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ABSTRACT: Coloration is essential for enhancing visual aesthetics and 3D/4D printing Cgé‘;ratim
nm

facilitating information communication, but it is difficult to apply to highly

complex surfaces. Efficient manufacturing of 3D printed colored products is 9 -
particularly challenging, given the arbitrary nature of the surfaces. We g
accomplish this goal with 3D/4D color printing using a photoprintable resin -—

containing a free radical initiator, photocurable monomers, a photoacid
generator, and an acid-sensitive dye. The free radical initiator is activated with
a long wavelength light (405 nm) for 3D/4D photoprinting. Independently,
the photoacid generator is triggered with a shorter wavelength light (365 nm)
to activate acid-sensitive dye for coloration. This allows decoupling 3D/4D printing with coloration to yield geometrically complex
3D objects with designable surface color patterns as a highly efficient yet simple way to produce colored 3D objects.
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Bl INTRODUCTION prohibits the creation of color patterns. Multi-material DLP
printing enables direct printing of colored parts using two
convertible resin tanks,'® but the printing efficiency is severely
compromised because it requires a complex vat-switching
device and cleaning manipulations to avoid cross-contami-
nation.'” An elegant approach reported by Qi’s group
employed a special dye in grayscale DLP printing.'*"*" The
dye can be oxidized by the free radicals released from the
photoinitiators and change the color.”"** For this process,
however, polymerization kinetics and coloration are both
directly coupled to the photoinitiation. Thus, the printed
material properties and color are both determined by the
intensity of the curing light. This inherent coupling means that
independent control of the materials and colors is difficult. In
addition, the presence of any residual visible light photo-
initiators in the printed material, as is common for DLP
printing, may cause unintended color generation unless the
products are kept away from daily light.

To address the aforementioned issues, we demonstrate here
a 3D color printing method employing orthogonal photo-
chemistry. In our design, the photocurable resin contains a free
radical photoinitiator, a photoacid generator, and an acid-
sensitive dye. The free radical photoinitiator can be activated
with light of 405 nm wavelength for polymerization/printing.

Coloration plays a critical role in the manufacturing industry as
a vital link between products and consumers. Conventionally,
this is achieved through ink printing on 2D flat substrates,
facilitating cost-effective mass production.1 However, efficient
coloration presents limitations when it comes to intricate 3D
objects, despite the added product values. Not only does
coloration on 3D objects enhance visual aesthetics,” but it also
serves as a medium for information encryption and
communication.”* As an alternative to manual post-painting
methods, transferring colored thermoplastic films onto the
surface of 3D printed objects is also well established.” This
method, however, is only applicable to relatively simple 3D
topographic surfaces. Coloring more complexed 3D surfaces
such as grid and hollow structures as frequently encountered in
3D printing remains challenging.

3D printing is capable of fabricating complex structures
without the costly and time-consuming molding-making
procedures and has been widely applied in various fields
including soft robots,”” medical devices,®” and wearable
electronics.'”'" Decorating 3D printed objects with intricate
color patterns is important, but this is mostly realized by
manual coloration. Multi-material 3D printing such as Poly]Jet
employs an array of nozzles to eject different materials pixel-
by-pixel,'*"” allowing high freedom for color integration.
However, its low printing efficiency and high cost of
specialized printers limit its widespread adoption.

Digital Light Processing (DLP) printing offers notable
advantages in terms of speed, cost, and simplicity, due to its
layer-by-layer printing characteristics.'*'> However, the use of
a single printing precursor in a typical DLP printing setup
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Figure 1. Fabrication of colored 2D films. (a) Schematic illustration of the fabrication process. (b) Chemical structures of polymerization
components. (c) Principle of coloration. (d) UV—vis spectra of TPO-L and PAG. (e) Colored 2D films with freely defined shape and color
patterns. Thickness: 0.5 mm. Scale bar: 1 cm. The digital printing files for the Panda are from “Panda keychain for single extruder” by Simon Vance,

use under CC BY 4.0.2

After 3D printing, the photoacid generator is activated under
UV light (365 nm) and further reacted with an acid-sensitive
dye for coloration. The orthogonal photochemistry allows
independent control of the 3D printing and the color
generation. As such, 3D objects with complex color patterns
can be created by using the simplest DLP printer. In addition,
the principle can be extended to 4D printing to create intricate
color patterns on topographically complexed surfaces. Our
work introduces a highly efficient way for producing 3D
objects with color patterns using a single photocurable resin
without the need for specific equipment.

B RESULTS AND DISCUSSION

For simplicity, we first demonstrate the underlying chemistry
principle and specific material design using 2D films. A liquid
printing precursor is sandwiched between two glass slides
separated by a spacer (Figure 1a). Exposure to light of 405 nm
wavelength triggers the free radical polymerization, and
subsequent exposure to light of 365 nm wavelength on the
cured polymer induces coloration. To enable that, the
precursor contains both the polymerization and coloration
components. The polymerization components (Figure 1b)
include isobornyl acrylate (IBOA), hydroxypropyl acrylate
(HPA), 1,6-hexanediol diacrylate (HDDA, fixed at 5%), 4-
acryloylmorpholine (ACMO, 5% unless otherwise noted), and
a visible-light photoinitiator (TPO-L). Here, the weight ratio
between IBOA and HPA is fixed at 7:3. The coloration
components (Figure 1c) consist of a photoacid generator
(PAG) and an acid-sensitive dye (2-anilino-3-methyl-6-
(dibutylamino)fluoran), in which the light activation of the
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PAG generates protons that change the dye from colorless to
black. The wavelength selectivity between TPO-L and PAG is
characterized by UV—vis absorbance. As shown in Figure 1d,
the cutoft wavelengths of TPO-L and PAG are 420 and 370
nm, respectively. This makes it possible to control the
processes of polymerization and coloration independently by
using 405 and 365 nm lights. The advantage of the overall
design is that not only the shape pattern but also the color
patterns can be freely defined through masked light exposures.
As shown in Figure le, different color patterns can be created
on a photocured 2D film with different geometric shapes.

To achieve optimal coloration performance, including
contrast and resolution, it is essential to conduct systematic
optimization of the resin’s composition. The light transmission
across the visible wavelength range is investigated for the cured
films containing varied weight percentages of the dye and PAG
after 365 nm exposure for a fixed time of 60 s. The presence of
more dye (Figure 2a) or PAG (Figure 2b) leads to a reduced
transparency, implying a darker color. Considering the light
transmission and the solubility within the resin, the dye and
PAG contents are fixed hereafter at 0.2% and 4%, respectively.
Despite the negligible absorption of PAG at 405 nm (Figure
1d), we observe that a reference cured sample containing no
ACMO monomer experiences some reduction in transparency
(Figure 2c) after extended curing under DLP light (S mW/
cm?). We believe this is because the light source of the DLP
printer is not strictly 405 nm, implying that a small amount of
PAG may have been activated in this process. This is why 5%
of a functional monomer ACMO is present in our standard
precursor. Compared to the dye, the slightly alkaline ACMO
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Figure 2. Optimization of the coloration process. (a) Impact of dye content on light transmission, with the PAG content fixed at 0.2%. Thickness:
0.1 mm. (b) The impact of PAG content on light transmission, with the dye content fixed at 4%. (c) Comparison of light transmission of the cured
films containing 0 and 5% ACMO, respectively. (d) The photographs of the cured films containing 0 and 5% ACMO, respectively. (e) The
dependence of light transmission (600 nm) on light exposure. (f) Photograph of a colored stripe array. (g) A grayscale landscape painting with fine
details. Scale bar: 1 cm. (h) Transmission of red, yellow, and blue dye.

has a greater affinity for binding with the protons released by
PAG (Figure S1). The incorporation of ACMO not only
enhances the color stability (Figure 2c) but also increases the
contrast between the colorless and the black regions (Figure
2d). The coloration kinetics was monitored by UV—vis spectra
(Figure 2e). Under continuous 365 nm exposure (30 mW/
cm?), the light transmission at 600 nm (the characteristic
wavelength) continuously declines to below 15% at 40 s and
approaches an even lower value at about 60 s, implying the end
of the photoinduced coloration. Utilizing a UV projector (365
nm) as a digital photomask, a patterned stripe array with a
feature size of 10 ym can be obtained (Figure 2f). It is possible
to reduce the feature size further with a higher resolution
projector. Here, the advantage of using a digital UV projector
is the ability to provide grayscale exposure. This means that
through a single exposure, different regions can accurately
receive varying levels of light energy, resulting in patterns with
different transparencies or grayscale values. Based on this
principle, a grayscale landscape painting with fine details is
created (Figure 2g). Besides black, other acid-sensitive dyes
(supporting information) may also be selected to create
different colors including red, yellow, and blue (Figure 2h and
Figure S2). Mixing these dyes in different proportions will
obtain a wider color palette for 3D printed objects (Figure S3).

The aforementioned resins can be readily 3D printed with a
DLP printer equipped with a 405 nm wavelength light source.
After the 3D printing, color patterns on selective areas can be
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generated with 365 nm light exposure (Figure 3a). For the 3D
printing, the photocuring kinetics were investigated by FTIR
spectra (Figure S4). The double bond conversion reached a
maximum plateau value of 90% after 25 s (Figure 3b). The
material shows no obvious color change at this time scale. In
principle, one can integrate both the 405 and 365 nm light
sources directly into the 3D printer, which would enable us to
alternately utilize these two light sources for controlling
material curing and coloration. This would allow us to achieve
one-step 3D printing of grayscale colored 3D objects. In
reality, we do not have the hardware to demonstrate this at this
stage although this is an interesting direction to go in the
future. For the current study, we continue to rely on the post-
printing light exposure process (365 nm) for coloration to
illustrate the principle. For selective coloration, the intended
non-colored regions are physically masked. With this approach,
a series of 3D printed objects with color patterns are
successfully created (Figure 3c). Notably, the mechanical
properties of the material are not affected by 365 nm exposure
(Figures SS and S6). For certain 3D shapes, such as large-
curvature shapes and multilayer structures (Figure 3d), access
to light for coloration is difficult. One interesting way to
overcome this issue is to make use of the shape memory
behavior of the printed material. Its shape memory cycles
confirm its robust shape memory behavior with shape fixity
and shape recovery ratios, both above 95% (Figure S7). As
demonstrated in Figure 3d, with shape memory capability, the
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Figure 3. 3D color printing. (a) Schematic illustration of the colored 3D printing. (b) Curing kinetics under 40S nm DLP light. (c) 3D color
printed parts (scale bar: 1 cm.) The 3D printing files: the first is from “Voronoi Dolphin” by TK3DPrinting, use under CC BY 4.0.>* The third is
from “Carbon Nanotube” by otache, use under CC BY-SA 3.0.>* The forth is from “Cubic Lattice” by O3D, use under CC BY 4.0.>* (d) 4D color
printing using shape memory effect. (Scale bar: 1 cm.) The second series is from “Rose with stem” by tc_fea, use under CC BY 4.0.”

printed material in 3D shapes can be deformed into temporary
flattened states, which allows light exposure for color
patterning. After that, the flattened temporary shapes are
recovered upon heating to their original 3D shapes. This
overall process allows efficient color integration on geometri-
cally complexed parts.

A more direct way of coloration of 3D surface contours
without having to utilize the shape memory effect is by direct
4D printing. Previous studies have demonstrated that 4D
printing allows for the fabrication of complex 3D shapes by
introducing heterogeneity into 2D photocured films.”*** Upon
releasing the internal stress (e.g, via removal of unreacted
monomers), the heterogeneity allows transformation of a 2D
film into a 3D object. We deduce that in such a process color
patterns can be generated at the 2D state, which would
eventually be converted into a 3D colored object. This is
schematically illustrated in Figure 4a. A first light pattern (405
nm) defines the heterogeneous photocuring that determines
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the 3D shape, whereas a second light pattern (365 nm)
generates the color pattern. Specifically, for the current system,
the liquid precursor is cured by 405 nm light, with
spatiotemporal control of both the light exposed locations
and the exposure time. The exposure time affects the degree of
curing and consequently mass loss due to unreacted monomer
removal after curing. Overall, this leads to reduction of mass
loss with longer light exposure time (Figure 4b). Importantly,
the film is designed to be optically thick enough to create a
gradient in curing in the thickness direction,” consequently
generating asymmetry. Thus, upon monomer removal, the
cured film is transformed into a curved geometry, with the
curvature reduced with the exposure time (Figure 4c). This
principle, coupled with controlling the light exposed area,
allows access to 4D printed geometries.

In the examples shown in Figure 3, the exposure to 365 nm
light only introduces color but does not affect the geometry of
the printed parts. For the direct 4D printing process in Figure
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Figure 4. Coloration by 4D printing processing. (a) Schematic illustration of 4D color printing. (b) Impact of light exposure on the mass loss. (c)
Impact of light exposure on the curvature created after unreacted monomer removal. (d) 4D color printed parts with color patterns. In the light
patterns, the light and dark blue regions denote 405 nm light exposure times of 20 and 80 s, respectively. The purple regions in the light pattern
denote 365 nm light exposure time of 40 s. Thickness: 0.5 mm. Scale bar: 1 cm.

4a, however, the precursor may be far from full curing. Further
exposure to 365 nm light would trigger its rapid curing, as
implied by the low mass loss corresponding to the blue curve
in Figure 4b. This would negatively interfere with the
subsequent 4D shape transformation, as the significant
reduction of curvature (blue curve in Figure 4c) indicates.
To address this issue, we focus on generating colors (365 nm
exposure) in regions where the 405 nm exposure time is 80 s,
which is sufficiently long to avoid a negative impact. With this
process, a light pattern consisting of two distinct light patterns
(405 and 365 nm, respectively) is turned into a colored 2D
film, which transforms further into a 3D colored object
including the cube, saddle, and flower shown in Figure 4d.

B CONCLUSION

In summary, we report a simple yet versatile approach to
fabricating colored 3D objects. The underlying principle is to
utilize orthogonal photochemistries (405 and 365 nm lights)
with one defining the 3D shape and the other determining the
color patterns. The formulated photoresin is compatible with
well-established DLP 3D printing and 4D printing technolo-
gies, offering diverse options for coloring 3D objects based on
their unique characteristics. These options include post-
printing coloration directly on 3D printed objects, post-
printing coloration on temporary shapes defined with the
shape memory effect, and coloration during direct 4D
photoprinting. In the future, we aim to integrate the coloration

80

principles with dual light sources built into the printing
hardware and expand the grayscale coloring into multiple
coloring. In addition, it is possible to extend the underlying
orthogonal photochemistry to introduce other material
functions beyond colors.

B EXPERIMENTAL SECTION

Materials. Isobornyl acrylate (IBOA), hydroxypropyl acrylate
(HPA), 1,6-hexanediol diacrylate (HDDA), and 4-acryloylmorpholine
(ACMO) were all purchased from Macklin. The photoinitiator
(TPO-L) and photoacid generator (PAG 6976) were procured from
Guangzhou Lihou Trading Corporation. The acid-sensitive dyes were
bought from Shanghai Yuanye Bio-Technology Co. Ltd. All chemicals
were used as received.

Precursor and Curing of 2D Films. In a typical experiment,
IBOA (70 g), HPA (30 g), HDDA (5 g), ACMO (5 g), PAG (4 g),
TPO-L (2 g), and the acid-sensitive dye (0.2 g) were fully mixed at 80
°C. The precursor solution was injected into a mold consisting of two
pieces of quartz glass separated with a silicon rubber spacer. The
projector from a bottom-up 3D printer (Shining 3D, AccuFab-D1s)
was employed to provide 405 nm exposure for curing.

3D Printing. The parts were printed by a bottom-up 3D printer
(Shining 3D, AccuFab-D1s). All of the printing models were printed
using a slice thickness of 100 ym. The exposure time was 30 s for each
layer. The printed parts were post-cured in a visible light chamber (20
mW/cm?, 405 nm).

Coloration. The UV light source (365 nm) was obtained from
Shenzhen Taoyuan Optoelectronics Co., Ltd. (intensity: 30 mW/
cm?).
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Color 4D Printing. The precursor was injected into a mold. It was
photocured with masked 405 nm light. It was subsequently exposed to
365 nm light. Afterward, it was put in a thermal oven (120 °C) to
remove the unreacted monomers to yield the 3D shapes.

Characterization. For curing kinetics, the double bond
conversions were measured by a real-time FTIR spectrometer
(Thermo Fisher Scientific, Nicolet, $700). The intensity ratio
(Avinyl/Acarbonyl) was calculated as the ratio between the peak area of
vinyl group (810 cm™) and that of carbonyl group (1720 cm™). The
double bond conversion was calculated as ayy,, = 1 — (Avmyl/
Aca,bonyl)t/ (Avmyl/Acarbonyl))t:o, where t is the exposure time. The
absorbance of the photoinitiator and light transmission of the cured
films (thickness: 0.1 mm) were measured using a UV—vis
spectrophotometer (Shimadzu UV-2600, Japan). The printing
resolution was determined with an optical microscope (Zeiss,
ZCEC-150348F). The differential scanning calorimetry (DSC)
measurement was conducted with a TA Q200 instrument at a
heating rate of 5 °C/min. The shape memory properties of the
materials were quantitatively evaluated by using a dynamic mechanical
analyzer (DMA, TA Q800).
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