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ABSTRACT: Four-dimensional (4D) printing, which enables 3D printed structures to alter shapes over time, is attracting
increasing attention because of its exciting potential in various applications. Among all the 4D printing materials, shape memory
polymers (SMPs) have a higher stiffness and faster response rate and therefore are considered as one of the most promising 4D
printing materials. However, the current studies of SMP-based 4D printing mainly focused on the deformation behavior and
structural design of 4D printed structures. An additional function such as color change is desired for 4D printed structure, which
would be potentially beneficial to the applications such as anti-counterfeiting, encryption, and bioinspired camouflage. In this paper,
we report an ultraviolet (UV)-curable and thermochromic (UVT) SMP system that enables color-changeable 4D printing. The UVT
SMP system is acrylate-based, thus highly UV-curable and compatible with PuSL-based high-resolution 3D printing technique.
Thermochromism is imparted by adding the thermochromic microcapsules to the UVT SMP system, which allows the printed
structures to reversibly change colors upon heating and cooling. To demonstrate its extraordinary thermochromic and mechanical
performance, we use UVT SMP to print QR codes and multilevel anti-counterfeiting patterns which can hide the visible information
at room temperature and visualize the information by encrypting, decrypting, and encrypting again steps with the shape—color
recovery process. The development of UVT SMP will significantly advance current applications of SMP-based 4D printing, especially
for anti-counterfeiting and safe data recording.

KEYWORDS: ultraviolet-curable thermochromic (UVT) SMP, 4D printing, QR code, multilevel anti-counterfeiting,
shape memory polymer

1. INTRODUCTION

Three-dimensional (3D) printing, also known as additive
manufacturing, is attracting increasing attention as it allows
creation of 3D geometries with precisely prescribed micro-
features to realize new functionalities or improved perform-
ance.'™ 3D printing technology has been applied to various
fields such as drug delivery,” electrochemistry,” structural
mechanics,6 optical lens,”® biomedical engineering,g_12 soft
robots,”>™"” and so on.*'® Digital light processing (DLP)-
based 3D printing is considered as a high throughput additive
manufacturing technique that employs localized photopolyme-
rization to convert liquid resin to solid patterns. Such a 3D
printing technique is capable of creating a variety of highly
complex 3D structures from micro- to mesoscales with
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microscale architecture and submicrometer precision.” The
recent advances in DLP-based 3D printing lead to various
advanced techniques including continuous liquid interface
production (CLIP) for fast-speed 3D printing,'” high-area
rapid printing (HARP) for fast-speed large volume 3D
printing, and projection micro-stereolithography (PuSL) for

high-resolution multiscale 3D printing.”’~>*
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Figure 1. Schematic of the 3D printing technique and the composition of the materials. (a) Schematic diagrams of PyuSL 3D printing technique and
chemistry of liquid resin in the presence of thermochromic microcapsules (red). (b) Chemical structure evolution of liquid resin during printing

process in room temperature and heating after printing.

Along with the rapid advances in 3D printing techniques,
researchers are also exploring approaches to generatin% 3D
structures with new functionalities including actuation, 427
electric conductivity,”**’ and biocompatibility.’”*' Among
them, the approach to integrate self-actuating functionality into
3D structures through printing structure with soft active
materials such as shape memory polymers (SMP),**~**
hydrogels,” ™" and liquid crystal elastomers®®~*' has gained
remarkable attention. Such an approach is now well-known as
“4D printing”, which fabricates 3D structures to change
configurations over the fourth dimension “time” in response to
environmental stimulus including heat,>>* moisture,*® mag-
netic field, or electricity.”” Different from the other two
extremely soft SAMs (modulus of hydrogels: ~1 to 100
kPa;*** modulus of LCEs: ~100 kPa to ~MPa***'), SMPs
are capable of switching material modulus from a few MPa to a
few GPa within 1 min'® and compatible with various 3D
printing technologies. To date, SMP-based 4D printing has
been widely applied to numerous areas such as smart device,*”
o1'igami,24’33 tissue ens%ineering,44 metamaterial,“’46 biomedi-
cine,"’~* and others.

However, those previous 4D printing studies mainly focused
on the deformation behavior and structural design of 4D
printed structures, which limit the full potential applications of
4D printing. Researchers have developed several additional
functions such as color change to broaden the application of

SMP-based 4D printing, which exhibit a good effect on color
response.”’ However, complicated preparation process and
low-resolution fabrication still limit the full potential
application of SMPs. Thus, the development of a new kind
of functional SMP is desired for 4D printed structures, which
would be potentially beneficial to the applications such as anti-
counterfeiting, encryption, and bioinspired camouflage.
Herein, we report an ultraviolet (UV)-curable and
thermochromic (UVT) SMP system that enables color-
changeable 4D printing. The UVT SMP system consists of
acrylate-based monomers and cross-linker which make it highly
UV-curable, thus compatible with PuSL-based high-resolution
multiscale 3D printing. We impart the thermochromism to the
SMP system by adding the thermochromic microcapsules
which allow the printed structures to reversibly change colors
from white to black, red, blue, or yellow upon heating and
cooling. The high compatibility of the UVT SMP with PuSL-
based 3D printing enables the fabrication of various highly
complex 3D structures with high resolution up to 20 ym. More
importantly, the structures printed with UVT SMP exhibit
outstanding thermochromic ability and shape memory
behavior which are highly repeatable. To demonstrate the
extraordinary thermochromic and mechanical performance, we
use UVT SMP to print QR codes which can hide the visible
information at room temperature and visualize the information
by encrypting, decrypting, and encrypting again steps with the
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Figure 2. Characteristics of the resin. (a) 3D-printed high-resolution structure using the photocurable liquid resin. (b) Printed sunflower and
characteristics of its details with red color at 25 °C. (c) Printed sunflower with white color at 40 °C. (d) SEM images of UVT SMP. (e) Visible
spectra of UVT SMP before and after color change. (f) UVT SMPs with different responsive colors and temperatures. (g) Effect of temperature on
the color response speed of UVT SMP. (h) Color response speed of UVT SMPs with cycle tests.

shape—color recovery process. Such a triple-deep encryption
QR code enabled by reversible complex 3D structure and
thermochromics further ensures the security of the information
in reality. In addition, the printed high-resolution multilevel
anti-counterfeiting patterns using UVT SMP could switch
between visible and invisible state in response to stimuli of
different temperature, which will significantly advance current
applications of SMP-based 4D printing, especially for anti-
counterfeiting and safe data recording.

2. RESULTS AND DISCUSSION

2.1. 3D Printing Process and Features. As shown
schematically in Figure la, we fabricated the high-resolution
and highly complex 3D structures and devices with UVT SMP
by a commercial PuSL-based 3D printer (BMF, $140, China).
A computer-aided design (CAD) 3D model was firstly sliced
into a series of closed spaced two-dimensional (2D) digital
images. Then, these 2D images were transmitted to a digital
micromirror device (DMD) to modulate ultraviolet (UV) light
generated from a light-emitting diode (LED) array. The
patterned UV light then illuminated onto the surface of a UV-
curable liquid resin to trigger the localized photopolymeriza-
tion. Once the exposed resin was solidified to a layer of the
corresponding pattern, the substrate on which the fabricated
structure rested was lowered by the electric motor. This
process proceeded iteratively until the entire structure was
fabricated (Figure S1, Supporting Information). The 3D
printed structure was sonicated with ethanol to remove

uncured oligomer and monomer followed by a second stage
cure in a UV oven after the printing process.

As illustrated in Figure 1b, we prepared the UVT SMP liquid
resin by mixing aliphatic polyurethane acrylate (PUA, as
oligomer), isobornyl acrylate (IBOA, as monomer), and 1, 6-
hexanediol diacrylate (HDDA, as cross-linker). Ethyl(2,4,6-
trimethylbenzoyl) phenylphosphinate (TPO-L) was added
into the liquid resin and works as free radical photoinitiator to
initiate the copolymerization of PUA oligomer, IBOA
monomer, and HDDA cross-linker to obtain shape memory
structures. The solidified polymers with different weight
contents of PUA and IBOA after polymerization were verified
by the Fourier transform infrared (FTIR) spectrum shown in
Figure S2. In addition, thermochromic microcapsules were
added into the UV-curable liquid resin to endow the solidified
polymer with superior thermochromic properties (Figure 1b).
The molecular structures of thermochromic microcapsule (red
TF-R1) and thermochromic mechanism are described in
Figure la and Figure S3. Details about the liquid resin
preparation are provided in the Experimental Section.

2.2. Thermochromic Performance. The liquid resin has
a good compatibility with the PuSL-based high-resolution 3D
printing technique. By use of the present liquid resin, a high-
resolution structure was firstly fabricated (Figure 2a). We can
achieve a high printing resolution up to 20 ym. As depicted in
Figure 2b and Figure S4, the printed sunflower and flower
petals also showed excellent printing resolution and smooth
surface, indicating the ability of the resin to fabricate complex
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Figure 3. Shape recovery properties of the UVT SMP. (a) DMA curves of UVT SMP. (b) Shape memory cycle test. (c) Shape fixity (R;) and shape
recovery (R,) during ten cycles. (d) 3D printed “HNU” letters. (e) 3D printed hollow structure with good recovery performance.

structures. In addition, the original color of printed sunflower
and flower petals was red at room temperature, while the UVT
SMP exhibited discoloration from red to white (Figure 2c and
Figure S4) with the temperature increasing to a threshold
temperature of 38 °C. The thermochromic property of the
polymer could be ascribed to the distribution of thermochro-
mic microcapsules (red to white with a threshold temperature
of 38 °C) in it. Scanning electron microscopy (SEM) images
demonstrated the distribution of microcapsules (Figure 2d),
and the polymer without microcapsules was used for
comparison (Figure SS). It was worth noted that micro-
capsules with a diameter of 3—5 um distributed well in
polymer without any agglomerate. To further demonstrate the
thermochromic performance of UVT SMP, a visible spectrum
of polymer with microcapsules on a UV—vis spectropho-
tometer from 400 nm to 800 nm was obtained. The results
showed that wavelengths corresponding to a peak from 635 to
700 nm disappeared gradually with the temperature increasing
to its threshold temperature of 38 °C (red to white, Figure 2e).

UVT SMPs with different responsive color and temperature
were also demonstrated in Figure 2f. It could be observed that
the color change of UVT SMPs includes two processes of
fading and coloring with different response temperature. The
thermochromic microcapsules changed from a low-temper-
ature stable state to a high-temperature state when heated,
resulting in the change of the absorbing light wavelength,
which was also the change of its color. After cooling, the color
returned to its original state. Figure 2g shows the effect of the
temperature on the color response speed. It could be seen that
the response time decreased with the increase of the
temperature from 70 to 110 °C. Meanwhile, the color response
speed of UVT SMPs for at least 100 cycles was almost the
same as the original one at 80 °C (Figure 2h and Figure S4),
indicating great stability of the color response effect.

2.3. Shape Memory Performance. Differential scanning
calorimetry (DSC) tests were firstly applied to study thermal
properties of UVT SMP. The results showed that its glass

transition temperature (T,) could be tuned from 74.2 to 81.7
°C with the increase of the weight content of IBOA.
Meanwhile, thermal gravimetric (TG) tests demonstrated a
high start degrading temperature of UVT SMP, indicating that
there was no thermal decomposition during the deformation
process around the glass transition in the next shape memory
tests (Figure S6).

The mechanical properties of UVT SMP were also evaluated
by uniaxial tensile tests. Figure S7 shows the strain—stress
curves of UVT SMP modified with different weight contents of
PUA and IBOA. The results indicated that UVT SMP
modified with a higher weight content of IBOA showed a
significant increase in stress related to increasing toughness. In
addition, tensile tests of UVT SMP with a 60% weight fraction
of IBOA at different temperatures were carried out, and the
results showed that the UVT SMP had a higher break
elongation with a higher temperature (Figure S7).

To gain further insights into shape memory properties of
UVT SMP, we used the printed sample with 60% weight
fraction of IBOA to demonstrate the shape memory effect.
Dynamic thermomechanical analysis (DMA) measurement
was applied to determine the storage modulus (E’), loss
modulus (E”), and loss factor (tan §). As shown in Figure 3a,
the storage modulus of UVT SMP decreased with the increase
of the temperature, and the glass transition temperature (T,)
of UVT SMP determined from the peak of tan 6 curve was 80
°C, which was consistent with the result in DSC test. The
shape memory performance of UVT SMP was investigated by
shape memory cycles test to quantitatively evaluate the value of
shape fixity (R;) and shape recovery (R,) ratios. As shown in
Figure 3b, the shape memory cycle test involved the following
steps. First, a printed sample was stretched with external force
at a deformation temperature (85 °C) until the stress reached
0.5 MPa, and the strain was recorded as €, at the end of this
step. Second, the printed sample was cooled to 25 °C with the
external force. Then, the external force was removed at 25 °C,
and the strain was recorded as ¢, at the end of this step.
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by liquid resin. (b) Encrypting, decrypting, and encrypting again steps of the QR code structure by shape—color recovery. (c) Printed high-
resolution anti-counterfeiting patterns with multilevel anti-counterfeit protection.

Finally, the printed sample was heated to 85 °C again to
recover its original shape, and the strain of the printed sample
was recorded as €. The change of strain is the same in each
cycle during the shape memory cycles test, except for a small
residue strain of about 3.98% can be seen after the first cycle
(Figure S8). Such irreversible deformation may be attributed
to directional rearrangement of polymer chains upon the
external force.””*> The shape fixity (R;) and shape recovery
(R,) were determined by:*>>*

R(N) = j((z)) X 100% "
_ &,(N) = g(N) .
R(N) = o) -1 100% o

The shape memory cycle test was repeated 10 times, and the
values of shape fixity (R;) and shape recovery (R,) are shown in
Figure 3c. The average shape fixity (R;) and shape recovery
(R,) were 96.7% and 100%, respectively, indicating excellent
repeated shape memory properties of UVT SMP. We further
fabricated a structure of the letters “HNU” as well as a hollow
structure containing microcapsules (red to white with a
threshold temperature of 38 °C), and the shape memory and
thermochromic process of 3D-printed samples were shown in
Figures 3d and 3e, respectively. Meanwhile, a series of complex
structures were printed to demonstrate the shape—color
memory behavior of UVT SMP, and the thermochromic
ability and outstanding shape memory behavior enabled great
application as a gripper which was used to grab or release
objects (Figures S8 and S9, Video S1, and Video S2).

2.4. 3D Multilevel Anti-counterfeiting. Such a marvel-
ous shape memory behavior, good thermochromic properties,
and superhigh-resolution features of the UVT SMP imply great
potential for practical applications in anti-counterfeiting

protection and security information recording. The QR code
could be coded by the difference and arrangement of colors in
both of the horizontal and vertical directions. We firstly printed
a high-resolution QR code structure by automating the present
liquid resin exchange during the printing process (Figure 4a).
The printed QR code structure was combined with a cubic
bottom plate containing microcapsules (black to white at a
threshold temperature of 31 °C, printed by liquid resin A) and
QR code-shape matrix containing microcapsules (black to
white at a threshold temperature of 50 °C, printed by liquid
resin B). As shown in Figure 4b(i), the QR code was black,
which could be used to hide the information at room
temperature. Then, the printed QR code was heated to 80
°C and cooled to 20 °C afterward to further program its
complex shape under external force as double encryption
the QR code was heated to 80 °C to recover to its original
shape and complete the discoloration of the whole structure.
Then, it was cooled down to 40 °C to recover the original
color of the QR code-shape matrix as decryption (Figure
4b(iv,v) and Video S3). The printed QR code was visible,
which could be scanned to browse the official web site of
Hunan University (Video S4). Furthermore, the QR code was
cooled to 20 °C to recover the original color of the cube-
shaped bottom plate as encryption again, which could hide the
visible information again and improve the security of anti-
counterfeit labels (Figure 4b(vi) and Figure S10). For the
high-resolution 3D structures which can be folded, the
visibility of the information within a certain temperature
range (20—40 °C in this study) promises the 3D printed QR
code great potential in the field of deep anti-counterfeiting.
In addition, we printed high-resolution anti-counterfeiting
patterns on the bottom plate with different thermoresponsive
liquid resins. As shown in Figure 4c, the patterns were not
readable at either 20 or 80 °C. However, when the printed
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structure completed a shape memory process, the high-quality
patterns became visible and diverse in the temperature range
31—-65 °C. Specifically, at 60 °C, only the yellow pattern was
visible because the temperature exceeded the threshold
temperature of 31 °C (black to white), 38 °C (red to
white), and 50 °C (blue to white) but was below the threshold
temperature of 65 °C (yellow to white). Similarly, the yellow
and blue patterns were visible while the red pattern was
invisible at 38 °C, and both the yellow blue and red patterns
were visible at 35 °C. All the patterns disappeared again after
the temperature was cooled down to 20 °C (Video SS). Thus,
the outstanding performance of UVT SMP based on 3D
printing developed in this work demonstrated great potential
for practical applications related to anti-counterfeiting and safe
data recording.

3. CONCLUSION

We developed a new reversible ultraviolet (UV)-curable and
thermochromic (UVT) SMP based on a PuSL 3D printing
technique. The photocurable resin and thermochromic micro-
capsule composites for 3D printing exhibited high resolution
(up to 20 pm) and marvelous ability to fabricate complex
structures, and thermochromic microcapsules distributed well
in polymer without any agglomeration. The present polymer
also exhibited thermochromic ability, outstanding shape
memory behavior, and repeated response performance
(96.7% of shape fixity (R;) and 100% of shape recovery (R,)
during 10 cycles). The printed bionic gripper made of the
present resin could grab and release an object with shape—
color change, which can be used to prejudge the deformation
of polymer. Most importantly, the printed high-resolution QR
code could hide the visible information at room temperature
and visualize information by encrypting, decrypting, and
encrypting again steps with the shape—color recovery process.
The printed high-resolution multilevel anti-counterfeiting
patterns using the thermochromic shape memory polymer
could switch between the visible and invisible states in a
temperature range. We believe that this thermochromic shape
memory polymer based on 3D printing paves a new way to a
wide variety of practical applications such as high-precision
devices, soft robots, bionic devices, intelligent anti-counter-
feiting, and safe data recording, especially for the triple-deep
encryption and multilevel security protection enabled by
coexistence of marvelous shape memory and thermochromics
of the proposed polymer.
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