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ABSTRACT: High-performance shape memory thermosetting
polymers and their composites for four-dimensional (4D) printing
are essential in practical applications. To date, most printable
thermosets suffer from complicated processes, poor thermody-
namic performances, and low printing speed. Here, photosensitive
composite inks for fast photocuring printing are developed. The
inks consist of epoxy acrylate (EPAc), polyethylene glycol
dimethacrylate (PEGDMA), and carbon fillers, which form a
firm network structure when exposed to UV light. EPAc is
synthesized via addition esterification of epoxy resin and acrylic
acid under mild conditions. It is worth noting that raw materials
for the reaction are diverse, including not only various epoxy resins but also molecules with epoxy groups. The 4D printing speed of
up to 180 mm/h is mainly attributed to the exothermic reaction initiated by free radicals, which accelerates the polymerization of
EPAc and PEGDMA. Most importantly, by increasing the exposure time of each layer from 1 s to 3 s during the printing process, the
epoxy composite-infilled carbon nanotubes and carbon fibers are printed to ensure the integrity of the microlayer structure.
Furthermore, we design a claw-like catcher device based on the above printable composite inks to demonstrate its potential
applications in aerospace, such as grasping end-of-service spacecraft or explosive debris. Undoubtedly, 4D printing technology opens
up a new portal for the manufacturing of thermoset epoxy composites and complex structures, which make the shape memory
thermosetting epoxy resins and their composites possess excellent properties and good engineering application prospects.
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1. INTRODUCTION

In the past few decades, the molding of materials has relied on
traditional manufacturing processes, such as injection molding,
casting, and extrusion.1−3 There is no doubt that it is difficult
to produce and incorporate highly complex parts or structures
using these traditional manufacturing techniques. Therefore, it
is of great necessity to develop new materials and new
manufacturing technologies. Shape-memory polymer (SMP) is
a kind of representative smart material and it can recover from
a special temporary shape to its original shape under external
stimuli.4−9 Compared to shape-memory alloys, SMPs show
low density, low activation temperature, low cost, high elastic
deformation, and promising biocompatibility as well as
biodegradability.10 Besides, SMPs have great application
potential in aerospace, biomedical field, bionics, tissue
engineering, and robotics.11−17

Shape-memory epoxy is a typical thermosetting polymer,
which is commonly used in resin matrix composites.18−21 With
the emergence of three-dimensional (3D) printing technology,
printable epoxy resins (EPs) have attracted widespread
attention. There are two main ways to print EPs. One is to
add fillers into the resin, which plays a supporting role in the
printing process to ensure that the printed structure will not

collapse. Rodriguez et al.22 added carbon nanofibers as fillers to
the hybrid of epoxidized soybean oil and bisphenol F diglycidyl
ether to prepare printable inks. The printed origami structures
were heat-cured. Similarly, Fang et al.23 used EPs and
continuous carbon fibers (CFs) to print heat-cured grid
structures. The structures printed in this way have low
precision and poor stability. The other method is to mix the
epoxy with the photosensitive resin, which is light-cured during
the printing process and then heat-cured after printing. Some
researchers used this two-stage curing method to improve the
properties of 3D printable materials.24−29 There are two kinds
of network structures in photothermal curing resins, called
interpenetrating networks. One is the photocuring network
structure and the other is the thermocuring network structure.
The disadvantage of this method is that the internal stress of
the printed structure is released during the thermal curing
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process, which leads to structural deformation. Another
disadvantage is that the heat resistance of the photocuring
network structure is low, which might be more easily destroyed
compared with the thermo-curing network structure. To make
the epoxy-forming process faster and easier, one-step molding
of printable epoxy was developed.
The strength of pure EPs is not sufficient enough to meet

the requirements of space applications, so it is necessary to
investigate epoxy composites. Fillers are often used to improve
the thermodynamic properties of resins, such as graphene, CFs,
glass fibers, SiO2 particles, steel fibers, and magnetic particles.
Graphene as a filler improves not only the mechanical property
of 3D printed resin but also thermal conductivity and electrical
conductivity.27,28,30,31 In addition, it has been reported that
SiO2 particles can promote the photocuring of resins. Choong
et al.32 found that the curing time of photosensitive resins
infilled with 20 nm SiO2 nanoparticles was significantly
shortened. Kuang et al.33 incorporated SiO2 particles in the
resin to enhance the shear-thinning effect and maintain the
printed structure. The filler is randomly distributed in the ink,
and the isotropic material is prepared. Fillers in the ink can also
have an oriented arrangement, so that the material is
anisotropic. Ren et al.34,35 selected short steel fibers as
reinforcing materials to enhance the photosensitive resins.
The oriented arrangement of the steel fibers in the magnetic
field can not only enhance the matrix material but also control
the deformation of the material. Carbonyl iron powders were
dispersed in the matrix, generating chain clusters of magnetic
particles to drive artificial cilia in the magnetic field.36 Kim et
al.37 studied the effect of two different nozzle shapes on the
aligned/random distribution of silver nanowires, resulting in
the change of dielectric constant of 3D printed samples. 4D
printing has attracted extensive attention in various fields since
the concept of 4D printing was put forward. Efficient 4D
printing of high-performance epoxy composites has been put
on the agenda.
In this work, we synthesized photosensitive epoxy acrylate

(EPAc) via addition esterification reaction between bisphenol
A EP and acrylic acid (AA). Network structures were formed
by polymerization of EPAc and polyethylene glycol dimetha-
crylate (PEGDMA) when the inks were exposed to UV light.
We investigated how the reactive diluent affects the cross-
linking degree of the network and thermodynamic properties
of the resin. Furthermore, the addition of carbon nanotubes
(CNTs) or CFs made a difference to the cross-linking degree,
microlayer structure, and heat conduction of the resin. The
printed parts exhibited excellent shape memory effect, whose
shape recovery rate (Rr) and shape fixity rate (Rf) were also
revealed. This work was beneficial to broaden the variety of
thermosets for 4D printing and it also provided a significant
guidance for the performance optimization of other SMPs.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. 2.1.1. Materials. Bisphenol A EP

(E51) was produced by Nantong Xingchen Synthetic Materials Co.
Ltd., China. AA, Toluhydroguinone (THQ), Triethylamine (TEA),
PEGDMA (Mn = 550 g/mol), and 2,4,6-Trimethylbenzoyldiphenyl
Phosphine Oxide (TPO) were purchased from Aladdin.
2.1.2. Synthesis of EPAc Ink. 0.4 mol (28.8 g) AA was poured into

0.2 mol (78.4 g) EP to obtain a mixed solution in a round-bottom
flask with three necks, followed by the incorporation of 2.0 mmol
(0.248 g) THQ and 4.0 mmol (0.56 ml) TEA. The mixture was
heated to 75 °C and stirred at a constant speed for 6 h. 2.0 wt % TPO
was added in the solution with unceasing stirring for 1 h to obtain the

EPAc ink. In the reaction, THQ acted as the polymerization inhibitor
and TEA acted as the catalyst. TPO was used as a photoinitiator.

2.1.3. Synthesis of Black EPAc + PEGDMA + CNT Inks. 0.07 mol
(38.5 g) PEGDMA was poured into the above EPAc ink and stirred
for 1 h to prepare the EPAc + PEGDMA ink. The role of PEGDMA
was both as a soft segment and diluent. By adding different masses of
multiwalled CNTs into the EPAc + PEGDMA ink, the inks with 0.5,
1.0, and 2.0 wt % CNTs were labeled EPAc + PEGDMA + 0.5CNT,
EPAc + PEGDMA + 1.0CNT, and EPAc + PEGDMA + 2.0CNT,
respectively.

2.1.4. Synthesis of the Black EPAc + PEGDMA + CF Ink. 0.07 mol
(38.5 g) PEGDMA was poured into the above EPAc ink and stirred
for 1 h to prepare EPAc + PEGDMA ink. The role of PEGDMA was
both as a soft segment and diluent. By adding CFs into EPAc +
PEGDMA ink, the ink with 0.5 wt % CFs was labeled EPAc +
PEGDMA + 0.5CF.

2.2. DLP Printing. The printer is Phoenix Touch Pro (Full
Spectrum Laser, USA) with a UV LED. For the EPAc + PEGDMA
ink, the adherence exposure time is 2 s, the slice exposure time is 1 s,
and the top pause time is 2 s. For the EPAc + PEGDMA + 0.5CNT
ink and EPAc + PEGDMA + 0.5CF ink, the adherence exposure time
is 6 s, the slice exposure time is 3 s, and the top pause time is 6 s. The
light intensity was 59.4 mW/cm2, measured using a THORLABS
PM100D irradiance meter.

2.3. Characterization and Measurements. The ink viscosity
was measured using a Discovery Hybrid rheometer (TA Instruments,
USA) at 25 °C with a gap of 1000 μm. EP and EPAc were dissolved in
deuterated chloroform (CDCl3) for nuclear magnetic resonance
(NMR, Bruker AVANCE III 400M, Switzerland). The addition
esterification reaction was monitored using a ReactIR 702L detector
(Mettler-Toledo, Switzerland) with a range of 3000−800 cm−1 and 4
cm−1 resolution. The EP was characterized by attenuated total
reflection Fourier transform infrared (ATRFTIR, Perkin Elmer
Corporation, USA) with a range of 4000−400 and 4 cm−1 resolution.
The viscoelasticity and glass transition temperatures (Tg) of UV
curable samples were studied by dynamic mechanical analysis (DMA,
TA Instruments DMA Q800, USA). Samples were printed as
rectangular bars with a size of 30 × 5.0 × 1.0 mm. The test was
carried out on DMA tensile clamping fixture with a dynamic
frequency of 1 Hz, an amplitude of 20 μm, and a heating rate of 3 °C/
min. The mechanical properties of tensile standard samples (ASTM
D638, Type IV) were measured using an Instron 5500R universal
testing machine (Instron Corp., USA) with an elongation of 1.0 mm/
min. Thermogravimetric analysis (TGA) was performed using a
thermogravimetric analyzer (Mettler-Toledo, Switzerland). The
particulate samples were tested at a rate of 10 °C/min in nitrogen
at a temperature between 25 and 800 °C. Structures of the printed
layers and the dispersion of CNTs and CFs in the inks were observed
using an optical microscope (Keyence VHX-900, Japan). The
morphology of CNTs and CFs was exposed using a scanning electron
microscope (SEM) (JSM-7600F, JEOL Ltd.). The samples were
sputtered with gold for 30 s before observation.

2.4. Shape-Memory Behaviors. The shape-memory behaviors
were examined by a bending test using rectangular strip specimens as
the permanent shape and “U” as the temporary shape. Rf and Rr were
calculated based on the following formulas

R
180
180f

sθ=
° −

°

R
180r

r

s

θ
θ

=
° −

In the formulas, θs is the sagging angle when the external force is
removed and θr is the shape recovery angle during the shape recovery.

3. RESULTS AND DISCUSSION
The reaction for synthesizing the photosensitive epoxy ink
takes place in the resin synthesizer at a constant temperature as
shown in Figure 1a. Figure S1 exhibits the reaction equation
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between EP and AA in the presence of a catalyst, which is
essentially an addition esterification reaction between the
epoxy and carboxyl groups.38−40 Compared with the conven-
tional esterification, no water is produced.41 The ingredient EP
is a colorless and transparent liquid and the reaction product
EPAc is a yellow transparent liquid. The viscosity versus shear
rate curves in Figure 1b show that the initial viscosity of EP
and EPAc is 10.8 and 12.0 Pa·s, respectively. With the increase
in shear rate, the viscosity decreases due to the molecular
orientation. When the shear rate exceeds 20 1/s, the change is
not obvious.
NMR is performed on the raw material EP and the reaction

product EPAc to determine the reaction product and yield, and
the results are shown in Figure S2. Hydrogen atoms in EP and
EPAc are labeled from Ha to Hf. The peaks in 1H NMR of EP
and EPAc were normalized. From the result, the integral height
ratio of the peaks reveals the number ratio of protons, He or
Hd:Ha or Hc:Hf = 4:2:6, which is corresponding to H atoms on
benzene rings, −CH2− and −CH3, respectively. After the
reaction, the ambience of Ha atom changed, resulting in the
decrease of peak (Ha) intensity and the formation of a new
peak (Ha′) at the same time. The yield of the addition
esterification reaction is calculated by the ratio of Ha′ to Ha′ +
Ha, which is 68.2%.
The reactants and products in the reaction process can also

be monitored in real-time using an infrared probe in the range
of 3000 to 800 cm−1. Figure 2a shows the 3D surface IR
spectrum during the reaction. As the reaction proceeds, some
peaks become higher and some become lower. Figure 2b
shows the height variation of four characteristic peaks. The
peak at 912 cm−1 (Figure 2c) is attributed to the epoxy group,
whose height gradually declines, indicating the consumption of
epoxy groups. The peaks at 1184 and 1728 cm−1 (Figure 2d,f)

are attributed to the C−O bond and CO bond in the ester
group, respectively. The peak at 1412 cm−1 (Figure 2e) is
assigned to −OH. The height of the three peaks increases
slowly, which shows the formation of ester and hydroxy
groups.
As the high viscosity of EPAc is not conducive to printing,

PEGDMA is used as a diluent to reduce the resin viscosity
which decreases from 12.0 to 6.6 Pa·s as shown in Figure 3a.
Therefore, EPAc + PEGDMA resin is used as the ink of DLP
printer, which is cured layer by layer under UV light. The TPO
molecule absorbs UV radiation energy to produce free radicals,
a trimethyl benzoyl radical and a diphenyl phosphoryl radical
(Figure 3b), which initiate polymerization. A large amount of
heat is released from the polymerization reaction, which
facilitates the reaction to form chain polymerization. It is very
difficult for the EPAc + PEGDMA ink to be completely
polymerized in a short time only by the DLP printer, so it is
necessary to post-cure the printed objects. The printed part is
exposed to 365 nm UV light for 30 s. There are two reasons for
the post-curing, one is to eliminate the influence of the photo-
cross-linking gradient in the printing process and the other is
to make the resin fully cross-linked. The illustrations in Figure
3d depict that EPAc and PEGDMA form a network structure
through the polymerization. The blue wave line represents
EPAc and the orange line represents PEGDMA. PEGDMA
acts as not only a diluent but also as a modifier in the resin.
We printed some film samples to understand the curing of

the resin during the printing process. The films with a
thickness of 500 μm and different exposure times (1, 3, 5,
and10 s) are printed and weighed. The cross-linking degree is
tested by the equilibrium swelling method.27,42,43 The printed
films are soaked in acetone for 72 h to swell, dried at 80 °C for
2 h, and weighed again. The cross-linking degree values of the
films are calculated and recorded, as shown in Figure 3e. For
EPAc, the cross-linking degree increases with the increase in
exposure time. When the exposure time is 1 s, the cross-linking
degree is the minimum, which is 70.9%, whereas when the
exposure time increases to 10 s, the cross-linking degree
increases to 74.5%. For EPAc + PEGDMA, the cross-linking
degree decreases slightly with the increase in exposure time
from 86.4 to 85.9%. The results demonstrate that EPAc +
PEGDMA is easier to polymerize than EPAc. The high
viscosity of EPAc has a negative effect on the reaction rate due
to poor molecular mobility. Therefore, the cross-linking degree
of EPAc is lower than that of EPAc + PEGDMA. The uncross-
linked vinyls in EPAc are more, which are marked with green
circles in the network structure diagram.
Some information of the cross-linking degree can also be

obtained from the infrared spectrum. Figure S3a shows the
infrared spectrum of the printed film with an exposure time of
10 s. The broad peak at around 3446 cm−1 and the weak peak
at 1407 cm−1 are attributed to the stretching vibration and
bending vibration of −OH in EPAc, respectively. The
absorption peaks at 2973, 2929, and 2863 cm−1 can be
assigned to the symmetric stretching vibration of C−H in
−CH3 and −CH2−.44 The peak of the carbonyl group in the
ester group shifts from 1720 to 1724 cm−1.45,46 It should be
noted that the peaks at 1607, 1508, and 809 cm−1are C−C
bending vibration and C−H bending vibration in phenyl. Large
quantities of vinyls are consumed during the curing process,
and as a result, the CC absorption peaks at 1635 cm−1 in
EPAc and EPAc + PEGDMA are not obvious in the
spectrum.47 In addition, unreacted epoxy groups are detected

Figure 1. (a) Synthetic device of EPAc; (b) addition esterification;
(c) viscosity versus shear rate curves of EP and EPAc; and (d)
molecular weight distribution plot of EP and EPAc.
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at 912 cm−1. Figure S3b,c shows the FTIR spectra of EPAc and
EPAc + PEGDMA films with different exposure times (1, 3, 5,
and 10 s). For EPAc, the peak intensity of 1 s exposure time is
weaker than that of the other three peaks. The result shows
that the cross-linking degree of EPAc is lower when the
exposure time is 1 s, which is consistent with the result of the
cross-linking degree. For EPAc + PEGDMA, the peak intensity
does not change with different exposure times, indicating that
there is no change in the degree of cross-linking, and the result
is also consistent with the result of the cross-linking degree.
The higher the cross-linking degree is, the greater the

storage modulus is. According to the results of the cross-
linking degree, the storage modulus of EPAc + PEGDMA is
higher than that of EPAc at room temperature. The DMA
results of the two resins are shown in Figure S4a,b. The storage
modulus (1.34 GPa) of EPAc + PEGDMA at 30 °C is indeed
higher than that of EPAc (1.71 GPa), which is consistent with
the results of the cross-linking degree. The temperature
corresponding to the peak of the tan delta curve is defined
as Tg. Tg of EPAc is 86.2 °C and Tg of EPAc + PEGDMA is
81.3 °C. The stress−strain curves of EPAc and EPAc +
PEGDMA at room temperature are presented in Figure S4c.
For EPAc, the stress−strain curve is approximately linear,
indicating that brittle fracture occurs. There is no obvious yield

phenomenon in the stress−strain curve of EPAc + PEGDMA.
After that, the stress remains basically unchanged and the
strain increases, indicating that EPAc + PEGDMA undergoes
plastic deformation. The maximum strain of EPAc is 6.1% and
that of EPAc + PEGDMA is 16.3%. The cross-linking degree
not only affects the mechanical properties but also affects the
heat resistance of the resin. The heat resistance of the resin is
tested by TGA and the results are shown in Figure S4d. The
initial thermal decomposition temperature of the two resins is
350.1 °C. There is no significant difference before 400 °C.
After that, the weight of EPAc + PEGDMA decreases faster
than that of EPAc due to the fracture of C−O bonds. The C−
O bonds in −C6H4−O−C6H4− are more stable than those in
−CH2−O−CH2−. Therefore, more energy is needed to break
the C−O bonds in EPAc. At 800 °C, the mass fraction of EPAc
is 12.2% and that of EPAc + PEGDMA is 6.5%. The derivative
thermogravimetry curve reflects the weight loss rate in the
range of 290 to 550 °C, and the weight loss rate is the greatest
at 419 °C.
To improve the strength, heat resistance, and thermal

conductivity of the resin, adding some fillers, such as particles
and fibers, can affect the curing process of the photosensitive
resin. Figure 4a shows the SEM image of additive CNTs with
an outer diameter of ∼15 nm and a length of ∼20 μm. The

Figure 2. (a) 3D surface infrared spectrum during the reaction; (b) peak-height trend chart of four peaks; and (c−f) four peaks with a marked
change in peak height.
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addition of CNTs results in an increase in ink viscosity. The
curves in Figure 4b show the viscosity change of the composite
inks with the shear rate. The more the CNTs added, the
greater the viscosity of the composite ink. The initial viscosity
of the EPAc + PEGDMA + 0.5CNT ink is 19.3 Pa·s, which is
about three times that of the EPAc + PEGDMA ink. In

addition, the EPAc + PEGDMA + 1.0CNT ink is 7 times and
the EPAc + PEGDMA + 2.0CNT ink is more than 21 times as
viscous as the EPAc + PEGDMA ink.
The illustration in Figure 4c depicts that CNTs can change

the transmission path of UV lights in the resin, which affects
the curing of inks. In the curing process, UV light could reflect,

Figure 3. (a) Viscosity curve versus shear rate of EPAc + PEGDMA; (b) schematic diagram of the DLP printer and free radicals produced by the
photolysis of TPO; (c) post-curing of the printed parts; (d) network structure formed by cross-linking and molecular structure of the network; and
(e) cross-linking degree of EPAc and EPAc + PEGDMA resin.

Figure 4. (a) SEM image of the additive CNTs; (b) effect of CNT concentration on the ink viscosity; (c) schematic diagram of the UV light path;
(d) cross-linking degree of the cured resin; (e) side view of the pawl parts with different CNT concentrations; and (f) stress−strain behavior of
EPAc + PEGDMA + 0.5CNT resin and the inset: a fracture surface optical micrograph.
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interfere, diffract, and transmit, resulting in the loss of light
energy. The inks containing CNTs are cured at different
exposure times of 1, 3, 5, 10, and 20 s. The corresponding
cross-linking degree is plotted as shown in Figure 4d. When
the exposure time is less than 5 s, the cross-linking degree
increases rapidly. When the exposure time is more than 5 s, its
increase slumps. In addition, the absorption of CNT to UV
light leads to a longer curing time of the composite ink. The
optical micrographs of CNTs dispersed in the resin matrix and
the printed pawl parts with different CNT contents are shown
in Figure S5. The post-curing time of the three parts is 300 s.
Two differences can be clearly seen in the side view of the
three printed parts (see Figure 4e). One difference is that the
surface roughness increases with the increase in CNT content.
Another difference is that the thickness of the part printed with
the EPAc + PEGDMA + 2.0CNT ink is significantly thinner
than that printed with EPAc + PEGDMA + 0.5CNT and EPAc
+ PEGDMA + 1.0CNT inks at the same pre-job setting. The
designed thickness of the three printed parts is 6.0 mm in the
model. The actual thickness of the part printed with EPAc +
PEGDMA + 2.0CNT is about 3.7 mm. For composite inks, the
slice expose time is 3 s which is not enough to make a layer
cured as design due to the high content (1.0 and 2.0 wt %) of
CNTs, resulting in decreased thickness. The mechanical tensile
test of the printed tensile specimen (see Figure 4f) shows that
the addition of CNTs can enhance the tensile stress but
significantly reduce the tensile strain compared with the result
of EPAc + PEGDMA. The illustration shows the uneven
fracture surface of the specimen, which is caused by the
addition of CNTs.
In addition to CNTs, we also studied the effect of short CFs

on the resin. The fibers were dipped in acetone for 24 h to
remove surface coating and then rinsed with water three times
before being put in the drying oven at 80 °C. The treated fibers
were added into the EPAc + PEGDMA ink, stirred, and
ultrasonically treated for 2 h. Figure 5a shows the SEM image
of short CFs with a length of about 0.1−0.3 mm which is

greater than the thickness of the printing layer (50 μm).
Compared with the EPAc + PEGDMA + 0.5CNT ink, the
initial viscosity of the EPAc + PEGDMA + 0.5CF ink is lower,
which may be attributed to the nano-size effect of CNTs. The
inset in Figure 5b is an optical micrograph of CFs dispersed in
the EPAc + PEGDMA resin matrix. As demonstrated in Figure
5c, UV light penetrates more easily through the EPAc +
PEGDMA + 0.5CF ink layer than the EPAc + PEGDMA +
0.5CNT ink layer. Therefore, when they are exposed to UV
light for the same time, the cross-linking degree of EPAc +
PEGDMA + 0.5CF is apparently higher than that of EPAc +
PEGDMA + 0.5CNT, and the data are listed in Table S1. The
EPAc + PEGDMA + 0.5CF specimen is post-cured for 180 s
before a tensile test. In Figure 5d, the stress−strain curve of the
printed specimen shows 10.6 MPa stress increase and 5.0%
strain decrease compared to the result of EPAc + PEGDMA.
The increase in stress is attributed to the CFs in the resin
matrix. One end of the fibers and some holes can be clearly
seen from the cross-section diagram in the illustration. The
fibers are arranged in a two-dimensional orientation in a layer
due to the extrusion of the printing platform during the
printing process, which makes the composite anisotropic in
mechanical properties.
The DMA results of EPAc + PEGDMA + 0.5CNT resin and

EPAc + PEGDMA + 0.5CF resin are shown in Figure S6 and
Table S2. Tg of EPAc + PEGDMA + 0.5CNT and EPAc +
PEGDMA + 0.5CF is about 14.0 °C lower than that of EPAc +
PEGDMA. The rubber elastic modulus of EPAc + PEGDMA +
0.5CF is 3.6 times that of EPAc + PEGDMA + 0.5CNT
showing that the cross-linking density of EPAc + PEGDMA +
0.5CF is higher than that of EPAc + PEGDMA + 0.5CNT. As
shown in Figure S7, the tensile specimens are printed and
tested in the following two ways, named Mode A and Mode B.
The printed samples based on EPAc + PEGDMA + 0.5CNT
and EPAc + PEGDMA + 0.5CF in Mode B are tested and the
results are exhibited in Table S3. The tensile force F applied to
the tensile specimen printed in Mode A is parallel to the

Figure 5. (a) SEM image of the additive 0.1−0.3 mm CFs; (b) viscosity curve of the EPAc + PEGDMA + 0.5CF ink and the inset: an optical
microscope picture of CFs in the EPAc + PEGDMA resin; (c) cross-linking degree of the resin and the inset: schematic diagram of UV light path;
and (d) stress−strain curve of the resin and the inset: a fracture surface SEM image of a tensile specimen.
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printing layers, and the tensile force applied to the tensile
specimen printed in Mode B is perpendicular to the printing
layers during the tensile process. For EPAc + PEGDMA +
0.5CNT, CNTs are randomly distributed in the resin, whose

effect is the same in both modes. The tensile strength in Mode
B is 11.7 MPa lower than that in Mode A. The decrease in
tensile strength is mainly caused by interlaminar adhesion. For
EPAc + PEGDMA + 0.5CF, the tensile strength in Mode B is

Figure 6. Printed parts [spiral spring (i), pawl (ii), and gear (iii)] and surface images of printed parts based on EPAc + PEGDMA resin (a), EPAc +
PEGDMA + 0.5CNT resin (b), and EPAc + PEGDMA + 0.5CF resin (c).

Figure 7. Shape recovery process of printed capture devices based on EPAc + PEGDMA resin (a), EPAc + PEGDMA + 0.5CNT resin (b), and
EPAc + PEGDMA + 0.5CF resin (c); fixity rate (d); and recovery rate (e) of the three resins at different temperatures.
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3.9 MPa lower than that in Mode A. The decrease is mainly
caused by the weak reinforcing effect of CFs between the layers
and interlayer adhesion.
The addition of CNTs or CFs not only affects the tensile

strength of composites, but also affects the printing process.
The surface images of the parts printed with the EPAc +
PEGDMA ink, EPAc + PEGDMA + 0.5CNT ink, and EPAc +
PEGDMA + 0.5CF ink are exhibited in Figure 6 and their
dimensions are shown in Figure S8. Optical microscopy of
parts is performed using an optical microscope and the
thickness of each slice is 50 μm. For EPAc + PEGDMA, the
stripes as printing layers can be seen clearly. For EPAc +
PEGDMA + 0.5CNT and EPAc + PEGDMA + 0.5CF, stripes
are not as clear as EPAc + PEGDMA. Some humps as shown
in Figure 6b may be caused by CNTs. CFs on the micron scale
are easily observed in Figure 6c and are marked by white
arrows.
The incorporation of carbon material can improve the

thermal conductivity of the resin and accelerate the shape
recovery process. To prove the improvement, three kinds of
printed claw-like parts based on EPAc + PEGDMA, EPAc +
PEGDMA + 0.5CNT, and EPAc + PEGDMA + 0.5CF are
tested under the same conditions, whose permanent and
temporary shapes are shown in Figures S9 and 7. Then, their
grasping processes are studied and the whole process of the
EPAc + PEGDMA claw grasping a tinfoil ball is within 170 s
(Video 1), that of EPAc + PEGDMA + 0.5CNT claw is within
100 s (Video 2), and that of EPAc + PEGDMA + 0.5CF claw
is within 120 s (Video 3). The demonstration shows that the
thermal conductivity of the resin with CNTs is higher than that
of the resin with CFs. Some printed samples (80 × 5 × 1 mm)
are shaped into letter “U” to test Rf and Rr. The data of shape
fixity rate and shape recovery rate at different temperatures are
listed in Table S4. The results in Figure 7d show that Rf
decreases as the measurement temperature increases. Rf is
above 97.0% at 30 °C. Rf of EPAc + PEGDMA resin is the
highest and that of EPAc + PEGDMA + 0.5CNT is the lowest,
indicating that the addition of CNTs and CFs is not conducive
to Rf. Figure 7e shows that the resins have higher Rr when the
temperature is close to Tg. Rr is above 99.2% at 90 °C. In brief,
EPAc + PEGDMA + 0.5CNT presents a shorter shape
recovery time, higher Rr, and lower Rf under the same test
conditions compared to EPAc + PEGDMA + 0.5CF, which is
attributed to the excellent thermal conductivity of CNTs.

4. CONCLUSIONS

In summary, we develop a new type of black ink containing
photosensitive epoxy, PEGDMA, and carbon fillers, which can
be used for high-speed printing. Under UV irradiation, the ink
can be quickly cured into high-performance resin, showing
excellent thermodynamic properties and shape-memory effect.
In addition, the curing conditions of CNT- and CF-filled epoxy
composites are investigated preliminarily. Both CNTs and CFs
can affect the way of light transmission, leading to the decrease
in curing rate and cross-linking degree, which provides
guidance for the exposure time of each layer during the
printing process. CFs are superior to CNTs in improving the
tensile strength, but CNTs play a greater role in the shape
recovery process. It provides a new way for the efficient
printing of shape memory thermosets to meet the require-
ments of deformable grabbing structures in space.
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