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ARTICLE INFO ABSTRACT

Keywords: In recent years, the field of shape memory materials with active deformation capabilities has experienced rapid
Bismaleimide development. However, bismaleimide, as a widely used structural material in the aerospace industry, has been
4D print

neglected in the field of shape memory. This work designed a UV-crosslinked network with 1-vinyl-2-pyrrolidone
monomer, and prepared 4D printed smart structures based on shape memory bismaleimide resin through UV-
assisted DIW printing. 4D printed semi-interpenetrating network polymer materials were obtained through a
two-stage UV-thermal curing process, resulted in an increase in the material’s glass transition temperature to a
maximum of 187.4 °C. The storage modulus was improved to 5229 MPa. More important, we achieved a lowest
shrinkage rate (0.21 %) of 4D printed polymer. The composite sandwich structure with electrical-driven shape
memory performance was printed by double-sided printing of bismaleimide resin on conductive carbon fabric.
4D printed composite structure realizes in-situ self-blocking secondary curing, deformation process after curing.
This significant progress provides a promising prospect for remote controllable and precise driving in the

Shape memory polymers
Two-stage curing
Reconfigurable
Electrical-driven

aerospace field.

1. Introduction

Shape memory polymers (SMPs) belong to a distinct category of
responsive polymers that can be programmed to temporarily hold a
shape and then return to their original form when exposed to specific
external stimuli [1-6]. This unique ability makes SMPs noteworthy for
their autonomous deformation properties, along with their lightweight,
cost-effectiveness, ease of processing, controllable deformation charac-
teristics, and adjustable transition temperatures. Various SMPs have
been successfully developed in the past few decades, including poly-
urethane, polylactic acid, polycaprolactone, epoxy resin, etc [7-9].
However, the glass transition temperature of the above SMPs is around
100 °C, which is difficult to meet the environmental temperature and
structural strength requirements of high-orbit space stations. There is an
urgent need to carry out research on SMPs that adapt to space temper-
ature and structure. In the realm of engineering, bismaleimide (BMI)
stands out as a prevalent thermosetting material renowned for its su-
perior mechanical attributes, high transition temperatures, excellent
heat resistance, and thermal stability, surpassing the qualities of ther-
moplastic materials. As a result, BMI finds indispensable use in the
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aerospace sector, particularly in applications such as self-deploying
structures and morphing aircraft [10-14]. Due to the high crosslinking
degree of BMI resin, it generally does not exhibit shape memory per-
formance and is difficult to adapt to the deformation requirements of
material. Currently, there is relatively little research on shape memory
BMI resins. It is of great significance to develop the shape memory
performance of BMI resin to meet the temperature and environmental
requirements of aerospace, while also meeting the deformation, remote
driving, and precision manufacturing needs of space station structures.
The progress in crafting high-performance thermosetting BMI resins
embedded with shape memory capabilities holds substantial research
value, paving the way for enhanced SMP applications.

BMI is a high-performance thermosetting resin widely utilized in the
aerospace materials sector due to its various benefits. It exhibits similar
flowability and moldability to other thermosetting resins but stands out
for its self-polymerization at temperatures above 180 °C, creating a
robust three-dimensional network. This crosslinking enhances the ma-
terial’s high-temperature performance, though it can lead to brittleness
and low fracture toughness once cured. To address these issues, additive
blending with materials like cyanate esters [10,11,15], epoxy resins
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[16], or diamines [10,11,17] has been explored. Additionally, co-
monomers such as allyl compounds can be copolymerized with BMI to
enhance toughness. Diallyl bisphenol A, an early allyl compound used
for this purpose, offers cost-effectiveness, good flowability during
heating, and compatibility with BMI, improving overall material
toughness [18]. Li et al. proposed the synthesis of a diallyl molecule with
disulfide bonds, which, upon reaction with BMI and the addition of di-
amines, achieved a modulus change of 506 times and demonstrated self-
healing and shape memory capabilities of the material, laying the
foundation for shape memory BMI resin [19].

The concept of 4D printing was initially introduced in 2013, merging
SMPs with 3D printing technology to enable printing objects capable of
changing shape over time [20]. This advanced manufacturing method
can directly mold complex structure without the need for further
machining, and the complex structure can undergo active deformation
to meet the needs of the deformable structure. Following the successful
creation of 4D printed SMP structures, an increasing number of re-
searchers have delved into the exploration of 4D printing utilizing SMPs.
As 4D printing technology continues to progress and mature, the bene-
fits of 4D printed SMP structures have become increasingly evident
[21-27]. Research has shown that 4D printed SMPs can exhibit various
functionalities beyond simple shape memory processes, such as self-
folding, self-assembling, and reconfiguration through the use of pre-
programmed deformation schemes that define target shape, perfor-
mance, and function [28-33]. Common methods for 4D printing SMPs
include Fused Deposition Modeling (FDM), Stereolithography Appa-
ratus (SLA), Polyjet technology, and Direct Ink Writing (DIW). These 4D
printed SMPs have found applications in industries such as aerospace,
electronics, robotics, health care, medical devices [34-38]. The evolu-
tion of nozzle diameter in DIW printing has facilitated the achievement
of 4D printing for nano-scale, as well as micro-scale and macro-scale
structures [39]. Factors like printing speed and resolution are crucial
in determining the chemical, physical properties, and complexity of
materials. Researchers have made significant advancements in this field,
such as the nano-scale 3D printing of smart nanocomposites by Kim et al.
in 2014 [40], and the micron-scale resolution 4D printing of deformable
structures using high-resolution Projection micro-Stereolithography
(PpSL) technology by Ge et al. in 2016 [24]. In 2017, Mu et al. ach-
ieved nanoscale 4D printing using the DIW method [41]. The develop-
ment of 4D printers capable of operating at multiple scales — nano,
micro, and macro — holds promise for practical applications in
biomedical device production [42,43], deployable aerospace structures
[44], and shape-shifting photovoltaic solar cells [45,46], driving further
progress in the field of SMP 4D printed structures. The 4D printed SMPs
commonly do not exhibit conductivity. By mixing conductive particles
in printing ink or printing the structure onto conductive materials, a
continuous internal conductive network can be formed, resulting in a 4D
printed structure with conductive properties. Under electrification
conditions, the Joule heating effect is utilized to achieve electrical-
driven deformation of SMP composites. 4D printed electrical-driven
SMP capable of remote driving, integral taking shape of complex
structures, and designable structures.

In this study, we synthesized a printable BMI-based ink, which is
fabricated through UV-assisted DIW 4D printing. The material exhibits
high modulus and low shrinkage, as well as outstanding shape memory
and reconfigurability capabilities. Specifically, the printing process of
the BMI resin is achieved by introducing photosensitive molecules and
applying UV light. The material is further thermally cured, leading to a
two-step curing process that results in a semi-interpenetrating network
(semi-IPN). The interweaving of linear and cross-linked molecular
chains allows the material to demonstrate superior shape memory ef-
fects. The two-step curing process and molecular structure design
contribute to the high storage modulus and low shrinkage of the mate-
rial. By printing a sandwich structure on a conductive substrate and
controlling the voltage, the reconfigurable behavior of the composite
material, which includes shape memory deformation, in-situ self-
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blocking electrical-heating secondary curing, and subsequent shape
memory deformation, is achieved. This breakthrough establishes a
robust foundation for in-orbit printing, and the process of electrical-
heating curing and secondary deformation opens up new possibilities
for the advancement of deformable structures in the aerospace field.

2. Material and methods
2.1. Materials

4,4-bismaleimideodiphenylmethane (BDM, 98 %) and 1-Vinyl-2-
pyrrolidone (NVP, 99 %) were commercially sourced from Shanghai
Macklin Biochemical Technology Co., Ltd, while Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. All chemicals used in the
experiments were of analytical grade and were used without any further
purification steps. Conductive carbon fabric HCP330N was bought from
Shanghai Jingchong Electronic Technology Development Co., Ltd.

2.2. Synthesis of BMI-based ink

The BDM and 4,4'-diallyloxydiphenyldisulfide (DPS, prepared ac-
cording to previous work [19]) were mixed in a 1:1 M ratio at 150 °C for
1 h. The resulting oligomer was used as the basic molecule of the ink.
The oligomer was cooled to below 70 °C, after which an appropriate
amount of NVP is added and stirred evenly. 5 wt% of TPO was then
added as a photoinitiator. The NVP molecule was introduced as a diluent
to enable the resin to be UV-cured for printing. The resulting resin
mixture was used as ink for printing and stored in the dark. The molar
ratios of NVP to BDM in the ink were 3:1, 3.5:1, and 4:1, resulting in inks
named BMIP-1-R, BMIP-2-R, and BMIP-3-R, respectively. The oligomer
and NVP components are miscible, wherein a ratio of 3-4:1 will be
suitable for the requirements of straight writing printing.

2.3. Fabrication of printing structures

The process of printing using a bioprinter (4th generation Envi-
siontec 3D-Bioplotter, Manufacturer Series, Envisiontec GmbH, Ger-
many.) began by filling the ink into the High-Temp Dispensing-Head
with a needle inner diameter of 0.4 mm, assembling the syringe onto the
printer, and using an extrusion pressure of 0.2-0.3 bar and a tempera-
ture of 75-80 °C to print the material onto a flat substrate (aluminum
foil or conductive carbon cloth). The printing speed is adjusted to 4-5
mm/s so that the extruded filaments are uniform and continuous, and
the printing spacing is adjusted to obtain the desired solid or hollow
structure. The layer thickness was set to 0.16 mm and 0.2 mm, and after
each layer was printed, a UV lamp (365 nm, 7 W) was used at a distance
of 2 mm vertically to cure the printed parts for 1 min. After printing was
completed, the aluminum foil and the printed structure were placed
together in an oven for curing, with the curing process at 120 °C / 2 h,
180 °C /2 h, and 200 °C / 1 h, followed by cooling to obtain the printed
3D structure and test samples. The samples in the shape of long strips
and dumbbells were printed with a thickness of 1 mm respectively, and
the conductive sandwich structure was printed with a thickness of 0.5
mm on both sides of the conductive carbon fabric. The conductive
sandwich structure printed on the conductive carbon fabric underwent
subsequent electrical-curing. The temperature and time of the electrical-
curing process were the same as those of the thermal curing process.
However, the electrical-curing process achieved temperature elevation
by increasing the voltage. The specific voltage used was dependent on
the resistance of the electrically conductive medium.

2.4. Chemical and thermodynamic characterization

Fourier Transform Infrared (FTIR) Spectrometer: FTIR spectra were
obtained with a Spectrum Two DGTS instrument from Perkin-Elmer in
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MA, USA, fitted with a universal attenuated total reflection (ATR)
accessory. This configuration facilitated the examination of molecular
vibrations and functional group interactions across a wavelength range
of 2000-650 cm ™! at a spectral resolution of 4 cm™?.

Rheology Analysis: The rheological properties of the materials were
assessed utilizing a TA Instruments Waters LLC Rheometer with a 25 mm
diameter parallel plate aluminum setup, where the plate-to-plate dis-
tance was maintained at 500 pm. The shear-thinning performance of the
printing ink was characterized using the Flow Ramp mode. The test
temperature was maintained at 80 °C, and an exponential mode with
shear rates ranging from 0.1 1/s to 100 1/s was applied. Additionally,
the shear-thinning behavior of the printing ink was characterized using
the Flow Peak Hold mode. The test temperature was set at 80 °C,
employing a “low-high-low” three-step ramp rate of 0.1 1/s for 120 s,
500 1/s for 30 s, 0.1 1/s for 300 s.

Shrinkage measurement: Rectangular samples with a size of 10 x 10 x
1 mm® were used to measure the shrinkage rate of the resins. The ma-
terial shrinkage was characterized by measuring the dimensional
changes of test samples before and after thermal curing. The sample
dimensions were measured using a vernier caliper, with the initial
length before thermal curing denoted as L;, and the length after thermal
curing denoted as L,. Shrinkage rate was calculated by Eq. (1). The
average size change of the three side lengths were taken as the average
shrinkage rate of the resins.

Shrinkagerate = LIL;Lz x 100% (€D)
1

Thermal Analysis: Thermogravimetric analysis (TGA) was carried out
on a Mettler-Toledo TGA/DSC STARe System in a nitrogen (N2) and air
atmosphere. The samples underwent heating from 30 to 800 °C at a
speed of 10 °C minute™!. This analytical technique yielded valuable in-
formation about the thermal properties and stability of the SMPs.
Analysis of weight loss as a function of temperature enabled the char-
acterization of material decomposition and degradation behaviors.

Mechanical Testing: Uniaxial tensile tests were carried out using a
Zwick electronic universal material testing machine to evaluate the
static mechanical properties. The tests were performed at room tem-
perature (R.T.) with a cross-head speed of 1 mm min~?, following ASTM-
D638 Type-V standards for the pristine BMIP-1 to BMIP-3 and BMIP-1-
UV to BMIP-3-UV samples.

Swelling Test: The crosslinking density was determined through a
swelling test. Initially, approximately 0.2 g of the sample was weighed
and denoted as m; . It was subsequently placed in a suitable amount of
either deionized water or toluene. Every once in a while, the sample was
gently dried to remove any solvent from the surface, record the quality
of the dried sample until there is little change in quality. The final
recorded sample mass is the final mass, designated as my. The swelling
degree was determined using Eq. (2):

Swellingdegree = % x 100% 2)
1

Dynamic Mechanical Properties: Rectangular samples measuring 30 x
4 x 1 mm® were assessed for dynamic mechanical properties in tensile
mode through Dynamic Thermomechanical Analysis (DMA). The sam-
ples were clamped using a tensile mode clamp and subjected to a 3 °C/
min heating rate within a temperature range of 30 °C to 250 °C. A pre-
strain of 0.05 % and a frequency of 1 Hz were utilized. According to the
theoretical evolution equation of rubber elasticity [47,48], the cross-
linking density v, of the thermosetting resin was calculated by Eq. (3):

ve = E/(6RT) 3
where v, is the cross-linking density; E is the rubber platform storage

modulus of the resin at Ty + 40 °C, in units of 0.1 Pa; R is the gas con-
stant, 8.314 J mol~! K~1; and T is the absolute temperature.
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2.5. Functional verification

Shape Memory Performance: The SME tests involved visual bending
tests, where samples measuring 72 x 10 x 1 mm? were folded into a U-
shape at a temperature of 240 °C (or 130 °C for BMIP-2-UV samples) and
then fixed at room temperature. The fixed angle was recorded as 6.
After heating to 240 °C (for BMIP-2-UV samples, the temperature was
130 °C), the recovered shape was obtained, and the angle was recorded
as Orecover- The time taken for the recovery process was recorded as t.

Ry(%) = % x 100% @

1 —
Rr((%) _ 80 18i))recover

Healing Process and Optical Microscopy Imaging: The sample was
placed on a heating stage set at 240 °C, and its surface was scratched to a
depth of about 0.5 mm using a blade. After the scratch, the sample was
quickly cooled, and microscopic photos were taken for analysis. Optical
microscope images were taken before and after the healing process. The
samples post-healing was designated as BMIP-1-H to BMIP-3-H,
respectively. Testing of the healing BMIP-1-H to BMIP-3-H samples
was conducted in accordance with ASTM-D638 Type-V standards. The
healing rate for each sample was determined by comparing the modulus
and elongation at break of BMIP-1-H to BMIP-3-H with the original
BMIP-1 to BMIP-3 samples, respectively.

x 100% (5)

3. Results and discussion
3.1. Ink synthesis and compound structure

Fig. 1(a) illustrates the synthesis process of the ink, where BDM and
DPS molecules undergo pre-polymerization followed by an ene reaction.
to produce the copolymer as the base molecule of the ink. At this point, a
preliminary condensation reaction occured between the double bond on
the maleimide ring and the double bond on DPS, forming an oligomer, as
shown in the third row of Fig. 1(a). This oligomer acted as the base
molecule of ink and served as the part with higher viscosity in the ink,
playing a preliminary role in maintaining the printing structure in
subsequent steps. NVP molecules are introduced as diluents to adjust the
viscosity of the resin to make it suitable for DIW printing. In Fig. 1(b),
the ink is printed into shape using DIW assisted by ultraviolet light. The
ink is extruded layer by layer onto the platform, accumulating to form a
three-dimensional structure. During extrusion, ultraviolet light is used
to irradiate the structure on the platform. At this point, the photosen-
sitive NVP molecules in the ink undergo photopolymerization under the
action of the photoinitiator TPO, opening double bonds to form linear
molecules, while the remainder does not react, placing the ink in a
partially cured state. The structure of the UV-cured resin has a certain
ability to maintain its shape, allowing the structure to remain un-
changed from the printed structure during the subsequent thermal
curing process. Subsequently, the partially cured material is heated,
causing the remaining BDM and DPS to react, with the bismaleimide
ring and double bonds undergoing ene reactions, along with a small
amount of bismaleimide ring undergoing radical polymerization,
completing the material’s reaction.

3.2. Ink performance and UV-Curing sample performance

DIW printing is a method of printing that directly extrudes materials
and stacks them into a three-dimensional structure, so the rheological
properties of the extruded materials need to be characterized. We
characterize the rheological behavior of materials with different for-
mulations through rheological tests, as shown in Fig. 2. We choose the
“Flow Ramp” mode to characterize the shear-thinning performance of
the materials, indicating the performance when the materials start to
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Fig. 1. (a) Molecular diagram illustrating the synthesis process of a semi-IPN, (b) Schematic diagram of the two-step curing process, including images depicting

direct writing, photocuring, and thermocuring.

flow, as shown in Fig. 2(a)-(c). Additionally, we choose the “Flow Peak
Hold” mode to characterize the thixotropic performance of the mate-
rials, as shown in Fig. 2(d)-(f). Fig. 2(a)-(c) show the relationship be-
tween the apparent viscosity and shear rate of three types of inks. The
specific values of apparent viscosity, shear rate and shear yield strain of
the inks were summarized in Table S1. It can be observed that as the
shear rate increases, the viscosity of these inks sharply decreases and
then gradually stabilizes. All inks exhibit shear-thinning characteristics,
making them flow smoothly in the printing nozzles to meet printing
requirements. As the content of NVP increases, the shear yield stress of
the inks gradually decreases, indicating that NVP can adjust the rheo-
logical properties of the BMI inks. The oligomer composed of BDM and
DPS has a higher viscosity than that of NVP. When the content of this
oligomer is high, the viscosity of the printing ink can be very high,
resulting in the printing ink not being able to be extruded from the print
needle. When the content of this oligomer is low, the viscosity of the
printing ink will be low, causing the printing ink to be unable to
maintain the printed structure after extrusion. Fig. 2(d)-(f) depict the
low viscosity observed at high shear rates and the high viscosity seen at
low shear rates for the three inks. The inks’ low viscosity at high shear
rates facilitates smooth extrusion from the printing nozzles, while their
high viscosity at low shear rates aids in maintaining their shape post-
extrusion. This thixotropic behavior enables these inks to maintain
their shape fidelity during the printing process, making them suitable for
DIW printing.

We characterized the functional groups of the material through FTIR
to elucidate the molecular structure and the occurrence of the afore-
mentioned reactions. As shown in Fig. 3(a), the out-of-plane bending
vibration peaks of the = C-H bond in the allyl group of DPS are observed

at 996 cm!and 912 cm ™}, present in the curve of the DPS molecule, as
well as in the UV-cured and thermally cured materials. The out-of-plane
bending vibration peak of the = C-H bond in the vinyl group in NVP is
observed at 983 cm™?, present in NVP but absent in photocured mate-
rials. This is because under conditions of UV exposure, the double bond
in NVP opens leading to photopolymerization, resulting in the absence
of the vinyl group in the fully photopolymerized material. In BDM, the
vibration peak of the maleimide ring in the maleimide ring is observed at
687 cm™!, present in BDM molecules. This vibration peak is also present
in photocurable materials, as only the photopolymerization reaction has
occurred, and the maleimide rings have not reacted. In thermal-cured
materials, the vibration peak of the maleimide ring is absent due to
the reaction of the maleimide ring under thermal conditions. The ma-
terials obtained at this point consist of a linear polymer (produced by
NVP photopolymerization) and a crosslinked polymer (formed by the
thermal polymerization of bismaleimide as the backbone). This type of
polymer is known as a Semi-Interpenetrating Polymer Network (Semi-
IPN). Semi-IPN offers the potential for high modulus, low shrinkage, and
shape memory properties in materials.

After photopolymerization of the ink, we discovered that the mate-
rial that underwent photopolymerization alone exhibited a certain
tensile strength. We conducted tensile tests on the photopolymerized
material, and the obtained stress-strain curve is shown in Fig. 3(b),
while the data for modulus, strength, and elongation are presented in
Table S2. It is essential that the photopolymerized material has a certain
strength and modulus. In this way, the photopolymerized portion of the
material provides support for maintaining the shape of the material
during subsequent thermal curing. Otherwise, the printed 3D structure
would soften during thermal curing and would not be able to retain its
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shape. Furthermore, materials with higher NVP content exhibited higher
modulus after photopolymerization. During photopolymerization, only
the NVP portion underwent reaction, thus materials with higher NVP
content had a higher proportion of reacted components, leading to a
higher modulus. Furthermore, we observed that the photopolymerized
material also demonstrated shape memory effect and characterized it.
The DMA curves for differently ratios of photopolymerized samples are
shown in Fig. 3(c). The DMA tests revealed significant changes in storage
modulus among samples of different compositions. At a low-
temperature plateau, the samples displayed a high modulus and a
glassy state, while at a high-temperature plateau, the samples showed a
low modulus and a rubbery state. The storage modulus of the material
sharply decreased between the two plateaus, indicating the presence of a
shape memory effect. The peak of the Tan & curve corresponds to the
glass transition temperature (Tg) of the material. Materials with higher
NVP content exhibited higher modulus and higher T, at the low-
temperature plateau, similar to the reason for higher tensile modulus
in the material. We selected BMIP-2-UV for demonstrating the shape
memory performance of photopolymerized materials, and we chose
130 °C as the temperature for inducing shape memory deformation to
verify the shape memory effect. Fig. 3(d) illustrates the shape memory
cycling process of claw-shaped photopolymerized samples of BMIP-2-
UV material. The claw shape was deformed under an applied force at
130 °C, set into a closed position, and retained this shape after cooling to
room temperature. Subsequently, when placed on a heating platform, it
autonomously unfolded as shown in the figure. Quantitative measure-
ments of the fixed angle and recovered angle of BMIP-2-UV were

conducted as shown in Fig. S1(a). Fig. S2(a) depicts the recovery process
and time of BMIP-2-UV on the 130 °C heating platform. By comparing
the fixed angle with the recovered angle, we calculated the fixation re-
covery ratio of BMIP-2-UV as presented in Table 1. At this stage,
although the material has not fully cured, the photopolymerized poly-
mers already enable the material to have a good shape fixation rate.
However, there are some uncured small molecules or oligomers inter-
spersed in the photopolymerized polymers, and due to their lack of “soft
segment” and “hard segment” structure, they deform into a temporary
shape when the material is fixed into a temporary shape during heating.
The presence of these small molecules or oligomers slightly impairs the
recovery of the material during the shape recovery process, thereby
slightly reducing the recovery rate and decreasing the recovery speed of
the material.

3.3. Printing and structure

Different printing parameters will have an impact on the printing
results, as shown in Fig. 4. Firstly, by controlling the printing temper-
ature, the forming effect of the ink extrusion can be adjusted, as shown
in Fig. 4(a). When the ink temperature is low, the flowability is poor,
resulting in single-thread extrusion. As shown in Fig. 4(a)i), the extruded
threads appear as clear stripes at a macroscopic level, exhibiting poor
adhesion to each other. In contrast, when the ink temperature is high,
the flowability is better, and the extruded threads will overlap to some
extent, showing better continuity in Fig. 4(a)ii). Therefore, 80 °C was
chosen as the printing temperature for the test samples to demonstrate
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Fig. 3. (a) FTIR spectroscopy of molecules before reaction, materials after photocuring with resin at different ratios, and materials after thermal curing, (b) Tensile
curves of photocured samples at different ratios, (c¢) DMA curves of photocured samples at different ratios, (d) Shape memory cycle of four-claw shape cut from

photocured sample BMIP-2-UV.

Table 1
Fixed rate, recovery rate and recovery time of BMIP-2-UV, and BMIP-1 to BMIP-
3.

Sample BMIP-2-UV BMIP-1 BMIP-2 BMIP-3
Rf [%] 100.0 100.0 100.0 100.0
Rr [%] 97.2 98.8 100.0 100.0.
t [s] 210 180 120 80

satisfactory mechanical properties. The effects of different thread
structures printed with BMIP-2 resin by adjusting the printing pattern
spacing are shown in Fig. 4(b), which include wide-cross-wave, wave,
honeycomb, and line patterns. Secondly, adjusting the printing layer
thickness can control the curing effect and printing efficiency, as illus-
trated in Fig. 4(c). Due to the limited penetration of ultraviolet light,
incomplete curing of the ink may occur when the layer thickness is large.
As shown in Fig. 4(c-i), using a layer thickness of 0.2 mm for printing can
result in uncured parts between layers, leading to structural distortion
after thermal curing. Although good curing effects can be achieved with
thin layer thickness, printing efficiency is compromised. By adjusting
the layer thickness to 0.16 mm, the highest printing efficiency can be
achieved while ensuring proper curing, as depicted in Fig. 4(c-ii).
Finally, we achieved printing materials on a conductive substrate, as
shown in Fig. 4(d). Fig. 4(d-i) illustrates the printing of a conductive
sandwich structure, where conductive material is placed on the printing
platform for printing and then flipped for a second print to create the
conductive sandwich structure. Set the printed structure as a mesh
structure with 0/90° lines in staggered rows. Compared to a solid
structure, a hollow structure has a better deformation capacity and
greater flexibility when being bended. The mesh area also facilitates the

heating of the entire structure by the conductive substrate. As evident in
between the printing structure and the conductive layer is well-
demonstrated in the top view.

3.4. Thermal and mechanical properties

The thermodynamic properties of thermal-cured resin post-curing
are demonstrated in Fig. 5, reflecting the fundamental characteristics
of the material. The mechanical properties of the resin are assessed
through static tension tests. In Fig. 5 (a), stress—strain curves for various
material compositions are illustrated. Static modulus, strength, and
elongation at break are derived from these curves and presented in Fig. 5
(b). Specific data are summarized in Table S3. It can be seen that the
static modulus of the materials were increased from 497.0-608.7 MPa to
675.6-688.3 MPa, the strength of them were increased from 9.5-11.7
MPa to 16.9-17.2 MPa, and the elongation at break of them were
increased from 3.3-5.1 % to 6.9-7.3 %. The static modulus, strength, and
elongation at break of the material were all improved to a certain extent.
As there are still some small molecules present in the material before
thermal curing. After thermal curing, BDM and DPS were reacted, and
the mechanical properties of the material were improved. The incre-
mental NVP content corresponds to a slight reduction in the slope of the
curves, indicating a marginal decrease in the material’s modulus,
although not as pronounced as in photocured materials. This phenom-
enon can be attributed to the elongation of molecular chain segments
within the material with higher NVP content. Longer segments exhibit
increased flexibility, enhancing the material’s deformability and
resulting in a lower modulus. As mentioned above, the modulus of
photocured materials increases with increasing NVP content, while the
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Fig. 4. (a) Comparison of print effects using different temperatures, i) ink temperature at 75 °C, ii) ink temperature at 80 °C; (b) Effects of different printing patterns;
(c) Comparison of curing effects of samples with different printing layer thicknesses, i) printing layer thickness of 0.2 mm, ii) printing layer thickness of 0.16 mm,; (d)
Schematic diagram and optical microscope images of printed conductive sandwich structure, i) schematic diagram, ii) optical microscope image of top view, iii)
optical microscope image of front view, iv) optical microscope image of enlarged conductive carbon cloth part in top view, v) optical microscope image of enlarged

printing part in top view.

trend for the modulus of thermal-cured materials is the opposite. This is
because in photocured materials, only the photosensitive part of the
material cures, while the remaining thermosensitive part cures later to
form the thermal-cured material. NVP, as a photosensitive material,
leads to a higher modulus as its content increases due to more areas
being cured in photocured materials. However, in fully cured materials,
the modulus of the cross-linked material, bismaleimide, is higher than
that of the linear material, NVP. Therefore, as the NVP content increases,
the material modulus decreases. Nonetheless, the difference in modulus
between materials with different NVP contents is not significant. This is
because after thermal curing, both reactions of the material have already
occurred, and the influence of NVP content on its modulus is minimal.
Additionally, the elongation at break of the material slightly increases,
due to the linear material NVP improving the flexibility of the material
to a certain extent.

DMA is employed to assess the dynamic modulus of a thermally-
cured material at room temperature, high temperature, and to deter-
mine its glass transition temperature. Fig. 5 (c) illustrates the DMA

curves of materials with varying ratios. Notably, all materials with
different compositions display shifts in storage modulus levels. Specif-
ically, at the low-temperature plateau, the samples exhibit high modulus
values, indicating a glassy state, while at the high-temperature plateau,
the samples demonstrate low modulus values, indicative of a rubbery
state. The sharp decrease in storage modulus between the two plateaus
signifies a glass transition in the material, showcasing its shape memory
effect. Analysis of the Tan & curve reveals that materials with higher NVP
content exhibit lower modulus levels and glass transition temperatures
at the low-temperature plateau. This phenomenon aligns with the
rationale behind the material’s lower tensile modulus. The modulus of
the materials remains below 40 MPa at 240 °C, and this temperature is
chosen as the temperature for shape memory deformation. Compared
with Fig. 3(c), the storage modulus of the thermo-cured resin was
increased from 2528-3485 MPa to 4235-5229 MPa, and their T, was
increased from 80.1 to 108.8 °C to 178.2-187.4 °C. The reason is same as
the improvement in the mechanical properties of the resin mentioned
above. The crosslink density of the resin obtained by using Equation (3)
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Fig. 5. Thermodynamic properties of printed materials with different compositions after thermal curing. (a) Stress—strain curves, (b) Summary of static mechanical

properties, (¢) DMA curves, (d) TGA curves under N, atmosphere.

was shown in Table S4. It can be seen that the crosslinking density of the
resins calculated from the modulus of the rubbery state resins is in the
range of 894.7-1711.1 mol/m>. The higher the content of NVP, the
higher the crosslinking density of the UV-cured resins. The crosslink
density of the resin increases after heat curing. The higher the NVP
content the lower the crosslinking density of the heat-cured resins.

The material’s thermal stability was assessed through TGA, showing
the thermal decomposition temperature and residual carbon content
under Ny atmosphere in Fig. 5(d). The thermal decomposition temper-
ature (<5%) serves as an indicator of the operational temperature range
for the material. Notably, the material exhibits a thermal decomposition
temperature above 250 °C in a N, atmosphere, surpassing its deforma-
tion temperature, thus affirming excellent thermal stability. Residual
carbon content fluctuates between 27.8 % to 37.9 %, with higher NVP
content linked to reduced levels due to increased linear chain segments.
As shown in Fig. S3, in an air atmosphere, initial weight loss is due to
cross-linked network decomposition forming char, followed by subse-
quent oxidative char layer decomposition. Residual carbon content
under air remains around 1 %, with a thermal decomposition temper-
ature above 250 °C, showcasing the material’s ability to withstand shape
memory cycles even in an air environment. And it is possible to realize
self-healing process in air at 240 °C.

During the curing process, resins undergo dimensional shrinkage due
to changes in atomic spacing. As the initiation temperature increases,
the polymerization reaction occurs, shifting the intermolecular forces
from van der Waals interactions to covalent bond formation. This results
in a closer packing of atoms within the polymer, leading to dimensional
shrinkage. Higher functionality of materials results in higher volume
shrinkage after curing for materials with the same molecular weight. By
designing a secondary curing process, the curing shrinkage rate can be
effectively reduced. NVP undergoes photopolymerization under UV
light, and during post-thermal curing, only BDM and DPS molecules
have not reacted, reducing the functionality of the reactants, resulting in
a smaller volume shrinkage during curing. Furthermore, materials with
regular molecular structures, such as linear structures, exhibit larger
volume shrinkage, while main chain molecules or crosslinking agents

with branched or cyclic structures are influenced by the branched or
cyclic structures during polymerization, leading to a decrease in curing
shrinkage rate. Therefore, the NVP material selected in this study forms
long chains with multiple branches after curing, while BDM and DPS
contain maleimide rings and benzene rings, respectively, resulting in
reduced curing shrinkage rate. The shrinkage rate of the materials in this
study is characterized and compared with that of materials reported in
other literature as shown in Fig. 6. Fig. 6(a) shows optical microscopic
images of the material after thermal curing compared with Fig. 4(a-ii),
where the surface morphology remains unchanged but shifts in color
from yellow to reddish-brown. Fig. 6(b) demonstrates the dimensional
changes of square-shaped materials before and after thermal curing.
Fig. 6(c) presents images of materials with different printing patterns
after thermal curing. By calculating the size changes between Fig. 6(c)
and Fig. 4(b), the shrinkage rate of the structures printed by BMIP-2 was
obtained. Measurements of the shrinkage before and after curing for
materials with different ratios and patterns are summarized in Fig. 6(d),
showing that the shrinkage rates are all less than 2 %, with a minimum
of 0.21 %. BMIP-2 exhibited a slightly lower shrinkage rate compared to
BMIP-1 and BMIP-3. The printed structures were printed by BMIP-2
resin, with a shrinkage rate similar to that of BMIP-2 and slightly
lower than that of BMIP-1 and BMIP-3. A comparison of the shrinkage
rates of the materials in this study with other printing materials, as well
as their comparison with temperature and modulus data, is shown in
Fig. 6(e) and 6(f), with more detailed information summarized in
Table 2 [11,44-46,49-59]. Fig. 6(e) demonstrates that the material
printed in this study has the lowest shrinkage rate and highest dynamic
modulus among the various printing materials tested, indicating supe-
rior performance. Fig. 6(f) illustrates the comparison of Ty and shrinkage
rate of different printing materials. Only PI materials exhibit a higher T
than the material in this study. However, PI materials undergo signifi-
cant shrinkage during curing, making them unsuitable for applications
requiring precise dimensions. It is noteworthy that PLA, PCL, and PEEK
are thermoplastic materials used in FFF printing with printing lines that
essentially do not experience shrinkage. While these materials have low
shrinkage rates, they are thermoplastic materials compared to the
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Fig. 6. (a) Optical microscope image of printed samples, (b) Measurement
chart of shrinking rate of square object, (c) Photos of structures after curing
with different patterns, (d) Shrinkage rates of materials with different ratios and
structures, (e) — (f) Comparison charts of shrinking rate, temperature, and
modulus between the material in this paper and other materials. (Square rep-
resents FFF printing, circle represents DLP or DIW printing). (PF for Phenol
Formaldehyde, EP for Epoxy, CE for Cyanate Ester, LCE for Liquid Crystalline
Elastomer, PU for Polyurethane, PCL for Poly(e-caprolactone), PA for Poly-
acrylate, PLA for Polylactic Acid, PEKK for Poly Ether Ketone Ketone, PEEK for
Poly Ether Ether Ketone, PI for Polyimide, NVP for N-Vinyl-Pyrrolidinone.).

thermal-cured material used in this study, resulting in significantly
lower modulus and transition temperatures. Materials with low
shrinkage rates are suitable for applications requiring precise di-
mensions, allowing for immediate use without the need for further

Chemical Engineering Journal 491 (2024) 152196

processing or complex dimension adjustments.

3.5. Demonstration of multifunctional performance

The multifunctionality of materials has attracted increasing attention
in recent years. This paper achieved a major breakthrough in multi-
functional materials by combining high modulus, low shrinkage rate
properties with self-healing, shape memory, electro-thermal deforma-
tion, and electro-thermal curing capabilities. The DPS molecule used in
this study contains disulfide bonds, enabling the self-healing function of
thermal-cured materials. The comparison curve of tensile properties
before and after self-healing and the self-healing mechanism diagram
are shown in Fig. S4. As a dynamic covalent bond, disulfide bonds un-
dergo exchange at 240 °C, achieving self-healing of small cracks on
materials. Fig. S5 shows the stress relaxation curve of BMIP-2 at 240 °C.
It took less than 12 min for E/Eq to decrease from 1 to 1/e, indicating
that the material achieved dynamic covalent bond exchange within 12
min. This validated the self-healing mechanism of disulfide bonds as
dynamic covalent bonds. By implementing a two-stage curing process,
linear molecules were interleaved with crosslinked molecules to prepare
semi-IPN polymers, endowing the materials with shape memory capa-
bilities. Here, we characterized the shape memory performance of the
materials. SMPs have the capability to undergo reversible deformation
under stress. This is because such polymer materials are in a rubbery
state at high temperatures, allowing molecular chains (soft segments)
and crosslink points (hard segments) to move and rotate under external
stress, enabling deformation. At low temperatures, the material is in a
glassy state, where the crosslink points and molecular chains no longer
move or rotate, thus preserving the shape. Upon reheating, the crosslink
points return to their original positions, restoring the material to its
initial shape. This shape memory mechanism can be achieved by
adjusting the density of crosslink points and the structure of molecular
chains. Shape fixity and shape recovery depend on the material’s char-
acteristics and the applied conditions. Shape fixity represents the ma-
terial’s ability to maintain a fixed shape during the shape memory
process, and it is influenced by factors such as crosslink density, degree
of interpenetration of molecular chains, and external structural limita-
tions. Shape recovery reflects the material’s ability to return to its
original shape and is determined by its reversible deformation capacity.
Shape fixity rate, shape recovery rate, and recovery time are quantita-
tive parameters for characterizing shape memory performance. Fig. S1
shows the fixed angle and recovery angle of the bar sample, and Fig. 52

Table 2
Comparison table of modulus, shrinkage, printability, shape memory effect, self-healable, and T,
Material Storage Modulus Shrinkage Prt SME SH Ty Ref
[ GPa] [%] [°Cl
PF 1.5-2.5 5% x v x 78-92 [49]
EP 1.0 1-5* x v x 98 [50]
EP 1.2 1-5*% v v x 76.4 [51]
EP 2.0 9.9-26 v v x 140 [52]
CE 1.8-3.0 4-24 v v x 165-175 [53]
LCE 0.0022 10-50* v v x -12.9 [54]
PU 1.8 15 v x x 85 [55]
PCL 1-2% 0* ** v v v 55 [56]
PA 0.9-1.5 2.0-2.4* v v x 48-76 [571
PLA 2.3 o* ** v v x 85 [58]
PEKK6002 2.9 0 ** v x x 143-160 [59]
PEEK 0.7-1.4 — x v x 171 [60]
PI 3.5 11-11.7 v x x 220 [61]
PI 1.0 32-53 v x x 390 [62]
NVP 2.0* — x x x 110 [52]
BMIP 4.2-5.2 0.21-1.98 v v v 178.2-187.4 This work

Prt for Printability, SME for Shape Memory Effect, SH for Self-healable.

PF for Phenol Formaldehyde, EP for Epoxy, CE for Cyanate Ester, LCE for Liquid Crystalline Elastomer, PU for Polyurethane, PCL for Poly(e-caprolactone), PA for
Polyacrylate, PLA for Polylactic Acid, PEKK for Poly Ether Ketone Ketone, PEEK for Poly Ether Ether Ketone, PI for Polyimide, NVP for N-Vinyl-Pyrrolidinone.

* denotes estimated value.
** denotes the use of FFF printing technology for materials.
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illustrates the process and time for the bar sample to recover its shape on
a heating stage, from which the shape memory-related properties of
different formulations and UV-cured samples were calculated and
summarized in Table 1. It can be observed that the recovery rate of the
UV-cured sample BMIP-2-UV is lower than that of the heat-cured sam-
ples, and the recovery time is longer. This is because the UV-cured
sample only reacts with photosensitive molecules to form polymers,
while the heat-cured molecules remain in a small molecule state. As a
result, only the polymer part possesses “hard segments” and “soft seg-
ments,” and the combination of these segments determines the mate-
rial’s recovery ability. After stress loading, the material is given a shape.
Upon reheating, a synergistic interaction between the limited “hard
segments” and “soft segments” enables the material to regain its original
shape, while the remaining small molecule parts undergo free move-
ment and lack the ability to recover the shape. Consequently, the re-
covery time of the material is longer, and the recovery rate is limited.
After heat curing, it can be observed that the fixity and recovery rates of
BMIP-1, BMIP-2, and BMIP-3 are all greater than 97 %. This is because
after heat curing, the remaining small molecules of the material are also
cured, resulting in an alternation of “hard segments” and “soft segments”
in the material state. This leads to higher fixity and recovery rates, as
well as faster recovery speed. Simultaneously, the interpenetration of
linear polymer molecules and crosslinked polymer molecules in the
semi-IPN structure provides better support for the material’s shape
memory performance. The four times consecutive shape memory cycles
was characterized by DMA, as shown in Fig. S6. It can be seen that
materials with different ratios maintained good shape fixing rates and
shape recovery rates after four shape memory cycles. Fig. 7 qualitatively
demonstrates the shape memory process of the printed spring-pin
structure. In the front view, the original shape of the structure shows
the spring part in an expanded state, with one end of the spring con-
necting a block that protrudes compared to the outer shell of the
structure. In the temporary shape, the spring part is compressed, and the
block is retracted inside the outer shell of the structure. When the
structure is placed in an oven, the spring part gradually extends, and the
block gradually emerges from the outer shell, enabling the function of a
pin. In the side view, the two misaligned circular notches in the original
shape of the structure become aligned in the temporary shape, allowing
objects to be placed in the notches for locking. As the structure is placed
in the oven, the spring part of the structure recovers, the notches
gradually misalign, and the objects to be locked are secured. Therefore,
this structure, in the shape memory process, can achieve the functions of
pinning and locking, making it applicable in scenarios requiring such
functions.

In this study, by printing a sandwich structure on a conductive
substrate and controlling its electrical conductivity and voltage, the
reconfigurability of shape memory composite structures was achieved
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through a process of initial shape memory deformation, in-situ self-
limiting resistive heating for secondary curing, and subsequent shape
memory deformation. This process was demonstrated in Fig. 8. Fig. 8(a)
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Fig. 8. (a) Electrical-driven shape memory process of printed conductive
sandwich structure, (b) Second-stage curing process of electrical-heated printed
conductive sandwich structure, (c) Electrical-driven shape memory process of
printed conductive sandwich structure after thermal curing, (d) Swelling degree
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illustrates the process of shape memory upon electrical-driven of the
printed conductive sandwich structure. The conductive carbon fabric
was printed on both sides to obtain a sample that had only undergone
photocuring treatment, maintaining its original shape. As mentioned
earlier, the material’s Ty at this stage was 94 °C. The sandwich structure
was shaped into a U shape at high temperatures and subsequently cooled
to room temperature, thus imparting a fixed temporary shape — 1.
Subsequently, the electrodes at both ends were connected to a DC power
supply, with the voltage was being tuned to around 4 V. At this stage, the
temperature of the structure was measured at 130 °C, causing the U-
shaped structure to gradually unfold into a planar structure, recovering
shape — 1. Fig. 8(b) shows the second-stage curing process during
electrical-heating of the printed conductive sandwich structure. By
adjusting the voltage, the temperature of the conductive sandwich
structure gradually increased, and the curing process was similar to
conventional oven heat curing, with the material’s color transitioning
from yellow to reddish-brown, achieving in-situ self-limiting resistive
heating curing. As mentioned earlier, the material’s Ty at this stage was
183 °C. The resistance of the conductive sandwich structure before and
after curing were 14.1 Q and 14.4 Q, respectively. The optical micro-
scope images of sandwich structures cured by electrical-heating were
shown in Fig. S7. Fig. 8(c) illustrates the process of shape memory upon
electrical-heating of the printed conductive sandwich structure after
thermal curing. Similar to the photocured sample, the sandwich struc-
ture was shaped into a U shape at high temperatures, then cooled to
room temperature, thereby fixing the shape as temporary shape — 2.
Applying around 7 V of voltage heated the sample to 240 °C, causing the
U-shaped structure to gradually unfold into a planar structure, recov-
ering shape — 2. This successfully demonstrated the reconfigurability of
the conductive sandwich structure through the process of initial shape
memory deformation, followed by in-situ self-limiting resistive heating
secondary curing, and subsequent shape memory deformation. The
cured samples were quantitatively analyzed and compared against
photocured and thermally cured samples. Fig. 8S showed the swelling
degree — time curves of photo-cured samples, electrical-cured samples,
and thermal-cured samples. The data was summarized in Fig. 8(d),
showing that the swelling degree of the electrical-cured samples was
comparable to that of the thermal-cured samples, indicating similar
crosslinking densities and suggesting that electrical-curing is a feasible
method comparable to thermal curing. The higher swelling of the pho-
tocured samples compared to the electrical-cured and thermal-cured
samples indicates lower crosslinking density due to incomplete reac-
tion of BDM and DPS in the photocured samples. Fig. 8(e) shows the
tensile curves of the photocured, electrical-cured, and thermal-cured
samples, indicating that the modulus, strength, and elongation values
of the electrical-cured and thermal-cured samples were similar, sug-
gesting similar properties. The photocured samples, with incomplete
reaction, exhibited lower modulus, strength, and elongation compared
to the electrical-cured and thermal-cured samples. The in-situ self-
limiting resistive heating and secondary shape memory deformation
reconfigurable process offer more possibilities for the development of
deformable structures in the aerospace field. However, the limitations of
this multifunctional structure are similar to those of shape memory
materials. After curing by electrical heating, the structure can undergo
the process of shape memory again, but the realization of this process is
still based on the external force to shape the structure again.

Finally, in addition to comparing the modulus, T, and shrinkage as
described earlier, we also compared whether the materials can be
printed, whether they exhibit shape memory effects, and whether they
have self-healing capabilities, and summarized these data in Table 2. It
can be seen that the BMIP material prepared in this study has the highest
energy storage modulus, the lowest shrinkage (excluding materials
printed with FFF), the highest T, (excluding PI), and simultaneously
possesses various functions such as printability, shape memory effects,
and self-healing capabilities among the materials listed in Table 2. It
represents a novel advanced material in the field of 4D printing that
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combines high performance and multifunctionality. This advanced
material has laid a solid foundation for in-orbit printing in space.

4. Conclusions

In response to the limited variety and properties of 4D printing
materials, we propose a 4D printable maleimide-based material with
high storage modulus, low shrinkage, and high transition temperature
advantages. By introducing the photosensitive molecule NVP, which
also acts as a diluent, and mixing it with BDM and DPS molecules, a
printable resin is obtained. The synthesis process is conducted using a
one-pot method, which is simple, efficient, and environmentally
friendly. Subsequently, by designing a two-step curing process to reduce
the reactivity of functional groups and selecting molecules with low
linearity, the material achieves a high storage modulus of 5229 MPa and
a low shrinkage rate of 0.21 %. Moreover, the introduction of disulfide
bonds enables the thermosetting material with self-healing capabilities,
achieving repair efficiencies exceeding 71 %. Furthermore, by printing a
sandwich structure on a conductive substrate and adjusting its current
and voltage, the reconfigurable capability of the composite material
structure is achieved. This involves initiating shape memory deforma-
tion first, followed by in-situ self-locking, electrothermal secondary
curing, and then further shape memory deformation. This advancement
lays a solid foundation for in-orbit printing and provides more possi-
bilities for the development of deformable structures in the aerospace
field through the processes of electro-thermal curing and secondary
deformation.
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