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Filaments for 3D Printing of Iridescent Structural Colors

Lukas Siegwardt, Georg Hemkemeier, and Markus Gallei*

Inspired by nature, this work presents a scalable method to produce
opalescent 3D printing filaments with angle-dependent structural color.
Compared to conventional colorants, these colors provide a more vivid
appearance, possess the ability to dynamically change in response to
alterations of illumination, and may feature superior longevity as well as
durability. Particle synthesis via emulsion polymerization in starved-feed
mode is utilized to achieve a tailored core–shell particle architecture. During
processing, the thermoplastic polyacrylate-based shells form a continuous
matrix, wherein the pristine polystyrene cores self-assemble. The colloidal
ordered structure thus formed selectively scatters light according to Bragg’s
law. Adjusting particle size makes the perceived colors easily tunable over the
visible spectrum. The filaments are printable on entry-level printers with
comparable settings to commercial filaments and state-of-the-art print quality.
With this work, sustainable 3D printing of iridescent objects with a novel and
superior coloration strategy becomes possible for everyone – from hobbyists
over customized goods and industrial prototypes to serial production.

1. Introduction

3D printing technologies are of increasingimportance and have
created a flexible design for various materials in the last decade,
experiencing exponential growth in academic interest and indus-
trial production capacity. Fused deposition modeling (FDM) is
one of the most common techniques among all printing meth-
ods with broad commercialization. FDM printers continuously
melt, extrude, and deposit a thermoplastic filament, which cools
down and solidifies on the printing bed to build a 3D object
layer by layer. FDM offers several advantages, such as conve-
nient customizability, short lead times, the possibility to endow
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devices with complex geometries and func-
tionalities of precisely prescribed microar-
chitectures, as well as high material- and
cost-efficiency. It is widely used, from low-
budget printers for hobbyists and designers
to industrial rapid prototyping and large-
scale serial production.[1]

As in most polymers and plastics, col-
oration of FDM filaments is achieved by
adding pigments or dye. These are, how-
ever, prone to photobleaching, can be
washed out, and some contain toxic or
otherwise harmful ingredients. Meanwhile,
structural colors in nature overcome these
disadvantages with an intricate structural
design on the nanoscale in terms of light
scattering on periodic alterations of the
refractive index. Natural organisms uti-
lize structural colors for camouflage, com-
munication, warning, and other purposes.
They enable a more vivid and often irides-
cent appearance, which can be observed
in peacocks, butterflies, or opal gemstones.

Another advantage is their dynamic switching capability, as uti-
lized by chameleons.[2]

Given the allure of advantages, the quest to reproduce bioin-
spired structural color synthetically has gained significant inter-
est. A variety of processing techniques have been explored, in-
cluding colloidal (self-)assembly, spin- or spray-coating, lithog-
raphy, drying methods, layer-by-layer deposition, and shear-
alignment techniques. Furthermore, supramolecular photonic
structures based on polymers, liquid crystals, and colloids have
been successfully fabricated. However, the majority of these
methods are not suitable for large-scale industrial applications
due to their limitations in 2D structures and/or scalability.[2b,g,3]

Within the last decade, several 3D printing approaches to produce
geometrically complex objects with structural color have been re-
ported, as recently reviewed by several authors.[3b,4] Commonly
used 3D printing techniques for structural color include, among
others, inkjet printing and direct-ink-writing (DIW) techniques[5]

or photopolymerization approaches.[6] FDM fundamentally dif-
fers from these techniques, as it relies on the use of a ther-
moplastic filament instead of, for example, ink, resin, or pow-
der. Although FDM has become one of the most studied 3D
printing techniques for polymers with advanced properties and
novel functionalities,[4b,7] filaments with iridescent structural
color have not yet been produced with scalable methods, and re-
ports on the topic are scarce.[8]

Thus, there is a need for FDM filaments with tunable struc-
tural colors that are printable with state-of-the-art resolution and
object complexity on commercial printers. This work aims to
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Figure 1. Scheme of the particle synthesis via stepwise emulsion polymerization (top) and subsequent processing steps (bottom). After synthesis,
the obtained particles are freeze–dried and mixed with additives. During filament extrusion and 3D printing, the particles are exposed to elevated
temperatures, causing the thermoplastic shell polymer to form a continuous phase. The dimensionally stable cores self-assemble inside this fluid matrix,
which gives rise to the iridescent structural color. 3D printed objects and residues can be re-extruded to a recycled filament without quality deterioration
or processing alterations. Digital STL model of the #3DBenchy used under terms of the CC BY-ND 4.0 license.[18] Copyright 2015, CreativeTools.

provide such filaments using the promising core–shell parti-
cle (CSP) architecture. CSP for structural color materials can
be based on inorganic, organic, or hybrid materials.[5c,9] Poly-
meric CSP are prepared via stepwise emulsion polymeriza-
tion protocols. The pristine cores usually consist of cross-linked
polystyrene, whereas polyacrylates are often used to form a soft,
immobilized shell. Core and shell must be covalently connected
via a thin interlayer, which ensures processing stability by pre-
venting detachments of shell polymer and phase separation. Dur-
ing processing at elevated temperatures, the shell polymer chains
of separate particles form a continuous and viscous phase. Driven
by shear forces, the dimensionally stable cores self-assemble in-
side this matrix to form a close-packed lattice structure.[10]

CSP ordered in this fashion are 3D photonic crystals. The
periodic change in the refractive index between the crystalline
core lattice and the surrounding shell matrix causes selective
light scattering. Bragg’s law of diffraction states that the reflected
color is proportional to the lattice constant and correlates directly
with the particle diameter. Since diameters are conveniently tun-
able from 100 to 500 nm, every color within the visible spec-
trum (and somewhat beyond) can be achieved. The reflected
color also depends on the angle of view and light incidence, fa-
cilitating an iridescent and shimmering appearance.[10d,11] Ad-
ditionally, stimuli-responsive (co)polymers can be incorporated
into the shell material. This enables a reversible visual change
upon application of external triggers, such as pH-value,[12] redox
chemistry,[9b,13] solvents,[14] light,[15] or temperature.[14a,15a] The
advanced optics and tunable rheo-mechanical properties of CSP
enable various applications for smart sensing and monitoring,
anti-counterfeiting, or functional optical devices with dynamic
switchability.[2b,3c,16]

The inherent ability of CSP to self-assemble into a photonic
crystal is utilized in various processing techniques. One of the

most common methods is melt-shearing, essentially a uniaxial
pressing at elevated temperatures. Thereby, free-standing and
crack-free films can be prepared.[10d,e,17] By combining extrusion
and oscillatory shearing, foils with lengths of several meters are
accessible.[3a,10a,b] Both methods are suitable for large-scale in-
dustrial production but are limited to thin 2D films and foils.
Recently, small amounts (≤5 g) of CSP have been 3D printed
on a custom-built DIW printer by our group.[5b,c] Due to the
elastomeric nature of the shell polymer, printed objects were
viscoelastic at room temperature and showed mechanochromic
properties. Filament-based printing – which requires a thermo-
plastic material – has not been realized, and no other scalable
method for large-scale 3D bulk structures is available yet.[3b,5c] In
this work, the state-of-the-art particle architecture of CSP is al-
tered, customized synthesis and processing techniques are de-
veloped, and tailored additives are incorporated. Thus, the ap-
propriate mechanical, rheological, and thermal properties for
FDM are achieved, which differ fundamentally from the required
properties for state-of-the-art processing methods, such as melt-
shearing, foil extrusion, or DIW. The filaments are available in all
colors of the rainbow and do not require high-end or customized
3D printers but can be printed on entry-level FDM machines with
comparable quality to commercial filaments.

2. Results and Discussion

2.1. Particle Synthesis

The preparation of structural color filaments for 3D printing in-
volved several steps, as summarized in Figure 1. Particle synthe-
sis was followed by freeze–drying, mixing with additives, and fil-
ament extrusion. The filaments thus obtained were printed with
high resolution and a level of detail comparable to commercial
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Table 1. Particle diameters of all core batches and CSP.

Batch CSP1 CSP2 CSP3 CSP4 CSP5 CSP6 CSP7

DTEM Core [nm] 146 ± 6 159 ± 7 169 ± 8 180 ± 5 195 ± 8 207 ± 8 217 ± 9

DDLS Core [nm] 149
PDI 0.02

159
PDI 0.03

172
PDI 0.02

182
PDI 0.03

198
PDI 0.04

208
PDI 0.04

231
PDI 0.03

DTEM CSP [nm] 197 ± 8 209 ± 9 230 ± 11 242 ± 7 262 ± 8 269 ± 8 280 ± 9

DDLS CSP [nm] 204
PDI 0.03

226
PDI 0.02

248
PDI 0.03

252
PDI 0.02

275
PDI 0.03

286
PDI 0.04

305
PDI 0.05

filaments. While filament extrusion, subsequent 3D printing,
and arrangement of the particles into a photonic crystal will be
discussed in the following chapters, this section focuses on the
first and most crucial step: particle synthesis.

The CSP synthesis was conducted via stepwise emulsion
polymerization. First, a batch polymerization of poly(styrene-co-
butanediol diacrylate) (P(S-co-BDDA)) was done to obtain seed
particles. Afterward, the seeds were steadily grown to the desired
size by dropwise addition of styrene and BDDA as monomers in
starved-feed mode. PS was chosen as the core material due to its
high refractive index of 1.59, compared to the polyacrylate-based
shell with 1.48. Thus, a high refractive index contrast between the
core and shell was obtained, an essential prerequisite for struc-
tural color.[10d,11] BDDA was used as a cross-linking agent. The
high cross-linking density hindered diffusion into the core par-
ticles and thus prevented mixing with the shell during synthe-
sis and subsequent processing. Moreover, it is well known from
the literature that PS particles, cross-linked in this fashion, keep
their round shape above the glass transition and under shear
forces.[5b,c,11b,19] Thus, the dimensional stability of the cores dur-
ing processing via filament extrusion and 3D printing was en-
sured.

The starved-feed mode allowed for high control over the poly-
merization and enabled the preparation of core particles with tai-

lored sizes. As will be discussed in more detail in the following
chapters, smaller particles generally reflect shorter wavelengths,
for example, blue light. In contrast, longer wavelengths (such as
green or red light) require larger particles. Two strategies con-
trolled the core particle size. First, the surfactant concentration
in the seed stage was varied. The more surfactant was used, the
more seed particles were formed. At given monomer content,
more growing particles resulted in smaller sizes. Second, the
monomer concentration in starved-feed mode was varied. The
more monomer was added, the longer the particles grew, ulti-
mately leading to larger sizes.

Overall, seven batches of core particles C1-7 were prepared,
which exclusively differed in particle size. The average particle di-
ameters and size distributions were determined by dynamic light
scattering (DLS) and transmission electron microscopy (TEM), as
summarized in Table 1. Both methods showed that particles with
well-defined sizes were obtained for all batches and that particle
size continuously increased from C1 to C7. Exemplary measure-
ments for C1 and C7 are shown in Figure 2, whereas the DLS
and TEM measurements for C2 to C6 are depicted in the Sup-
porting Information (Figure S1, Supporting Information). The
hydrodynamic diameters DDLS describe the particles dispersed in
water and thus in a swollen state. Therefore, these are higher than
DTEM, which considers the particles in a dried state.

Figure 2. DLS measurements and TEM images of(a–c) batch CSP1 (smallest particle diameter) and d–f) batch CSP7 (largest particle diameter). Analo-
gous measurements for the other batches CSP2-6 are depicted in the Supporting Information (Figure S1, Supporting Information).
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Figure 3. Thermal and rheological analysis of the filaments. a) DSC measurements. b) TGA data. c) Temperature-dependent viscosities at an angular fre-
quency of 6.28 rad s−1. d) Frequency-dependent viscosities at the printing temperature of 200 °C, wherein the dotted black line indicates an extrapolation
according to the Ostwald-deWaele power law as calculated in the Supporting Information (Table S1, Supporting Information).

Prior to the shell synthesis, an interlayer consisting of
poly(methyl methacrylate-co-allyl methacrylate) (P(MMA-co-
ALMA)) was introduced. While the acrylic moiety of ALMA
was copolymerized with MMA during interlayer synthesis,
the less reactive allylic moiety enabled covalent anchoring of
the shell polymer in a subsequent grafting-through reaction.
Such grafting was necessary to ensure processing stability:
The covalent linkages prevented detachments of shell polymer
chains and phase separation during filament extrusion and 3D
printing.[10a,d] A certain amount of ALMA was necessary to graft
all shell polymer chains quantitatively, but the content had to be
limited to an optimized proportion of 5 wt%. At higher contents,
unconsumed grafting anchors could have led to a thermally
induced cross-linking between separate particles during pro-
cessing. This would have resulted in a loss of malleability and
embrittlement, thus impeding processibility.[5c] The successful
implementation of the interlayer was confirmed by DLS data
(Figure 2; Figure S1, Supporting Information).

In the final synthesis step, the particle shell consisting of
poly(methyl methacrylate-co-ethyl acrylate) (P(MMA-co-EA))
was introduced. The shell-forming monomer emulsion used
a mixture of 50 wt% MMA and 50 wt% EA. While literature-
known CSP usually feature an elastomeric shell,[5c,10a,d] the
incorporation of MMA in this work led to a shift in glass tran-
sition above room temperature (Figure 3). The thus obtained
thermoplastic material properties were an essential prerequisite
for filament-based 3D printing, as the shell polymer chains of all
particles formed a continuous, fluid phase at elevated processing
temperatures.

During synthesis, a precise adjustment of the core-to-shell ra-
tio was necessary. On the one hand, core proportions below 40%
would have led to a loss of structural color quality. The increased
space between individual core particles impedes self-assembly
into a colloidal crystalline structure. On the other hand, core
proportions substantially above 45% would have been unfavor-
able for processability. Without enough shell polymer, the highly

cross-linked cores possess the rheological properties of a rigid
thermoset and are neither malleable nor show considerable plas-
tic flow at any temperature.[5c] According to TEM data in Table 1,
a core proportion of 43 ± 2 vol% was achieved, thus confirm-
ing that high control over the polymerization was exercised and
that the desired core-to-shell ratio was achieved. Given the fixed
core- and shell-proportions, larger core particles inevitably led to
larger CSP. Hence, different particle sizes were only achievable
by varying the core particle size, as described above. The continu-
ous addition of monomer in starved-feed mode ensured that par-
ticles with uniform size were obtained, no secondary nucleation
occurred, and the desired core–shell architecture was achieved.
The low standard deviations of <5% for DTEM and polydispersity
indices (PDI) of ≤0.05 for DDLS confirmed the excellent monodis-
persity of all seven batches, which was mandatory to enable the
arrangement into a highly ordered photonic crystal in the follow-
ing processing steps.

2.2. Filament Extrusion and 3D Printing

After synthesis, the CSP were freeze–dried, and a fluffy white
powder was obtained. No structural color could be observed,
as the particles were not yet organized in a colloidal or-
dered structure. Before filament extrusion, the CSP were ho-
mogenously mixed with small amounts of three different ad-
ditives. Carbon black was added at a weight proportion of
0.03 wt%, which is known to improve color saturation for
CSP-based opals[20] and other structural color materials.[21] The
primary antioxidant pentaerythritol-tetrakis(3-[3,5-di-tert-butyl-4-
hydroxyphenyl]propionate), commonly known as Antioxidant
1010, was added at a weight proportion of 1.5 wt%. In a pre-
vious study, it has been shown that this type of antioxidant
enhances thermal stability when used in combination with
the above-described optimized particle architecture.[5c] Finally,
2.0 wt% of the plasticizer diisononylphthalate (DINP) was added,
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which reduced brittleness and thus enabled faster filament
spooling.

After homogenously incorporating the additives, filaments of
each batch CSP1-7 were extruded, and their thermo-rheological
properties were analyzed. The different batches yielded almost
identical results, thus confirming the excellent reproducibility
of the applied synthesis and processing protocols. Differential
scanning calorimetry (DSC) revealed the glass transitions of the
P(EA-co-MMA) shell at 32 ± 1 °C and the cross-linked PS cores at
99 ± 4 °C (Figure 3a). The presence of two glass transitions fur-
ther confirmed that a well-defined core–shell architecture was ob-
tained. It was of particular importance that the glass transition of
the shell was above room temperature to equip the filaments with
thermoplastic properties. Literature-known CSPs usually feature
shell polymers with glass transitions below room temperature,
rendering them unsuitable for FDM printing. With such an elas-
tomeric shell, the developed extrusion forces are too low, owing
to the low stiffness and poor buckling resistance. Moreover, the
filament extruder gears can penetrate the soft surface, digging
into the material and thus eroding or scraping off the filament
structure instead of pushing it downward.

The DSC thermograms were inconspicuous at 3D printing
temperatures of 190 to 230 °C, thus indicating thermal stabil-
ity in this range. To further investigate the filaments’ tempera-
ture stability, thermogravimetric analyses (TGA) were performed
(Figure 3b). For all seven batches, the onset of thermal degrada-
tion was around or above 300 °C, substantially higher than the
relevant temperatures for FDM.

Temperature-dependent viscosities of all batches are depicted
in Figure 3c. While the filaments were in a glassy state at room
temperature, large viscosity drops over a decade were observed
between 40–70 °C. This can be attributed to the glass transi-
tion of the thermoplastic shell polymer at 56 ± 1 °C. The glass
transition was shifted to higher temperatures than the previ-
ously discussed DSC measurements. Besides differences in the
measurement principles and heating rates, the dependence of
the glass transition on the measurement frequency of the os-
cillatory shearing can sufficiently explain this deviation, as the
glass transition temperature was found to decrease with decreas-
ing frequency (Figure S2, Supporting Information). Above the
glass transition of the shell, viscosities asymptotically reduced
up to 250 °C, following an Arrhenius-type progression. The mi-
nor viscosity drops at 100–120 °C relate to the glass transition
of the core particles at 113 ± 3 °C. Due to the cross-linked na-
ture of the cores, their glass transition hardly influenced the over-
all course of the temperature-dependent viscosity. The rheologi-
cal properties of the core particles resembled a non-deformable
thermoset rather than a malleable thermoplastic polymer. This
was favorable, as they had to retain their round shape during
processing for successful self-assembly. Finlayson et al. and our
group have previously investigated the temperature-dependent
rheological properties of CSP with an elastomeric shell, revealing
that the shell material mainly determines the thermo–rheological
properties.[5b,c,10a,22] In analogy to these findings, the filament’s
rheology was also found to be predominantly governed by the
thermoplastic nature of the shell quasi-matrix.

The suitability of the filaments for FDM was further enhanced
by the strong shear-thinning behavior at the default printing tem-
perature of 200 °C, as depicted in Figure 3d. Assuming the ap-

plicability of the Cox–Merz rule, the shear-dependent viscosity

during printing 𝜂(
⋅
𝛾) was approximately equalized with the mea-

sured dynamic complex viscosity in dependence of the angular
frequency 𝜂*(𝜔). In contrast to the high zero-shear values, the
viscosities of all batches dropped by roughly three orders of mag-
nitude at 3D printing conditions. The shear rates during print-
ing were calculated in Table S2 (Supporting Information). Ow-
ing to the vastly reduced viscosity at elevated temperatures and
under shear forces, the filament could easily be extruded during
3D printing via FDM. Meanwhile, the downward-pushing fila-
ment strand was in a glassy state. The thermoplastic nature of
the materials provided sufficient buckling resistance and created
adequate force to push the heated, low-viscous material through
the nozzle. Once printed, the material was cooled down below its
glass transition and no longer exposed to shear forces. This led to
a rapid increase in viscosity, thus providing dimensional accuracy
and a stable foundation for the following layers.

In addition to the rheological analysis, we conducted mechani-
cal tests of all filament batches at room temperature. An overview
of the mechanical properties is compiled in Table S3 (Supporting
Information). The Shore D Hardness was found to be 74 on aver-
age and thus in the typical range of hard thermoplastic polymers.
Tensile tests (Figure S3, Supporting Information) revealed an av-
erage elongation at break of 4%, which is on a comparable level
to commercially available filaments, such as ASA, ABS, or PLA.
The determined tensile modulus of 793 MPa on average is con-
siderably lower than commercial filaments, which often feature
moduli above 1 GPa, thus indicating higher pliability. The aver-
age tensile strength of 21 MPa was found to be on the same order
of magnitude as standard commercials, although on the lower
end of the typical range.[1a,23] The lower stiffness and strength can
be sufficiently explained by the absence of crystalline domains
(on the molecular scale) and the comparably low glass transition
of the herein-presented material. For most applications, however,
mechanical strength and stiffness should be sufficient, especially
when considering that print settings (layer height, orientation, in-
fill, etc.) can be used to tune mechanical properties and that the
material may be used for functional optics in combination with
high-strength structural polymers. Overall, and analogous to the
rheological properties, the mechanical properties turned out to
be dominated by the thermoplastic shell polymer matrix.

Photographs of the filaments are illustrated in Figure 4a. Most
objects in this work, including the owls in Figure 4b, were 3D
printed with two perimeter outlines and 20% grid-type infill. The
filaments printed best in a range of 190–230 °C with no buckling,
steady flow, good layer adhesion, and sufficient shape stability af-
ter depletion. For better dimensional accuracy and performance
in overhangs, a heated bed with a temperature of 70–80 °C and
intense cooling were favorable. The use of a direct drive extruder
enabled printing speeds up to 40 mm s−1. The (vertical) resolu-
tion was determined by the layer height of 0.2 mm.

2.3. Structural Color

Figure 4a,b illustrate the vivid and opalescent structural colors
of the filaments and thereof 3D printed owls, respectively. In ac-
cordance with Bragg’s law, the different sizes of CSP1-7 led to
different structural colors: The reflection gradually shifted to
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Figure 4. Photographs of a) filaments and b) 3D printed owls (height: 36 mm). The particle batches CSP1-7 differ exclusively in particle size D, causing
different reflection colors. c) SEM images of printed surfaces of batch CSP5.

longer wavelengths with larger particle diameters. All colors in
the visible range were covered, including violet, blue, turquoise,
green, yellow, orange, and red. As described in the introduction,
the cores of state-of-the-art CSP can self-assemble inside the con-
tinuous shell matrix when elevated temperatures and aligned
shear forces are applied. Since filament extrusion and 3D print-
ing fulfill these prerequisites, it appeared likely that the herein
presented particles had analogously self-assembled into a pho-
tonic material, which led to the appearance of the observed struc-
tural color.

Scanning electron microscopy (SEM) experiments were con-
ducted to investigate this thesis. Figure 4c shows the particle ar-
rangement on printed surfaces as an example for batch CSP5.
SEM images of all other batches are provided in the Supporting
Information (Figure S4, Supporting Information). Microscopy
revealed that short-range order had formed mostly in the typi-
cal hexagonal fashion of a closest-packed lattice structure. Large-
view images appeared rather disordered and indicated imperfect
long-range order.

The iridescence of printed objects was examined in Figure 5
to investigate the ordered colloidal structure further. In general,
iridescence results from the angle-dependency of structural color
and requires long-range ordered photonic crystals.[3b,e,4f,21b] Pho-
tographs in the top row of Figure 5a were taken with a camera
flashlight to mimic ideal vertical light incidence and reflection.
Photos in the bottom row were taken with diffuse illumination,
where light fell in from every direction between 0° and 90° (45°

on average). The two different lighting conditions facilitated a

color change of the printed objects. For example, the car made
of CSP3 changed its appearance from turquoise to blue, and the
crocodile made of CSP6 from orange to green. The reflection
spectra in Figure 5b,c provided analytical proof of the visually
perceived color shift. Every printed object showed a sharp reflec-
tion peak at vertical light incidence (90°), which shifted to shorter
wavelengths when measured at an angle of 45°. According to the
underlying structure–property relationship, this observation in-
dicated that there had to be long-range order. In joint considera-
tion with the SEM experiments, we assume that there is an im-
perfect, yet existing long-range order. Thus, 3D printed objects
may be considered somewhere in between a photonic crystal and
a photonic glass.

All peak reflection wavelengths were summarized in Figure 5d
and sketched against the particle size. The dotted lines indicate
the theoretically expected values, as calculated with Bragg’s law in
Table S4 (Supporting Information). The minimal deviations be-
tween measured and calculated values of <3% proved the excel-
lent accordance with the underlying theory. Moreover, reflection
colors were found to be independent of printing direction, orien-
tation, speed, and temperature – at least in the relevant ranges
for 3D printing (Figure S5, Supporting Information).

Overall, experimental results indicated that microstructure for-
mation most likely proceeded comparably to what is known from
films,[10e,17] fibers,[10c] and foils[10a,b] based on elastomeric CSP:
Driven by aligned shear forces during processing at elevated tem-
peratures, the rigid core particles self-assembled inside the vis-
cous shell matrix. Due to the high monodispersity of the particles,

Adv. Optical Mater. 2024, 12, 2401703 2401703 (6 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) 3D printed objects made from CSP1-7 (from left to right, respectively) under different illumination conditions: calibration cube; pirate; car;
vampire (digital STL model used under terms of the CC BY 4.0 license.[24] Copyright 2023, 3D-Printy); screw gear; hexagonal ordered particles; chess
pawn (digital STL model used under terms of the CC BY 4.0 license.[25] Copyright 2023, Adam Tesar) Object sizes vary between 20 and 70 mm; detailed
dimensions are provided in the Supporting Information (Figure S6, Supporting Information). b,c) Reflection spectra of flat printed surfaces at light
incidences of 90° and 45°. d) Peaks of the reflection spectra; the dotted lines indicate the expected theoretical values.

good short-range order was achieved with a dominant hexago-
nal pattern. Moreover, (imperfect) long-range order was obtained,
with the most closely packed direction of each domain favor-
ably oriented parallel to the printed surface. The thus-formed
colloidal-ordered structure is the underlying physical cause
for the observed photonic properties and opalescent structural
colors.

In comparison to commercial filaments, where coloration is
achieved with artificial colorants, the herein-presented filaments
are superior: Their structural color appears more vivid and with
shimmering iridescence. Moreover, it can be tuned over the
whole visible spectrum and does not require any additional dye or
pigments, which are potentially toxic or environmentally harm-
ful. These inherent advantages were combined with high resolu-
tion, dimensional accuracy, geometrical complexity, and surface
quality. Given that the filaments were printed on the commercial
desktop printer Prusa I3 MK3S+, it was thus demonstrated that
the possibilities of printable objects are comparable to state-of-
the-art filaments. Therefore, potential uses can be found in all
the ever-growing application fields of FDM 3D printing. These
include but are not limited to construction, rapid prototyping, au-
tomotive, aerospace, medical devices, decor, toys, and education.

Another exceptional property sets the material apart from
state-of-the-art filaments: The transmission color when looking
through the material against a light source. By Bragg’s law,
wavelengths that do not interfere constructively with the peri-
odic structure pass through the material unhindered. Figure 6a
shows photographs and spectra of a 3D-printed gecko of CSP5
in angle-dependent reflection and transmission. Upon increase

of the viewing angle from 30° to 90°, the wavelength shifted
by ≈100 nm, concomitant with a color change from green to
yellow–orange. In transmission, a further bathochromic shift to
red was observed. A similar analysis for CSP4 is provided in
Figure 6b. A printed surface of CSP4 makes up the house’s win-
dows, while the black parts were printed with a commercial PLA
filament without structural color. Only by alterations of illumi-
nation, the color did change from blue (30°) over green (90°)
to orange (transmission), hence covering almost the entire vis-
ible spectrum with one single batch. Angle-dependent reflection
spectra and transmission spectra for all other batches are pro-
vided in Figure S7 (Supporting Information). Surprisingly, all
angle-dependent spectra showed increasing reflection intensities
at wavelengths ≤450 nm as soon as the angle of light incidence
was flatter than vertical incidence (90°). An extensive discussion
of this phenomenon is provided in the context of Figure S8 (Sup-
porting Information).

In principle, the 2D objects in Figure 6a,b could have also been
produced from films or foils using established processing meth-
ods. The approach herein presented, however, offered the advan-
tages of quick customizability and adaptability with high accuracy
and integrity. Moreover, since FDM is a rapid and automated one-
step fabrication process, it does not require post-processing or a
mask, mold, form, or the like. The unique ability of 3D print-
ing for precise and convenient control over the part thickness by
variations of the number of layers or the layer thickness/height
ensured the highest level of accuracy in our results. The last as-
pect was also utilized in Figure 6c to create lithophanes. In re-
flection, the top and bottom surface of the print exhibited a blue

Adv. Optical Mater. 2024, 12, 2401703 2401703 (7 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Photographs of a 3D printed gecko made of CSP5 under different illumination conditions and the corresponding angle-dependent reflection
spectra and transmission spectrum. Digital STL model used under terms of the CC BY 4.0 license.[26] Copyright 2023, Gordyt47. b) A house made of
black PLA with 3D printed windows of CSP4 and the corresponding angle-dependent reflection spectra and transmission spectrum. c) Photographs and
spectra of two lithophanes, showing an owl and a bearded person. The diagram shows the corresponding reflection spectrum at 90° and transmission
spectra depending on the part thickness, that is, the number of layers with a height of 0.2 mm each. Detailed dimensions of all objects (Figure S6,
Supporting Information) and angle-dependent reflection and transmission spectra (Figure S7, Supporting Information) of all other batches are provided
in the Supporting Information.

structural color. When looked through against a light source,
the complimentary color became visible, appearing as different
shades of yellow. As shown in the transmission spectra, inten-
sity decreased with each additional layer. Such an effortless local
variation of transmission intensity is hardly possible with state-
of-the-art processing techniques.

In addition to the above-described usages, the unique iri-
descence and transmission properties of the 3D prints further
broaden application potentials. Due to the inherent properties
of structural colors, the intensity and position of the reflected or
transmitted wavelengths are not subject to fluctuations, and the
dynamic color change occurs instantly with unlimited reversibil-
ity. These features qualify the material for advanced optical filters,
display applications, or tamper-proof security features.

The possibility of recycling further boosts the inherently high
sustainability of the materials. Failed or superfluous prints, print-
ing scraps (support structures, brims, skirts, etc.), and filament
residues could be re-extruded alone or with “fresh” polymer.
These recycled filaments could be printed without alterations. To
prove recyclability, three calibration cubes were produced and an-
alyzed (Figure S9, Supporting Information). The first one was
printed with filament composed of the as-synthesized CSP4 and
the obligatory additives (cycle 1). Afterward, 3D-printed objects
and leftovers from cycle 1 were re-extruded and re-spooled. The
thus obtained recycled filament was used to print the second cube
(cycle 2). This procedure was repeated with material from cycle 2.
Thereby, a twice-cyled filament was prepared, which was used to
print the third cube (cycle 3). The cubes were not only visually in-
distinguishable from one another but also showed almost identi-
cal thermo–rheological and optical properties. While recyclability
over a few cycles was thus proven, it must be noted that after a
certain number of cycles, the antioxidant will be consumed. This,
however, does not impede recyclability since new antioxidant can
be conveniently added during the re-extrusion of the filament.

3. Conclusion

We presented a convenient fabrication method for a 3D print-
ing filament with tunable and iridescent structural color. Inspired
by nature, core–shell particles with tailored thermo–rheological
properties were synthesized and processed. Particle size was
demonstrated to be tunable during core synthesis. Since particle
size directly correlates with the reflected wavelength, the opales-
cent filaments are available in all colors on the rainbow. Our
system outperforms previous 3D printing approaches for struc-
tural color materials in terms of printing speed, resolution, level
of detail, object complexity, compatibility with commercial desk-
top printers, and/or color quality. An overall high printing qual-
ity, comparable to state-of-the-art commercial filaments, was suc-
cessfully combined with the inherent sustainability and advan-
tages of structural colors. Depending on light incident conditions
or viewing angle, the same print can exhibit several different col-
ors, for example, from blue over green to orange. The potential
for widespread use is facilitated by the simplicity and scalability of
our approach. Only standard monomers and additives were pro-
cessed, which are also used for commercial filaments. Moreover,
emulsion polymerization is suitable for large-scale manufactur-
ing and represents a widespread method for industrial polymer
synthesis. We envision these filaments as alternatives and sup-
plements in almost all typical 3D printing applications, such as
tailored spare parts, helpful gadgets, and tools, educational mod-
els, tabletop miniatures, or toys. Other relevant markets are per-
sonalized merchandising items, apparel, and household décor,
such as interior and exterior furnishings or seasonal decorations.
Moreover, the opalescent appearance facilitates applications for
anti-counterfeiting, advanced displays, or camouflage materials.
In perspective, stimuli-responsive behavior, known from state-of-
the-art CSP, could also be implemented. Responsivities to tem-
perature, pH, humidity, electricity, and other stimuli will further

Adv. Optical Mater. 2024, 12, 2401703 2401703 (8 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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broaden application potentials in fields such as smart sensing,
customized optical devices, or 4D printing.

4. Experimental Section
Materials: Styrene (99%) was obtained from Fisher Scientific. BDDA

(90%), MMA (99%), EA (99.5%), potassium hydroxide flakes (KOH,
reagent grade), sodium disulfite (NaDS, analysis grade), sodium persul-
fate (NaPS, ≥98%), and sodium dodecyl sulfate (SDS, ≥98.5%) were ob-
tained from Sigma-Aldrich. ALMA (98%) and DINP (technical grade) were
obtained from TCI. Disodium isododecyl phenyl ether sulfonate (DIPES)
was purchased from Ezkem. Carbon Black (Channel Type Black 4) was
obtained from Evonik. Antioxidant1010 was obtained from Nordmann-
Rassmann under the tradename Norantox1010.

Instrumentation for Polymer Analysis: DLS measurements were carried
out on a Zetasizer ZS 90 by Malvern Instruments at an angle of 90° with
a fivefold determination of 15 runs and automated data acquisition in
300 size classes. A cumulants analysis gave an intensity mean value (“z-
average”) for the hydrodynamic diameter DDLS with the PDI as the width
parameter. The polymer dispersion was drop-casted on a carbon-coated
copper grid for TEM experiments and dried for 24 h in an ambient labora-
tory atmosphere. TEM experiments were conducted using a JEOL JEM-
2100 electron microscope at a nominal acceleration voltage of 200 kV
with a Gatan Orius SC100 CCD camera in bright field mode. To deter-
mine average particle diameters DTEM, 25 particles per image were ana-
lyzed using ImageJ software. SEM experiments were carried out on a Zeiss
Gemini500 Sigma VP device using the software SmartSEM Version 6.07,
with accelerating voltages between 2 and 4 kV. DSC and TGA measure-
ments were carried out using a Netzsch 214 F1 Polyma and a Netzsch
TG 209 F1 Libra, respectively, both with a heating rate of 10 K min−1 un-
der a synthetic air atmosphere. Temperature-dependent (heating rate 3 K
min−1; frequency 1 Hz; angular frequency𝜔= 6.28 rad s−1) and frequency-
dependent (isothermal temperature T = 200 °C) rheological properties
were determined with an Anton Paar MCR 302e oscillatory rheometer, us-
ing a 25 mm plate–plate geometry in an ambient laboratory atmosphere.
Glass transitions were defined as the maximum of the loss factor. Tensile
tests were performed using a Zwick–Roell universal testing machine with a
testing speed of 1.0 mm s−1 and the software testXpert II. Shore D Hard-
ness was determined using a Sauter HBD 100-0 Durometer. Reflection
spectra were recorded with an Ocean Optics fiber FLAME spectrometer
USB2000, combined with an Ocean Optics deuterium–tungsten halogen
lamp DT mini-2. The reflection intensities of each batch were calibrated
with a white reflectance standard by Thorlabs (PMR10P1) and normalized
concerning the reflection intensity at normal light incidence (𝜃 = 90°) of
the respective printed surface. Transmission spectra were calibrated rela-
tive to the unaltered light source. When directly compared to reflection
spectra, transmission intensities were normalized to arbitrary units for
better visual comparability.

Particle Synthesis: Before emulsion polymerization, radical inhibitors
were removed from all monomers by passing them through a basic alu-
mina column (50–200 μm, Acros Organics). The P(S-co-BDDA) core syn-
thesis of C1 was carried out as follows: A double-wall reactor under ni-
trogen atmosphere at 75 °C was filled with the seed-forming monomer
emulsion of 0.539 g SDS, 525 g deionized water, 6.75 g styrene, 0.750 g
BDDA. While stirring at 200–225 rpm, the polymerization was initiated
with 0.135 g NaDS and 0.971 g NaPS. After a reaction time of 10 min, the
core-forming monomer emulsion was added in starved-feed mode, using
a rotary piston pump at a flow rate of 1.4 mL min−1. This monomer emul-
sion contained 0.195 g DIPES, 0.204 g SDS, 0.355 g KOH, 62.1 g styrene,
79.8 g deionized water, and 6.21 g BDDA. Afterward, the emulsion was
stirred for another 60 min at a constant temperature, drained from the re-
actor, and diluted to a solid content of 8.0 wt%. To increase particle size for
the other batches C2-7, the SDS proportion in the seed stage was reduced,
and the amount of added monomer emulsion in starved-feed mode was
increased, as described in the literature.[20c,27] For the typical interlayer-
and shell synthesis, 549 g of the respective diluted core dispersion were
filled in a double-wall reactor under a nitrogen atmosphere at 75 °C. While

stirring at 200 rpm, the emulsion polymerization was initiated with 0.117 g
NaDS and 0.681 g NaPS. After a reaction time of 15 min, the interlayer-
forming monomer emulsion was continuously added with a rotary pis-
ton pump at a flow rate of 2.0 mL min−1. This monomer emulsion con-
sisted of 0.133 g DIPES, 0.367 g ALMA, 6.97 g MMA, 0.067 g SDS, and
29.6 g deionized water. After 15 min, the polymerization was reinitiated
with 0.100 g NaPS and stirred for another 10 min. Subsequently, the shell-
forming monomer emulsion was added with a rotary piston pump at a
flow rate of 2.0 mL min−1. This monomer emulsion consisted of 0.361 g
SDS, 45.9 g EA, 45.9 g MMA, 0.292 g DIPES, 120 g deionized water, and
0.509 g KOH. Finally, the reaction mixture was kept at a constant tem-
perature and stirred for an additional 60 min. This recipe was used for all
interlayer- and shell syntheses with minor alterations: The overall batch
size was decreased from 800 to 400 g for CSP1 and 707 g for CSP5; the
addition flow rate was decreased accordingly to 1.0 and 1.8 mL min−1, re-
spectively. Moreover, the ratio of initially added core dispersion (contain-
ing 8 wt% of already polymerized core particles) to interlayer- and shell-
forming monomer emulsion was varied by±5% between batches. Thereby,
slight yield fluctuations during interlayer- and shell-syntheses were com-
pensated to achieve the targeted core-to-shell ratio in the final CSP.

Processing: After synthesis, each batch was freeze–dried and mixed
with 0.03 wt% carbon black, 1.5 wt% Antioxidant1010, and 2.0 wt% DINP.
The homogenized mixtures were extruded into filament strands using a
Thermo Scientific HAAKE MiniLab 3 Micro-Compounder at 140 °C and
50 rpm, equipped with a round 1.75 mm die. The obtained filaments were
printed on a Saarpricom Delta UpSD printer (equipped with a filament
extrusion head) and a Prusa MK3S+; both equipped with 0.4 or 0.6 mm
brass nozzles. Slicing was performed with Simplify3D and PrusaSlicer. 3D
printing models were created with Autodesk Inventor and Blender or used
under the indicated Creative Commons Licenses.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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