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photonic objects have enabled the preparation of structurally colored
materials with customized properties. Herein, an up-to-date review
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reflections. The third section focuses on the recent advances in other

additive manufacturing methods, including digital light processing, two-photon lithography, and fused deposition
modeling. This review summarizes a perspective on potential opportunities, challenges, and future prospects
encountered by advanced printing technology and functional structural-color materials.
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1. Introduction

Structural-color materials possess periodic dielectric nanostructures that reflect light at visible wavelengths,
exhibiting vivid colors [1-5]. Nature has evolved different types of periodic nanostructures over millions of years
of evolution to develop structural colors that intensify or weaken the visibility of biological organisms for purposes
of camouflage, communication, and predator warning [6—8]. For instance, chameleons may camouflage by
changing their skin colors to blend them with the background colors [9]. The spectacular iridescent colors of certain
insects, opals, butterflies, plants, and peacocks are created due to periodic nanostructures on their surfaces that
reflect light in specific spectral ranges [10—14]. Inspired by nature, investigators have proposed synthetic periodic
nanostructures which offer nonfading, tunable, nontoxic, and iridescent structural colors [15-17]. In recent
decades, structural-color materials have attracted substantial attention because of their fundamental importance
and technological applications. The exploitation of exquisite structural-color patterns capacitates the manufacture
of customized color images that are crucial for several emerging applications like sensors [18], decoration [19],
bioanalysis [20], displays [21], anticounterfeiting [22], and optical communication [23]. Furthermore, three-
dimensional (3D) structural-color materials enable the manipulation of optical properties and light paths, such as
amplitude regulation, phase, and polarization, and generate new or enhanced optical properties [24]. In this context,
functional structural color patterns and 3D structural color objects have been developed based on diverse
fabrication strategies, including swelling [25], stamping [26], regioselective etching [27], mask-assisted
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photography [28], and die making [29]. However, these methods require expensive tooling, lithographic masks,
and time-consuming multi-step processes.

Additive manufacturing, which involves ink-based printing techniques that allow the digital design and
manufacturing of exquisite patterns or 3D objects, is upgrading the science and engineering of advanced structural-
color materials. In contrast to traditional manufacturing techniques, additive manufacturing enables the conversion
of computer-aided designs into intricate objects as needed [30-36]. Additive manufacturing facilitates the on-
demand production of customized products, characterized by specific shapes and sizes, while ensuring high
production efficiency. This capability presents a significant economic actuation for its adoption across a range of
industrial sectors, such as robotics, biomedicine, automotive, and aerospace [37—40]. Recently, additive
manufacturing has emerged as a versatile method for fabricating structurally colored materials using micro- and
nanoscale building blocks as printable inks. Several additive manufacturing approaches, including direct ink
writing (DIW), inkjet printing, digital light processing (DLP), two-photon lithography (TPL), and fused deposition
modeling (FDM), have been proposed for the manufacture of structural-color materials from diverse building
block systems such as colloidal particles, chiral liquid crystals (CLCs), cellulose nanocrystals (CNCs), and block
copolymers (BCPs). These printing platforms use building blocks in the following forms: polymer solution,
photocurable resin, or thermoplastic monofilament. Additive manufacturing of structural-color materials currently
stands in the limelight of research on account of the unparalleled advantages including remarkable universality,
diversity, and stability. By carefully choosing the appropriate additive manufacturing parameters and techniques,
it is possible to achieve sophisticated and customized patterns or 3D geometries of structural colors while attaining
desirable optical properties.

Several reviews have focused on printable structural colors or the design of structural-color patterns [41—43].
To the best of our knowledge, there is no specific classification for the additive manufacturing of structural-color
materials. Herein, an up-to-date account of the advancements in high-throughput printing methods capable of
fabricating structural-color materials is showcased (Scheme 1). This review focuses on the following three aspects:
In the first section, the DIW of colloidal crystals, CLCs, CNCs, and BCPs is introduced. The second section
introduces recent significant progress in inkjet printing strategies, including inkjet printing of colloidal crystals,
inkjet printing of CNCs, inkjet printing inks on photonic polymer coatings, and inkjet printing based upon total
internal reflections. The third section summarizes the recent advances in other additive manufacturing methods,
including DLP, TPL, and FDM. Finally, this review summarizes with perspectives on the opportunities and
challenges in the future exploitation of additive manufacturing for structural-color materials.
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Scheme 1. Schematic of additive manufacturing of structural-color materials. The additive manufacturing
approaches include DIW, inkjet printing, DLP, TPL, and FDM. The building block systems used for printable inks
include colloidal particles, CLCs, CNCs, and BCPs.
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2. Bioinspired Structural-Color Materials and Additive Manufacturing Technologies

2.1. Principles of Bioinspired Structural-Color Materials

In nature, the brilliant iridescent colors of some opals, fruits, and butterflies are induced by the periodic
nanostructures on their surface that reflect light in specific ranges of the spectrum. Taking lessons from nature,
bioinspired structural color materials derive their colors from periodical micro-nanoscale structures that interact
with light, which has been recommended as a more environmentally friendly and long-term stable alternative to
traditional pigments and dyes. The photonic crystal structure is featured with long-range order. The characteristics
of amorphous structure are short-range order. They all follow Bragg’s law of light interference, diffraction, and
reflection. These properties of structural colors hinge on the design of the structure-function relationship to a great
degree [42].

According to the structural principles and fabrication techniques, structural-color materials can be
categorized into colloidal crystals, chiral liquid crystals, cellulose nanocrystals, block copolymers, etc. As a few
to name, opals have been known since ancient times (Figure 1a) [12]. The unusual gemstones are impressed by
their gorgeous coloration that results from a highly ordered, densely packed arrangement of silica spheres with several
microns in diameter indicated by scanning electron microscopy (SEM) (Figure 1b) [44]. Following suit, colloidal
crystals can be formed by the self-assembly of monodisperse micro/nanoparticles in a facile and cost-effective manner
like face-centered cubic packing, which possess long-range order to manipulate light and display vibrant colors with
strong iridescence (Figure 1c). For practical coloration, it is essential to pattern colloidal arrays with a manipulated
arrangement and robust mechanical stability in a reproducible and reliable way [45]. Pollia condensate is an African
forest understory spherical species exhibiting bright metallic blue arising from Bragg reflection of helicoidally
stacked cellulose microfibrils shown by transmission electron microscopy (TEM) (Figure 1d,e) [46]. CLCs have
hierarchical architecture consisting of superimposing planar layers of parallel-aligned rod-like
molecules/nanostructures with a certain twisting angle. This chiral morphology reflects circularly polarized light
of the same handedness as the helicoid structure and transmits circularly polarized light with the opposite
handedness (Figure 1f) [47]. The helical pitch of CLCs is proportional to the peak wavelength of the selective
reflection. Thus, the reflection spectrum and the rendered structural color can be dynamically controlled via
applying the physical stimuli to tune the helical pitch. The resulting helicoidal organization have been extensively
studied to exploit structural colors which are iridescent, circularly polarized, tunable, and non-fading. Moreover,
the inherent long-range order self-assembly of liquid crystals (LCs) can be a perfect characteristic for the
manufacturing of structural-color materials on a large scale [48—50]. Especially, if LC molecular suffers a process
of double-twist arrangement and self-organizes into a three dimensional (3D) periodic cubic lattices, blue-phase
liquid crystals (BPLCs) are formed and treated as 3D photonic materials, whose name derives from the brilliant
blue color when it was first discovered. [51-54]. BPLCs are widely utilized in flexible displays, tunable photonic
devices, and biomimetic materials for the properties of the three-dimensional photonic bandgap and tunable
structural coloration. CNCs are the crystalline regions of cellulose nanofibers, which consist of parallel linear
cellulose chains bound by van der Waals forces and hydrogen bonding. The excellent amphiphilic character owing
to different surface chemistries at varying crystal planes facilitates the heterogeneous interaction with other
amphiphilic nanocomponents used in assembling hierarchical nanostructures similar to CLCs. The addition of
water-soluble polymers can manipulate the mechanical stability and the pitch length of the chiral structures to
fabricate brilliant structural-color patterns via evaporation-driven self-assembly [55]. Morpho butterflies’ rainbow-
like, shimmering iridescence can maintain bluish even over an extensive range of viewing angle, which is resulted
from the light interference within the multilayered, periodic ridges on the scales covering the surface of their wings
(Figure 1g,h) [56]. BCPs comprising a corporate backbone attached to grafted side chains are a promising
substitute for linear block copolymers to fabricate the analogous one-dimension periodic structure and realize
structural colors in the visible range [57]. The spatial repulsion among dense side chains generates more extensive
cylindrical conformations and restrains chain entanglement, accelerating self-assembly into large ordered-region-
size nanostructures (Figure 11) [58]. The facile preparation of photonic crystals with BCPs holds promise for
various potential applications containing the production of 3D-printed photonic structures, photonic pigments,
photonic resins, and stress-responsive photonic structures [59,60]. In addition, woodpile photonic crystals (WPCs)
as a specific structural-color material are fabricated through stacking plentiful parallel square columnar units in
the vertical direction. The photonic band gaps of WPCs can be simultaneously and independently engineered in
three dimensions to display structural colors with ultrahigh resolution due to the effective regulation of the
nanometer-scale lattice constant, which are one of the most versatile platforms among the micro/nanodevices for
the stability and scalability [61].
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(a)

Figure 1. Photonic nanostructures in nature. (a) Photograph of black opal. Reproduced with permission [44].
Copyright 2011, Elsevier Ltd. (b) SEM image of the opal nanostructure. Reproduced with permission [12].
Copyright 2009, Wiley-VCH. (¢) Schematic illustration of 3D self-assembly of colloidal crystals. (d,e) Photograph
and TEM image of singe Pollia condensata fruit collected in Ghana. Reproduced with permission [46]. Copyright
2012, National Academy of Sciences. (f) A schematic representation of the cholesteric helix for both handedness.
Reproduced with permission [47]. Copyright 2014, Elsevier Ltd. (g,h) Photograph and cross-sectional SEM image
of a Morpho didius butterfly. Reproduced with permission [56]. Copyright 2012, Wiley-VCH. (i) Schematic
illustration of 1D BPCs prepared by hierarchical thermal self-assembly. Reproduced with permission [58].
Copyright 2020, American Chemical Society.

2.2. Additive Manufacturing Technologies

The remarkable advancement in additive manufacturing technologies has revolutionized the realm of the
intelligent manufacturing system and offered remarkable universality, diversity, and stability for the preparation
of structural-color materials. In accordance with the difference of logical sequence in operation, fabrication
methods of additive manufacturing technologies for structural colors can be categorized into two types: top-down
and bottom-up approaches. The former is to utilize multilayer deposition or lithography techniques to transform
bulk materials into the desired micro-nano structures, such as DIW, inkjet printing and DLP. The latter relies on
the self-assembly of basic building blocks through physical and chemical interactions to achieve ordered
nanostructures, which includes TPL and FDM [62].

In DIW printing, nanoparticle clusters in liquid media with highly stable dispersibility and viscosity, which
serves as the ink, are extruded directly onto a substrate for manufacturing materials with designed architectures
and components, while a computer-controlled translation stage simultaneously moves the nozzle to realize an
automated injection molding process [63]. Similar to DIW, inkjet printing has been more previously but commonly
utilized in the patterned printing of structural-color materials. In inkjet printing, inks are ejected from a
micrometer-sized printing nozzle as droplets and subsequently deposited onto the target substrates [64]. For DLP,
particles dispersing in precursor solution polymerize under the irradiation of projected light to create a customized
structure. A DLP machine can project 2D images sliced from target 3D objects, and the exposed parts are
selectively polymerized. Once a layer was cured, the platform moved vertically for a certain distance and project
the next image. Until the entire 3D object was constructed, this process needed repeat layer by layer [65]. In TPL
processing, bulk materials produce localized photochemical reactions by utilizing high-energy pulsed lasers [66].
This technique enables the precise orientation and manipulation of chemical reactions in stereoscopic space,
realizing the construction of high-precision structures on the micro-nano scale with a high-resolution [67].
Thermoplastic ingredients incorporated suitable building blocks can be melted into filamentous individuals and
stacked layer-by-layer via FDM. These wires are self-assembled rapidly during the extrusion at high temperature.
Desired products with centimeter-size 3D geometric shapes can be printed quickly and conveniently through this
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process [68,69]. The selection of additive manufacturing technologies plays a pivotal role in determining the
scalability, speed, and resolution of the process, meanwhile the choice of materials significantly influences the
resulting color, durability, and performance of the structures. Thus, the properties of printable structural colors
heavily hinge on the precision of structure construction fabricated by the printing technique employed and the
options of materials.

3. Direct Ink Writing of Structural-Color Materials

For DIW of structural-color materials, the ink must be formulated for microscopic self-assembly properties
and macroscopic printing rheology [70]. During the DIW printing, the parameters (e.g., the printing speed,
pressure, and substrate temperature) could also make influences on the result of deposition and further control the
quality of colors.

3.1. Direct Ink Writing of Colloidal Crystals

The DIW of colloidal crystals can be used to print photonic patterns according to the type of target substrate,
color combination, and design. Colloidal crystal inks must be designed to provide a satisfactory printing rheology
and conspicuous coloration after deposition.

Kim et al. reported the use of DIW with colloidal photonic inks in the preparation of customizable structural
color graphics (Figure 2a) [71]. To eliminate the prolonged evaporation process, colloidal particles were designed
with an exclusive interparticle potential lacking volatile components that induced particles to order spontaneously
(Figure 2b,c). The lines were written directly through a dispenser using these inks, and the line width could be
regulated by controlling the speed of writing. Faces were obtained through merging lines. The colloidal arrangement
within the lines and the faces was scheduled to construct an amorphous array for relatively matte coloration or a
crystalline array for strongly iridescent coloration in accordance with the viscosity of resins (Figure 2d,e). In addition,
the structural-color patterns could be detached from the substrates for forming free-standing films or transferred
onto other surfaces. Later, Kim et al. prepared elastic photonic microbeads via variable-size bulk emulsification
and formulated photonic inks including microbeads for DIW [72]. The photonic inks retained the excellent color
saturation of microbeads and provided reinforced capacity of printing. These printed graphics exhibited robust
mechanical durability because of the elastic microbeads imbedded into the polyurethane matrix. Additionally, the
resultant colors showed an extensive viewing angle with weak angle dependency by reason of light refraction at
the interface of the air matrix and the optical isotropy of the single microbead. Color graphics can be determined
by customers and printed on apparel and accessories for fashions. Besides, twinkling and iridescent colors and
unique shape of the reflectance spectrum featured by a sharp single peak enable to function as anticounterfeiting
patterns for top-secret documents and art masterpieces.
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Figure 2. DIW of colloidal crystals. (a) Scheme of DIW of colloidal crystals. (b) Construction of a solvation layer
on the silica surface with hydrogen bond assistance. (¢) Crystalline and glassy packing in viscous ethoxylate acrylate
(EA) and ultra-viscous urethane acrylate (UA). (d) Pattern of a rose and leaves printed directly with UA and EA inks.
(e) Mickey Mouse written with UA and EA inks. Reproduced with permission [71]. Copyright 2021, AAAS.
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3.2. Direct Ink Writing of Chiral Liquid Crystals (CLCs)

Currently, the fabrication techniques for CLC-based materials are often complicated owing to the inevitable
employment of alignment procedures for uniform LC orientation and high-quality structural colors. Particularly
for DIW, CLC inks must be formulated with satisfactory printing rheology for DIW [73-75].

In 2021, Sol et al. synthesized a CLC oligomer ink for DIW (Figure 3a) [76]. The ink was squeezed out of
the nozzle and organized into a visually impactful cholesteric arrangement via a shear-induced alignment.
Controlling the speed and writing direction generated a programmed construction of cholesteric liquid crystal
elastomers (CLCEs) that exhibited polarization selectivity and atypical iridescence. This chiroptical photonic ink
paves the way for design of specialized polymeric optical elements with disparate optical effects. The attractive
and uniquely iridescent appearance of materials can be utilized in high-end decorative elements. Later, they
synthesized a humidity-sensitive CLC oligomer ink for printing hydrochromic coatings that could be activated
with aqueous hydrochloric acid solvent, inducing an obvious redshift in the reflectance spectrum when exposed to
water (Figure 3b,c) [77]. No apparent negative impact had happened on the optical qualities of the material during
the extended exposure to the acidic environment even up to 17 weeks, while resulting in swelling and changes in
the reflectance spectrum due to the protonation. This stimuli-responsive ink can be integrated with information
technologies and function as 3D-printed optical sensors and actuators.

(@) (b)

protonated protonated

1.D. 335 ym B ChLCE, dry ChLCE, wet

!

submersion
in agueous
acid

Nﬁ')ll"
]

o
L]

-
pprinted 0.1 m H*Cl" (aq) Pswollen

e
LES
S:v
EieE

Figure 3. DIW of CLC oligomer inks. (a) Schematic of the DIW of the cholesteric liquid crystal elastomers
(CLCEs) (top), mesophase transitions of the CLCEs (bottom-left), and the eventually proposed molecular structure
for a perfect planar aligned CLCE (bottom-right). Reproduced with permission [76]. Copyright 2021, Wiley-VCH.
(b) Free-standing CLCE films presenting visible color changes after protonating and pursuant exposure to water.
Scale bar: 1 cm. (¢) Schematic of the transition of CLCE undergoing acidic treatment, highlighting the occurrence
of chemical modification with the synchronous change in the length of the cholesteric pitch. Reproduced with
permission [77]. Copyright 2022, Wiley-VCH.

To create spatially controlled CLCE geometries, Choi et al. proposed DIW for CLCEs with a programmable
mechanochromic response [78]. After deposition, the helical axis was tilted by approximately 32° relative to the
printing direction for the combined effects of shear-induced alignment and the generated elongational force upon
deposition onto the substrate. The printed CLC elastomers exhibited anisotropic mechanochromism when
stretching owing to stretching-direction-dependent differences in the slant angle of the helical axis.

Because CLC oligomer inks are viscous, it is challenging to prepare well-defined helical nanostructures with
outstanding color reflection [79-86]. The DIW of solution-processable and low-viscosity CLC inks for dynamic
molecular self-assembly allows the preparation of structural-color graphics with vivid colors. Recently, our
research group proposed solution-processable CLC inks for DIW of chiral structural-color patterns characterized
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by bright colors and mechanochromic responses (Figure 4a) [87]. The solution-processable CLC inks were
formulated optimally to enable microscopic self-assembly and macroscopic printing. After deposition onto target
surfaces in line with preprogrammed trajectories, the monomers in CLC inks quickly self-organize into helical
nanostructures through the evaporation-induced self-assembly process, in which Michael addition reaction enables
to proceed in situ on the substrate for several hours at room temperature. The printed LCs are consequently
polymerized by UV light for approximately 10 min to cure the microscopic helical arrangement. Multicolored,
circularly polarized photonic patterns were fabricated on diverse substrates (Figure 4b). A concept of the circular-
polarization cinefilm was proved by printing CLC inks which possess inverse chirality (Figure 4c,d). In addition,
mechanochromic, circularly polarized photonic graphics were fabricated by printing CLC inks directly onto highly
stretchable elastomeric films (Figure 4e). The as-proposed CLC inks were further printed on a wireless
somatosensory electronic glove that can output synchronous visual and electrical signals. Upon bending the human
fingers, the glove fingers accordingly stretch, resulting in immediate and simultaneous changes in the structural
color and capacitance which can be converted into distinctive electrical signals. The interactively stretchable
electronics possessing brilliant colors and antifading characteristics can be extensively utilized in numerous
applications like entertainment, home healthcare, medical industry, and robotic control.

()

With right-circular polarizer

With left-circular polarizer

Tizarnjire Umniversityy

Figure 4. DIW of CLC molecular inks. (a) Schematic of DIW of CLC inks on glasses. (b) Temple of Heaven
pattern printed by utilizing four kinds of CLC inks. (¢) Beetle C. gloriosa (left) and the printed beetle patterns (right).
Green iridescent color was observed with a right-circular polarizer and disappeared with a left-circular polarizer. (d)
Circular polarization cinefilm via observation under right-circular polarizer (top) and left-circular polarizer (bottom).
(e) CLC pattern changed colors from red to blue upon stretching. Reproduced with permission [87]. Copyright 2024,
Elsevier Ltd.

3.3. Direct Ink Writing of Cellulose Nanocrystals (CNCs)

The range of wavelengths reflected by the CNCs films can be extended via introducing additives like
polyethylene glycol (PEG) or hydroxypropyl cellulose (HPC) to enlarge the length of the cholesteric pitch.
Cellulose-based materials can form photonic nanostructures and provide an opportunity to develop eco-friendly
structural-color materials and coatings. HPC is an inexpensive, biocompatible cellulose capable of exhibiting
lyotropic LC properties. At low concentrations (<40 wt.%), HPC aqueous solutions exhibit a disordered, isotropic
structure and are extensively applied as thickening agents and binders in the food and pharmaceutical industries.
At high concentrations (5070 wt.%), polymer chains in a photonic chiral nematic phase constructed using HPC
solutions self-assembled into helicoidal nanostructures similar to those found in scarab beetles.
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Zhang et al. proposed a CNC ink for fabricating 3D structural-colored objects (Figure 5a) [88]. Two other
elements, poly(acrylamide-co-acrylic acid) (PACA) and gelatin, were incorporated into the HPC solutions to
produce printable HPC-gelatin-PACA ink. PACA could maintain the shape after printing by in-situ UV
crosslinking, and gelatin afforded appropriate rheological properties during printing. This ink can be designed into
3D customized objects on substrates to exhibit angle-independent and vivid structural colors (Figure 5b—d). The
resultant macroscopic 3D objects exhibited color adjustability under the control of the ambient temperature owing
to the synergic thermoresponsiveness of PACA and HPC. Thus, this CNC ink system can be extended to daily-
life commodities including colorant-free decorations in wearable biosensors, cosmetics, and drugs, as well as food
industry or customized bionic skins.

Gelatin

= PACA
7Y™ monomer

:j./ nydrolel

Thermal

response

Figure 5. DIW of CNCs. (a) DIW of CNC inks for 3D structural coloration. (b) Single-colored graphics. (¢)
Multicolored graphics. (d) 3D objects. Scale bars: 4 mm. Reproduced with permission [88]. Copyright 2022,
National Academy of Sciences.

Similarly, George et al. incorporated PEG into anisotropic HPC solutions to establish printable CNC inks for
the DIW of CNCs [89]. At higher shearing rates (97 s™!), the alignment along print paths at an approximately 20°
could be attained, generating the coloration with high angle dependence. Materials with unique chiroptical
properties displaying an optical response to mechanical deformation were fabricated due to the plasticizing effect
of PEG in conjunction high-shear-rate extrusion. The utilization of path-dependent cholesteric domains to be an
additional parameter expanded the design space further and allowed the response pattern to be modified by
changing the infilling path of objects. The aesthetics of the materials acquired by HPC-based inks during high- or
low-shear extrusion afford a sustainable source of structural colors capable of being utilized in optical sensing and
coating applications.

Despite the capability of DIW to accomplish the printing of some complex-shaped 3D structural-colored
materials, it is limited by inherent defects, leading to pervasive challenges such as coarse surface texture,
constraints in material versatility, and reduced printing precision. In DIW, the ink is extruded through a nozzle,
which means that the printing resolution is limited by the nozzle diameter. In addition, to achieve a bright structural
color, a lengthy post-treatment is necessary, which may cause material cracking. These limitations restrict the
application of DIW in printing high-precision structural-colored materials.

3.4. Direct Ink Writing of Block Copolymers (BCPs)

For high-production volume printing of BCPs, Patel et al. reported customizable DIW for BCP deposition to
achieve functional, spatial, and microstructural patterning of structural colors (Figure 6a) [90]. Well-designed
poly(dimethylsiloxane)-block-poly(lactic acid) (PDMS-b-PLA) bottlebrush BCPs were used as ink. The structural
colors of bottlebrush photonic crystals could be modulated via controlling the bed temperature and printing speed
during DIW printing (Figure 6b). After the comparison of printed samples, a pronounced blueshift in reflected
wavelength is observed as printing speed increases, while increasing temperature results in a marked redshift. The
intricate spatial and functional control for depositing more versatile patterns like the chameleon pattern comprising
diverse colors printed as sequential layers via nonequilibrium assembly techniques with the integration of hardware
and software approach.
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Jeon et al. achieved the dynamic tunability of structural colors during printing by integrating polystyrene-
block-polylactide (PS-b-PLA) cross-linkable BCPs with a UV-supported 3D printer (Figure 6¢) [91]. By
employing a single ink material, multiple colors were achieved within a single printing process by UV-
crosslinking-driven kinetic trapping of the evaporative assembly. The technique realized the preparation of
structural colors from dark blue (392 nm) to orange (582 nm) in the visible wavelength spectrum through reducing
UV light irradiance from 411 to 0 uW/cm?. A mimic of Van Gogh’s “The Starry Night” with yellow-to-green-to-
blue village, yellow-to-green moonlight, and blue-to-green night sky through programming the temporal profile
of UV light irradiance to create patterns with color gradients merely adopting a single ink material. (Figure 5d). It
can be predicted that this approach would shine light on anticounterfeiting patterns for art masterpieces and
decorations in luxurious furniture.

(a) Direct-write 3D printer Meniscus focus ( )
7 i § 2. 13 0 pW/cm?
; e ——
| | e s
62 yWicm? g’_
[ | o
i\ b 4 | 101 uW/em? %

s —

188 pWicm?

411 pWicm?

25° 50°, and 65°C
variable speed

15 mm/min 7

Figure 6. DIW of BCPs. (a) Scheme of molecular self-assembly and DIW of BCPs during the solution-casting
process. (b) Chameleon patterns created under stationary printing conditions (bed temperature, pressure, and
printing speed) as successive prints. Reproduced with permission [90]. Copyright 2020, AAAS. (c) Printed lines
under various standards of irradiance of UV light when printing. (d) Starry Night pattern fabricated via dynamic
UV-assisted DIW printing. Reproduced with permission [91]. Copyright 2024, National Academy of Sciences.

4. Inkjet Printing of Structural-Color Materials

Inkjet-printed structural-color materials could be categorized into two types according to the mechanism of
generation of structural-color patterns: drop-on-demand inkjet-printed inks on substrates and continuous inkjet-
printed inks on photonic polymer films. In drop-on-demand inkjet printing, droplets are merely created and ejected
when needed, allowing for minimal material usage, smaller drop size generation, higher placement accuracy, and
low cost. Typically, drop-on-demand inkjet printing is a functional technique for preparing structural-color
patterns by integrating direct writing with particle self-assembly in droplets [92-94]. The inkjet-printing quality
of structural-color patterns is subject to elements such as ambient temperature, humidity, substrate wettability, ink
composition, and inkjet printing parameter settings. Continuous inkjet printing of inks on photonic polymer films
is an emerging strategy for printing multicolor patterns [95,96]. The advantage of this strategy is that the pattern
can be erased by removing the ink and reprinting.

4.1. Inkjet Printing of Colloidal Crystals

Song et al. achieved significant results and made tremendous contributions to the preparation of patterned
colloidal crystals for practical applications [97-99]. In their researches, structural-color patterns containing dots,
lines, and surface shapes were fabricated successfully by the self-assembly of colloidal nanoparticles via adjusting
the preparation conditions of inkjet printing. For the dot-like structural-color patterns, inkjet printing was applied
to deposit latex droplets onto an octadecyltrichlorosilane-treated substrate which afforded a high receding contact
angle and enabled free sliding of the three-phase contact line (TCL). All the particles within each droplet were
driven inwardly during the drying process for the effect of the free-sliding TCL and assembled into structural-
color domes spontaneously, realizing a great height-to-diameter (H/D) ratio (Figure 7a) [100]. The printed
structural-color domes had a uniform shape and size with the particles assembled into a densely-packed face-
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centered cubic structure. Interestingly, structural-color domes with H/D ratios exceeding 3/8 exhibited angle
independence (Figure 7b). This convenient printing approach affords an efficient method for exploiting displays
with extensive viewing angles. The facile printing approach could offer a high-efficiency strategy for creating
advanced displays and other optical devices. DIW-printed advanced displays based on structural-color materials
through this method can control the phase, amplitude, and polarization of light at subwavelength scales as beam
deflectors and optical encryption devices. Structural-color optical sensors capable of making adjustment to their
reflection wavelength in response to environmental stimuli can be extensively applied in environmental
monitoring, biosensing, and wearable health diagnostics.
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Figure 7. Inkjet printing of colloidal crystals. (a) Inkjet printing patterned PC domes onto hydrophobic surfaces
through adjusting the sliding TCL. (b) Fluorescent structural-color domes’ angle-independence of the fluorescence
images. Reproduced with permission [100]. Copyright 2014, Wiley-VCH. (¢) Schematic of the fabrication of dual-
color domes on a basis of phase separation. Reproduced with permission [101]. Copyright 2022, American
Chemical Society. (d) A butterfly-like pattern printed via heterogeneously self-assembling on a PDMS substrate.
180 nm and 220 nm silica nanoparticles were utilized to construct green-blue and red-green depositions,
respectively. Scale bar: 1 cm; zoom in 0.5 mm. Reproduced with permission [102]. Copyright 2023, American
Chemical Society. (e) Inkjet-printed pattern combined with the structural colors and fluorescence for multiplex
encryption and anticounterfeiting. Reproduced with permission [103]. Copyright 2024, Wiley-VCH.

Dual-color spots are significant identity labels that deliver warnings and mating information. Li et al.
developed a one-pot method on a basis of the phase-separation-associated non-uniform self-assembly of silica
nanoparticles to fabricate dual structural-color domes (Figure 7c) [101]. In the drying droplets, individual
nanoparticles were nonuniformly distributed into two compartments owing to the varying compatibility of
nanoparticles between the two phases and the droplet inner flows. The colors of the domes resulted from
nanoparticles’ self-assembly are capable of being programmed via modulating the assembly conditions. A
tremendous volume of content in encrypted patterns was designed using dual-color domes, presenting promising
applications for information transfer. Later, Li et al. utilized the spatial restriction induced owing to the skin layer
packaging of a drying colloid PEG droplet to enable the heterogeneous self-assembly of individual nanoparticles
(Figure 7d) [102]. Colloidal crystals with homogeneous or heterogeneous plane orientations were fabricated by
modulating the concentration of PEG within the droplets. This heterogeneous self-assembly approach enables the
extensive utilization of various colloidal nanoparticles, different droplet shapes, and diverse substrates. Coatings
fabricated by this strategy have the advantages of tunable colors, unfadeness, and low-energy consumption, which
can be extensively used in anti-counterfeiting for economic security and human health.

The combination of fluorescence and structural color is a good strategy for fabricating multiplex encryption
systems. Gao et al. proposed a robust multiple encryption system with integration of structural color and
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fluorescence via programmable inkjet printing using colloidal photonic inks (Figure 7e) [103]. Colloidal photonic
crystals exhibit structural-color patterns under sunlight. Under UV light, those exhibiting fluorescence in the same
region display different fluorescence patterns. Microscopic fluorescence patterns which are unclonable physically
can be observed in specific regions with fluorescence microscopy, the resulting macroscopic dual-mode encryption
offered strong identifiable encrypted information. Moreover, evaporation process-induced fluorescence patterns
exhibit unparalleled, uniform, and irrelevant random properties with high complexity and sufficient encoding
capacity and further deep learning could be employed to construct a database and certify its credibility. It is
expected that this system will provide a promising technique to combat counterfeiting and reinforce the practical
application of fluorescent and structural colors for anticounterfeiting in high value products.

4.2. Inkjet Printing of Cellulose Nanocrystals (CNCs)

CNCs are ideal candidates for use as cost-effective and sustainable inks to print bespoke patterns and scalable
photonic coatings. Whereas, the small volume and large surface area of sessile CNC droplets typically generate
rapid evaporation, producing microfilms with a coffee-stain-like morphology and pretty vague coloration.
Williams et al. proved that inkjet printing of CNC droplets directly via an immiscible oil layer enables instantly
inhibit water loss, realizing a reduced internal mass flow and more sufficient time used for cholesteric self-
assembly [104]. The color of individual microfilm depended on the initial composition of the droplet, which was
capable of being adjusted as required through leveraging the overprinting and coalescence of numerous smaller
droplets of various inks. The approach realizes the fabrication of multicolored patterns with intricate optical
behaviors, like polarization-selective reflection and angle-dependent color. Finally, the array could be achieved
responsive to stimulations (e.g., polar solvents and UV light) by the inclusion of degradable additives. These
advantageous properties make inkjet-printed photonic CNC arrays suitable for optical anticounterfeiting and smart
colorimetric labeling applications. It can be envisaged that high-quality, full-color photonic patterns could be
highly compatible with the stringent processability demands of commercial printing including packaging labels.

4.3. Inkjet Printing Inks on Photonic Polymer Coatings

In 2018, Schenning and coworkers proposed inkjet printing of CLC inks on photonic polymer coatings for
the first time (Figure 8a) [105]. They first prepared CLC polymer coatings containing nonpolymerizable LCs.
Elimination of the non-polymerizable cyanobiphenyl LC derivative (SCB) resulted in the collapse of the polymer
network, achieving to reduce the helical pitch length and impart a violet color to the coatings. This process also
made the network highly flexible and optical response to stimuli enhanced. Moreover, this flexible network can
be swollen using nematic-phase LC inks E7, which could be readily filled in an inkjet printer cartridge and
precisely introduced at the desired areas in a controlled method. The wavelength of the reflected light is in direct
proportion to the helical pitch length. Therefore, full-color images can be patterned on polymer coatings through
inkjet printing with different amounts of LC ink on demand. Importantly, the printed patterns exhibited stability
and durability under ambient conditions and could be entirely erased to allow for printing another new pattern.
The fully rewritable and printable photonic coating from a CLC polymer network paves the avenue for rewritable
photonic papers and arbitrary polymer patterns responsive to external stimulus.

For universal patterning of program dual-mode images, Liu et al. designed fluorescent LC polymer coatings
to create geminate patterns using two-chromatic inkjet printing technique (Figure 8b) [106]. Nanocomposites as a
novel paradigm of fluorescent LC materials integrate colloidal quantum dots with CLC polymer networks for
producing extensive color palettes of photoluminescence and Bragg reflection. Based on two-chromatic inkjet
printing technology, geminate, high-resolution, and full-color patterns with two colors of different mechanisms
have been inkjet printed, for example, fluorescent dragon and reflective Phoenix.

BPLCs can be used as photonic polymer coatings for inkjet printing. Yang et al. fabricated a printable
photonic polymer coating was on a basis of a monodomain BPLC network (Figure 8c) [107]. BPLC polymer
coatings were covalently bonded to a glass substrate that was patterned with LC ink to swell the polymer network.
The degree of swelling was determined by the amount of LC ink printed, which could be manipulated via
regulating the voltage of the inkjet printer. Random multicolor patterns spanning the visible light wavelength from
451 to 618 nm could be printed and erased multiple times, rendering these BPLC polymer coatings shine light on
responsive photonic materials and rewritable photonic papers. Meng et al. reported a high-resolution “live” pattern
was resulted from the well-scheduled diffusion of LC ink on BPLC polymer networks with modified wettability
(Figure 8d) [108]. This hydrophobic substrate significantly suppressed random spreading and diffusion of the ink,
generating high-resolution patterns. BPLC materials featured with the intrinsic properties like ultrafast electro-
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optical switching and wide viewing angle generate field-sequential color displays in the millisecond range, which
function as advanced optical communication and adaptive photonic devices.

In addition to LC inks, water can also be used as an ink for inkjet printing. Yang et al. fabricated humidity-
responsive, color-changing photonic polymer coatings on a basis of hydrogen-bonded BPLC networks [109]. The
polymer coatings exhibited humidity-responsive reversible color changes in the visible spectrum of light, which
were driven by breaking the hydrogen bonds and subsequently converted into hygroscopic polymer coatings.
Rewritable photonic patterns were obtained by inkjet printing water onto the dried hygroscopic BPLC polymer
coatings. This work shines light on applications in diverse civil and military fields containing adaptive camouflage,
information encryption, sensors, and beyond.

()

9 (b) Photoluminescence Bragg reflection

Print E7 Erase
with THF

10% print

*

6 mm

Remove
HTG135200

=4

Figure 8. Inkjet printing of LCs on photonic polymer coatings. (a) Working mechanism of patterning in the CLC
polymer coating. Reproduced with permission [105]. Copyright 2018, The Royal Society of Chemistry. (b)
Photographs of a full-color pattern achieved by two-chromatic printing technique to display the images of
fluorescent Dragon and reflective Phoenix upon UV excitation and white light irradiation, respectively. Scale bars:
5 mm. Reproduced with permission [106]. Copyright 2024, Wiley-VCH. (¢) Working mechanism of patterning in
the BPLC polymer coating. Reproduced with permission [107]. Copyright 2019, The Royal Society of Chemistry.
(d) Four-leaf flower pattern created through well-designed multilayer printing on a BPLC polymer coating.
Reproduced with permission [108]. Copyright 2022, Wiley-VCH.

4.4. Inkjet Printing Based on Total Internal Reflections

In 2020, Goodling and Zarzar illustrated brilliant structural colors could be created at microscale concave
interfaces and proved the coloration principle of interference due to total internal reflections systematically,
thereby establishing the feasibility of manipulating the structural colors using low-index materials [110]. The
structural colors of total internal reflections could be directly achieved using single microstructure without
applying complex particle self-assembly or polymer phase-separation structures [111-113].

Based on the total internal reflection effect, Li et al. developed a facile structural-color printing technique
were capable of realizing the full-color fabrication of highly photorealistic images with an individual transparent
ink by the commercial inkjet printing approach (Figure 9a) [114]. Transparent inks can be produced in a large
quantity from monomer or polymer solutions. When ink droplets are printed on a transparent and hydrophobic
substrate, they retract into the ideal microdomes with large curvature angles for the effect of surface tension. These
inverted microdomes can generate an interference color from total internal reflections and function as independent
pixels for constructing the color images. The color of each microdome which was controlled by the optical path is
adjusted across the whole visible region by modulating the physical morphology (Figure 9b). Thus, we can facilely
gain full-color pixels using one transparent ink and one printing nozzle. Every pixel was decoded into the
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corresponding printing parameters, and a digital programmable printer was utilized to prepare the full-color
structural-color images. The lightness, grayscale, gamut, and saturation of the image can be systematically
manipulated using single-pixel precision (Figure 9c). Additionally, this color-printing approach is entirely
compatible with the commercial printing technique and is suitable for large-scale industrial production. Therefore,
it is greatly anticipated that the optical Janus property of coloration and transparency gained from different sides
will facilitate structural colors for the practical applications in colorimetric sensor, anticounterfeiting technology,
dynamic display, and smart window. For instance, the facile flipping can realize the fully reversible switching
between radiative cooling and heating due to the asymmetrical optical effect.
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Figure 9. Full-color printing based on total internal reflections. (a) Process of structural-color printing with an
individual transparent polymer ink. Polymer ink can be directly created by dissolving the polyacrylic acid into the
mixture of ethylene glycol and water. Scale bar: 2 cm. (b) Schematic of the D-B-D printing (b: to bs) to fabricate
and integrate the different microdomes through which the microdome diameter can be controlled precisely.
Viewing from the bare-glass (blank) side (bs), the microdomes can display size-dependent colors for diverse optical
paths of total internal reflection. (¢) Designed grayscale and experimental colorful patterns of Isaac Newton’s
portrait. Scale bars: 40 pm. Reproduced with permission [114]. Copyright 2021, AAAS.

5. Other Additive Manufacturing Methods for Preparing Structural-Color Materials

5.1. Digital Light Processing (DLP)

The formulation of precursor solutions for DLP printing is critical for the successful printing of 3D structures
with ideal performance. Specifically, the precursor solutions used in DLP printing consist of monomers, cross-
linking agents, and photosensitizers, which can be cured by the phase transition from liquid to solid during
exposure to UV or blue light. Because precursor solutions containing colloidal particles have been extensively
utilized in the fabrication of patterned photonic crystal films, they can also be cured layer-by-layer to theoretically
establish a 3D structure through integration with DLP [115]. DLP enables the fabrication of complex, high-
resolution aesthetic patterns with durable structural colors. DLP-printed structural-color materials can be precisely
engineered to manipulate light for sensing, display, and counterfeiting technologies [116].

Liao et al. were the first to report a combination of DLP and precursor solutions containing colloidal
particles [117]. They reported a printable colloidal photonic crystal ink consisting of highly charged elastic
nanoparticles (HENPs) achieved dispersion in a precursor solution. They fabricated 3D colloidal photonic crystal
hydrogels with macroscopic geometries and the corresponding structural colors using DLP (Figure 10a,b). The
key to this approach is to preserve the ordered arrangement of the HENPs in the precursor solution through
electrostatic interactions before printing. During the printing process, the precursor solution polymerizes under the
projected pattern, which locks the arrangement of the HENPs into the printed structure. Consequently, a 3D
customized object with a stable structural color is formed. This approach allows the production of 3D colloidal
photonic crystal hydrogels with the desired functions by tuning the ink composition or printing parameters. For
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instance, using an ink containing a thermoresponsive monomer, such as N-isopropylacrylamide (PNIPAm), they
prepared bioinspired structures that exhibit color variations corresponding to temperature changes. The tunable
and reversible structural-color performance reinforces the practical applications like color-morphing soft robots
for surveillance, reconnaissance, and wildlife observation without disturbing natural habitats.

However, the printing process in this method is non-continuous, as each consequent layer cannot be printed
until the previous layer is complete. This limitation results in a layered structure with a rough surface and poor
fidelity. To solve this problem, continuous DLP has been proposed, and a similar method has been successfully
employed for the fabrication of structural-colored materials.

Zhang et al. utilized a hydrogen-bond-assisted colloidal resin to print 3D structural-colored materials which
have been self-assembled well through a previously developed one-droplet 3D printing strategy (Figure 10c—f) [118].
During the printing process, the resin was refilled while the supporting platform was simultaneously elevated.
Figure 9d,e shows the ink composition and the final printed structures. In the UV-curable system, polystyrene
latex particles as the structural color provider, carbon black designed to decrease incoherent scattering, and
photocurable monomers were stabilized by hydrogen bonds between them during printing. Meanwhile, using the
continuous curing method, the pressure difference between the newly filled resin and the already cured layer
creates a suction force that ensures the inward filling of the resin and tight self-assembly of the colloidal particles
within the cured layer. Just-printed objects exhibit minimal structural colors. After the removal of water via
evaporating, the printed objects can construct a densely arranged hexagonal colloidal particle structure to generate
a brighter structural color. Moreover, the structural color could be fine-tuned through controlling the printing speed

and particle diameter [119-123].
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Figure 10. Structural-color materials via DLP. (a) Schematic of the DLP 3D printing of colloidal photonic crystals.
(b) Printed 2D and 3D non-close-packed colloidal photonic crystals with different colors. Scale bars: 2 mm.
Reproduced with permission [117]. Copyright 2024, Elsevier Ltd. (¢) Scheme showing the process of consecutive
resin refilling and hydrogen bond-assisted synergistically DLP 3D printing apparatus. (d) UV-curable structural-
color ink formation. (e) pH characterization of pure aqueous dispersion solution of PS latex particles, pure aqueous
solution of monomer acrylamide (AM), and aqueous mixture of PS latex particles with AM. (f) Optical images of the
multiple structural-color models printed using various PS latex particle diameters. Reproduced with permission [118].
Copyright 2022, Nature Publishing Group.
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5.2. Two-Photon Polymerization Lithography (TPL)

TPL relies primarily on a process known as two-photon polymerization. During this process, the
photoinitiator at the laser focus simultaneously absorbs two photons and generates radicals that trigger
polymerization in the photoresist. TPL has been extensively investigated for the manufacture of various 3D
micro/nanodevices with high resolutions, which can be utilized in fluidic devices, optical materials, metamaterials,
and cell cultures [124].

Using TPL technology, freely designed structural-color materials with highly ordered 3D nanostructures
could be prepared using photoresists. However, creating forbidden gaps in the visible light wavelength desires a
high resolution that exceeds that of the regular TPL system. The laser-writing process disturbs the stable
microenvironment in the photoresist and results in unwanted polymerization within the surrounding regions. To
overcome this challenge, Liu et al. proposed a heat-shrinking technique was leveraged to fabricate 3D-printed
photonic crystals which possessed a 5x reduction in the lattice constants, realizing sub-100-nm features with a full
spectrum of colors (Figure 11a,b) [125]. The lattice structures as 3D color volumetric elements facilitated the
printing of the 3D microscopic scale objects, such as the first multicolor microscopic model of the Eiffel Tower,
which measured just 39 um in height and a color pixel size of 1.45 pm. This method for printing colorful 3D
structures at the microscopic scale offers significant potential for direct patterning and the integration of spectrally
selective devices, including photonic crystal-based color filters, onto curved surfaces and freeform optical
elements. This ability to precisely produce structural color within complex 3D objects could be extended to
developments in integrated 3D photonic circuitry and compact optical components, achieving position tracking
and full-color wide angle panoramic views.
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Figure 11. Structural-color materials via TPL. (a) Schematic of 3D-printed structural-color materials via heat-
induced shrinking. (b) 3D color prints. Scale bars: 10 pm. Reproduced with permission [125]. Copyright 2019,
Nature Publishing Group. (¢) Schematic of the sacrificial-scaffold-mediated TPL process. (d) Colloidal crystal
microstructures manufactured via the sacrificial-scaffold-mediated TPL. Scare bars: 20 um. Reproduced with
permission [126]. Copyright 2022, Nature Publishing Group. (e) Fabrication of 4D photonic microactuators via
TPL. (f) Polarized optical micrographs of the flower presenting the color changes driven by humidity. Reproduced
with permission [127]. Copyright 2020, American Chemical Society.

Endowing structural-color materials with highly precise 3D microarchitectures will open exciting prospects
for novel applications. Liu et al. reported a sacrificial scaffold-mediated TPL method to enable the preparation of
intricate 3D colloidal crystal microstructures possessing ordered nanoparticles inside (Figure 11c¢,d) [126].
Utilizing a degradable hydrogel scaffold, the disturbance effect of the femtosecond laser on the self-assembly of
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nanoparticles can be solved. Thus, colloidal crystal microstructures in hydrogel and solid state with variable
structural colors, free-designed geometries, and diverse compositions can be facilely manufactured.

Stimuli-responsive photoresists can also be used to construct four-dimensional (4D) microstructures. Pozo et al.
reported a photonic photoresist on a basis of supramolecular CLC was developed for fabricating stimuli-responsive
photonic microactuators using two-photon polymerization direct laser writing, during which hydrogen bonds as
supramolecular cross-linkers formed and cleaved after base treatment. This reversible process contributed to a
stimuli responsive network (Figure 11e,f) [127]. Photonic 4D microactuators, including butterflies, flowers, and
pillars with submicron resolution, have been created according to the advanced method. In addition, these
structures exhibited dual responses to changes in humidity (directly) and temperature (indirectly). The hygroscopic
character of the polymer network induced a shape change of up to 42% at 75% RH. The controlled expansion of
the microactuators under conditions of various humidity and temperatures generates a corresponding color change
for the adjustment of the nanoscale CLC pitch within the ordered network. This dual-mode responsive material
can construct microrobots, which can release drugs and operate tissue repair within the physical environment in a
directional manner.

5.3. Fused Deposition Modeling (FDM)

A FDM machine comprises a movable platform and a mechanical arm that controls the extrusion nozzle.
Customized 3D structures can be created by controlling the movements of the nozzle and platform in the X, Y,
and Z directions. The main difference between the FDM and DIW is the printing material. In DIW, the printing
materials are in a liquid or paste state that can be directly extruded. In contrast, FDM requires the material to melt
into filaments before printing. Similar to the previously mentioned DIW, FDM can also print structurally colored
materials by incorporating suitable “building blocks” into the extruded material [128]. FDM enables to facilitate
the practical applications including new passive color mixing [129], biocompatible scaffold [130] and biomimetic
soft robots [131].

Boyle et al. designed a structural-colored material using a ring-opening polymerization method and used it
as a building block in FDM to create 3D objects exhibiting structural color [132]. As depicted in Figure 12a, such
a material is composed of dendritic BCPs that can self-assemble into various kinds of 1D, 2D, and 3D periodic
structures. More specifically, BCPs can self-assemble into a layered structure with a scale similar to the wavelength
of light, thus resulting in a structural color. By directly controlling the molecular weight of the block copolymers,
the domain size of the nanostructure in the printed parts could be adjusted to tune the reflection peak across the
visible light spectrum. Therefore, printed objects with diverse structural colors can be manufactured by altering
the molecular weights of the BCPs (Figure 12b). This FDW 3D printing approach has the advantages of ease of
use, reliability, and low cost; however, each object is merely available in an individual color. Thus, intricate parts
of diffractive optical elements with customized optical properties can be fabricated without any pigments or dyes.
The printed photonic objects with high precision enable to manipulate the wavefront in line with different
wavelengths and generate the desired pattern or structural beams for filtering light or even guiding specified light
frequencies around a curved geometry.
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Figure 12. Structural-color materials via FDM. (a) Synthesis of the rigid-rod dendritic block copolymers and their
self-assembly process. (b) Colorless block copolymers self-assemble into a colored filament during extrusion in
the extruder nozzle. Reproduced with permission [132]. Copyright 2017, American Chemical Society.
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Similar to DIW, FDM presents challenges such as surface roughness, restricted printing resolution, and
limited material selection, as it also involves the controlled extrusion of certain materials from a nozzle. Moreover,
to ensure the homogeneous dispersion of the nanoscale building blocks in the raw materials, a prolonged agitation
and blending process is required, which is essential for achieving consistent color and optical properties throughout
the printed objects. However, these extended processes require long-term stirring at high temperatures, which inhibits
the incorporation of molecules with low thermal stability, such as bioactive molecules, into the raw materials.

6. Conclusions

In this work, we deliver a state-of-the-art review of the additive manufacturing of structural-color materials.
A comprehensive overview of each manufacturing method, printable ink, properties, and limitations is presented
in Table 1. For the DIW of structural-color materials, several printable inks, such as colloidal crystal inks, CLC
inks, CNC inks, and BCP inks, have been formulated with both macroscopic printing rheology and microscopic
self-assembly properties. For inkjet printing of structural-color materials, four strategies have been showcased:
inkjet printing of colloidal crystals, inkjet printing of cellulose nanocrystals, inkjet printing inks on photonic
polymer coatings, and inkjet printing based on total internal reflections. For the DLP of structural-color materials,
the printable inks are cured from the liquid state to the solid state when exposed to UV or blue light; this process
is repeated layer-by-layer until the entire 3D object has been constructed. For TPL of structural-color materials,
high-energy pulse lasers are utilized to induce localized photochemical reactions within the material and produce
high-resolution photonic nanostructures. In the FDM of structural-color materials, the printable build blocks self-
assemble into filaments, and 3D structural-color objects are formed via filament extrusion.

Despite significant progress, additive manufacturing of structural-color materials for practical applications is
still in the early phases of development. There are numerous challenges and opportunities to accelerate the
development of this exciting field. On the one hand, the structural designability of additive manufacturing
approaches is limited. Extrusion-based printing methods, like DIW, inkjet printing, and FDM, are characterized
by rough surfaces and limited ink options because the printing materials and resolution are strictly constrained by
the extrusion process. Structurally colored materials generated using DLP methods also exhibit notable layered
structures and have limited design freedom. TPL can achieve high printing resolutions but faces challenges in
efficiently printing large-scale structures. Therefore, novel additive manufacturing strategies that facilitate rapid
and efficient material processing on a large scale are necessary to address these issues [133,134]. On the other
hand, the capabilities of structure-color materials need to reinforce and extend its practical applications. The
following key respects of printed structure-color materials should be considered to achieve this goal: (1) Printable
structural-color inks: currently, the printable structural-color inks mainly involve colloidal particles, CLCs, CNCs,
and BCPs. The limited material selection is a prevalent barrier for additive manufacturing manners, considering
the compatibility of ink properties with additive manufacturing methods. Structural-color inks with high
printability and stable periodic arrangements are urgently desired. Under the support of machine learning, the
relevant abundant samples can be assembled and managed to predict ink formulations that optimize printability
and color vibrancy. (2) High quality structural color: the color quality is often unsatisfied owing to the inevitable
impact of the additive manufacturing process on the self-assembly. Considerable efforts are still required to obtain
fine color resolution, broad color gamut, high color reflectivity, and improved color stability. Achieving this goal
entails novel materials and self-assembly mechanism that can mitigate the undesired influence caused by the
printing process [135]. Specifically, it can be solved via leveraging microfluidic droplet-based methods to precisely
deposit self-assembling colloidal particles in a controlled manner either or applying programmable electric,
magnetic, or acoustic fields to guide nanoparticles positioning for defect-free photonic structures. (3) Functionality:
the long-term development goal of structure-color materials is to reinforce its functionality for practical applications.
Key solutions for achieving this goal include using functional inks [136], printing combinatorial materials [137], and
expansion of functional substrates capable of supporting structural colors [138,139], such as flexible substrates,
textiles, and three-dimensional objects. The functionalization of materials with versatile and robust properties should
be highlighted in the future, which aims at reinforcing resistance to environmental factors and exploiting extensive
opportunities of environmentally conscious manufacturing practices. In the last decade, the additive manufacturing
of structural-color materials has shown a feasible path for programming and manipulating photonic crystal objects in
customized geometries. With the development of additive manufacturing technology and a deepening understanding
of artificial structural-color materials, we believe that structural colors with free-designed structures and
unprecedented properties will be developed in the near future. It is anticipated that the exploitation of additive
manufacturing of bioinspired structural-color materials would yield vast opportunities and significant challenges, and
joint collaboration from scientific researchers in the fields of multi-disciplinary specialties will expedite the
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development of advanced manufacturing techniques, which mainly contains portable medical devices [140,141],

biomedical imaging [142,143], personal wearable devices [144,145], etc.

Table 1. The manufacturing methods, printable inks, properties and limitations of structural colors.

Manufacturing Refs

Methods Printable Inks Properties Limitations
Silica particles/carbon . . High viscosity (>1.6 x 106
[71] black nanoparticles in Customized structurgltcolor graphics o r.nPa-s);. o
acrylate resin (absolute reflectivity > 80%) Immiscibility of distinct inks
for limited material selection

Tunable chiroptical properties; Low saturation:

[76] CLC oligomer inks Polarization independence of reflected Low pattern resolu’tion
light (—60° <8 < 60°)

. . Humidity-sensitive “hinge” drivin, Low saturation

1771 CLC oligomer inks actuatioZl with reﬂectedgcolor shiftg Low pattern resolution
Mechanochromic structural-color
[87] CLC oligomer inks grap'h.lc's ’ Limited material selection
Sensitivity
~1.64 nm% !
DIW 3D customized objects on arbitrary
substrates;
[88] HPC-gelatin-PACA inks Environmental friendliness; Low pattern resolution
Color tunability via temperature (from
green to red in the range of 2040 °C)
Optical response to mechanical

. deformation; Low saturation;

[89] HPC-PEG inks Path-dependent tilt of the cholesteric Low pattern resolution
domains

Spatial patterning of structural colors;
[90] PDMS-b-PLA BBCP inks Exquisite modulation of microstructural
(>70 nm)

Limited material selection;
high cost

Multiple-color adjustment (from deep
blue to orange via UV light irradiance
from 411 to 0 uW/cm?)

PS-b-PLA cross-linkable
BBCP inks

Limited material selection;
high cost

PS particles in mixture of

. Angle i t structural colors;
deionized water and ngle independent structural colors;

[100] Enhanced brightness (>40 times);

2D patterns only

ethyfl{;t;er egslzggigmh Wide viewing-angle (from 0° to 180°)
Silica nanoparticles in ~ Dual-color domes for nonuniform self-
L1011 ATPS of PEG and DEX assembly 2D pattern only
biii na;l(ﬁgz;t:c(zilr;eie Unclonable multiplex encryption pattern;
[103] | (f(})/l and formani,i de) Rapid (=2 s) and accurate (0 false alarm 2D pattern only
& ywi th fluorescence rate) authentication
Inkjet printing Angle-dependent color and polarization-
[104]  Aqueous CNC suspension selective reflection, 2D pattern only

Ability to be printed in full-color dot-
matrix patterns and bespoke images

colloidal quantum Fluorescent LC polymer coatings;

[106] dots/CLC networks inks Full-color, high-resolution geminate ~ Limited material selection
patterns
[108] BPLC inks Erasable high-resolution “live” pattern  Limited material selection

Fluorinated monomer in 1
[110] wt% Pluronic F-127 in
water

Full-color printing using only one
transparent ink

Complex preparation process

NCPC composed of
HENPs dispersed ina  Tunable multicolor NCPC patterns and
crosslinkable pre-gel mechanical properties
solution

[117]

DLP

Low Resolution; Rough
surfaces;

aqueous solution of PS
latex particles mixing with
CB, AM, PEGDA and
TPO-H

Excellent shape fidelity;
High precision;
Angle dependence

[118]

Low Resolution; Rough
surfaces;
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Table 1. Cont.

Manufacturing Refs

Methods Printable Inks Properties Limitations
Multicolor microscopic 3D objects;
Silica polymeric woodpile The smallest achievable color voxel size: Limited size (um level);
[125] . L -
microstructures xy-directions: 1.45 um Low efficiency
z-direction: 2.63 um
TPL Silica particles .Wlth Complex. 3D colloidal crystal Limited size:
[126] hydrogel as sacrificial microstructures: .
.. . Low efficiency
scaffold minimum feature size down to 3 um
Response to variations in humidity and Limited size:
[127] Supramolecular CLCs  temperature through modulation of their .
Low efficiency
shape and color
FDM [132]  Rigid-rod dendritic BCPs Filter llght or even guide specified light Low saturation;
frequencies around a curved geometry Low resolution
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