic structurally colored
systems. Chitin nanocrystals (ChNCs) can be isolated from two
phylogenetically distinct sources of a-chitin, namely mushrooms
and shrimps, to achieve structurally colored films/®! (Fig. 3A).
Although it is possible to achieve helicoidal architectures, in-
spired by structural coloration in arthropods, through exploiting
the self-assembly of chitin nanocrystals (ChNCs), structural col-

oration has just been achieved with the same material very re-
centlyl®! and awaits to be tested at a larger scale.

Another example is silk-based photonic materials used to
achieve a wide range of structural colors and optical appearances
by combining templated self-assembly and nanosurface engineer-
ing by heat and UV sensitivity of silk proteins.[67-681 Most silk uti-
lized in scientific, medical, and commercial endeavors is derived
from cocoons of B. mori domestic silk moths. Silk cocoons are
first degummed (e.g. through a boiling process), then dissolved
in a concentrated salt solution followed by a washing step (e.g.
dialysis) to obtain an aqueous solution (Fig. 3C). In an anneal-
ing/post processing step the photonic structured material can be
obtained. As a structural protein, silk fibroin undergoes a con-
formational transition among [-sheets, random coils, and helices
upon exposure to external stimuli, such as water vapor, methanol,
and deep UV light allowing to tune the structural properties on
the nanoscale obtaining photonic crystal structures (Fig 3G), dif-
fraction gratings and transparent films whose appearance can be
dynamically tuned.

Cellulose is particularly advantageous for the manufacture of
sustainable products because of its abundance as the most widely
available biopolymer on earth, and its intrinsic renewability as-
pect.[] Cellulose, as the major component of the plant cell wall,
is abundant in a hierarchical fibrillar form, which consists of mac-
rofibrils that are composed of microfibrils (Fig 3B). Macroscopic
cellulose fibers are widely used in papermaking and the produc-
tion of cellulose-based polymers.[7%1 Recent progress in extrac-
tion of nanocellulosic components enables the use for high-tech
applications due to the unique chemical and physical properties
of cellulose at the nano-scale. For photonic pigments and coat-
ings, cellulose high refractive index and birefringence compared
to other biopolymers!7!l enable strong color saturation and thin
film applications.[72!

Nanocelluloses can be classified into two categories based on
their dimensions: cellulose nanofibrils (CNFs)[731 and cellulose
nanocrystals (CNCs).[74]

The intrinsic high value of anisotropy of cellulose fibrils
in terms of refractive index and aspect ratios also makes them
well suited for highly scattering materials. The optical proper-
ties of membranes composed of CNFs can achieve highly bright
white,[”>! even in thin coatings. Recently a new class of cellulose
particles (CMP) in the micron range has been explored as scatter-
ing enhancers.7¢] This is extremely relevant for industrial appli-
cations as commercially available white products, such as paints,
inks and coatings, are typically formulated with high-refractive-
index nanoparticles, for example TiOz, as scattering enhancers,
which have recently raised serious health and environmental con-
cerns.[77-791

Most effort has however been made in developing CNC-
based optically structural color pigments and films. The long
time known cholesteric liquid-crystalline behavior in suspen-
sionl®1 only recently has been transformed into structural color
manufacturing in the form of films[3! and pigments!’2811 (Fig
3E). In analogy to liquid-crystal molecules, these rod-like col-
loids spontaneously form, above a critical concentration, a chi-
ral nematic structure whereby individual CNCs align along a
helicoidally birefringent superstructure. This organization gives
rise to structural color, strongly depending on the orientation
of the cholesteric domains and the pitch length in the structure,
thus being very sensitive to assembly conditions as well as me-
chanical deformations and the chemical environment. While
such sensitivity can be a challenge for large scale manufactur-
ing it also offers opportunities for applications. As an example,
cellulose derivatives have been used to obtain structurally col-
ored coatings, and found application as low-cost and scalable
mechano-chromic pressure sensors,[32 compatible with roll to
roll manufacturing.[35]
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Fig. 3. Sustainable and bioinspired structural color materials. A) Schematic of the extraction process of chitin nanocrystals and their assembly

to helicoidal structures as the basic unit for structural color creation through helicoidal self-assembly. Reproduced with permission from ref. [66].
Copyright 2022, Wiley-VCH. B) Schematic of the extraction process of cellulose nanocrystals and their assembly to helicoidal structures.
Reproduced from ref. [84]. C) Extraction and processing diagram of silk cocoons into silk fibroin solution as a natural material for photonic struc-
tures. Reproduced with permission from ref. [68]. Copyright 2022, Walter de Gruyter. D) Image of the Pollia condensata fruit. Inset: SEM Image of the
hellicodal cellulose structure found in the fruit’s cell wall as the origin for the blue color. Reproduced with permission from ref. [61]. Copyright 2022,
National Academy of Sciences, U.S.A. E) Bioinspired cellulose nanocrystal film showing blue structural color. Reproduced with permission from ref.
[85]. Copyright 2022, Wiley-VCH. Inset: Image of CNC layers in cross-section SEM. Reproduced with permission from ref. [86]. Copyright 2022,
Wiley-VCH. F) Peacock showing its full palette of (structural) color (unsplash free license). Inset: SEM image of the crystalline structure found in pea-
cock feathers. Reproduced with permission from ref. [87]. Copyright (2003) National Academy of Sciences, U.S.A. G) Picture painted by templating
silk fibroin solution into a photonic crystal structure,® Copyright 2022, Wiley-VCH.

Further methods from 3D printing of structurally colored cel-
Iulose derivative assemblies(20! to nanoscale patterning for color
creation via focused electron-beam-induced conversion/®3 have
proven the wide range of manufacturing potential for structurally
colored cellulose-based materials.

2.4 Towards Multifunctional Materials

When successful fabrication of objects with structural color
and shape complexity is achieved, the next challenge will be aim-
ing for the manufacture of multifunctional materials with desired,
programmable properties. Possible complementary functions can
be programming the surface wetting properties or improving the
mechanical, thermal, light durability of these objects.

Wettability: To make complex objects with color and with su-
perhydrophobic surfaces for instance, one can use colloidal build-
ing blocks which are superhydrophobic in the first place. When
these nanoparticles have the dimensions of the colloids used for
obtaining structural color, these assemblies can aim for super-
hydrophobic structurally colored objects. We envision that the
raspberry-shaped superhydrophobic particles like the ones made
by D’ Acunzi et al.I¥9 can be used in order to self-assemble multi-
functional 3D printed objects which combine complex shape,
structural coloration with surface superhydrophobicity.

Mechanical strength: Since the objects are assembled from
nanocolloids, the mechanics of the assembled structures for
structurally colored objects are usually limited and depend solely
on van der Waals forces between the assembled particles. The
mechanical strength of silica colloids assembled via 3D print-
ing in recent work[34l had compression strengths up to 8 MPa
which is comparable to blackboard chalks. One way to improve
the mechanical strength of the assembly is to induce inter-par-
ticle chemical bonding between particles after the assembly is
achieved. However, such chemical bonding requires modification
of the surface chemistry of the colloids and may complicate the
upscaling of the used particles. Another strategy to increase the
mechanics can be the creation of core-shell colloids with differ-
ent melting temperatures where the melting temperature, 7 of

m_core

the core, has to be higher than that of the shell, 7 . When the
temperature 7'is set to a value betweenthe T, <T<T then
the shell will melt and fuse while the core is expected to maintain
the order and the structural color. Although there are challenges,
such that the pores between the particles can be reduced or the
refractive index difference between the core and shell may not
be sufficient for coloration, these challenges can be addressed by
synthetic chemists to arrive at a product with color and shape-
freedom while being capable to withstand thermal and mechani-
cal impacts.

Light and thermal durability: Structural color is considered
to be light and thermally durable as long as the periodic nano-
structure is maintained. However, when carbon black is used to
enhance the color saturation, this light and thermal durability is
lowered because of the possible degradation of carbon black un-
der such conditions. Note that researchers3* have reported ther-
mal stability up to 1000 °C but these experiments were performed
in Ar atmosphere which avoided the degradation of carbon at el-
evated temperatures. A logical step to avoid this lower stability
would be the use of broadband absorbers of oxides which could
stand higher temperatures. This was indeed recently demonstrat-
ed by Yamanaka et al.[%1 who showed stable structurally colored
samples up to a temperature of 900 °C in air.

3. What Other Manufacturing Technologies Can Be
Used?

3.1 Pressing

In industry pressing combined with machining is used heav-
ily for creating shaped ceramic objects. Pressing is an effective
and fast method to make objects with simple shapes templated by
the dye or the pressing cavity. Pressed objects usually have disc-
or cylinder-like geometries. To make complex geometries the
pressed object is then machined and processed. For machining,
a binder is usually added to obtain a pressed object that is robust
enough to handle and machine. Takeoka and co-workers recently
demonstrated that pressing can be used to create discs that are
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structurally colored. However, they did not attempt to machine
these discs to obtain complex geometries with color. It could be
indeed relatively straight-forward to strengthen these discs with a
binder additive at the initial mixture. The addition of the binder is
expected to give the necessary mechanical stability to handle and
machine these objects to allow for colored complex shapes. The
use of a variety of colloidal nanoparticle sizes for the assembly
of the discs can also result in multi-colored objects with complex
geometry.

3.2 Spraying or Additive Manufacturing for Painting

Although there are many examples of surface coating ap-
plications based on colloidal assembly of structural color®-93]
examples of spraying for creating color are rare.+%] One im-
portant challenge in spraying colloidal particles is the lack of
control in the drying of sprayed droplets which usually results in
ordered colloidal assemblies and yields angle-dependent color.
One strategy to avoid this could be spraying suspensions of pre-
assembled colloidal clusters usually referred to as photonic balls.
If the photonic balls are made in a disordered fashion as in the
case of Yazhgur et al.[3233] the spraying is expected to result in
angle-independent color. Inkjet printing or 3D printing of such
photonic balls or inverse photonic balls can also be a strategy
to manufacture objects with color.32! Similar to inkjet printing,
3D printing devices can also be used for creating coatings on the
surfaces of objects manufactured by other means.¢! In addition to
direct writing of colored inks, additive manufacture of structural
color can also be made via stereolithography printing,[°7 which is
not yet shown and is a more promising printing method for high
throughput purposes.

4. Conclusions

Considering the potential advantages of structural color from
color stability to sustainability and environmental fronts, the
above-mentioned challenges highlight the areas where further
development of techniques for mass production of objects with
structural coloration is necessary and crucial. Development on
the different fronts of the constituents of structural coloration will
improve the spectrum of possible applications of future manufac-
turing methods and thus pave the road to replace pigment dyes
with structurally colored alternatives to create color-finished ma-
terials.
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