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ABSTRACT: 4D printing relies on smart materials capable of controlled deformation upon external stimuli. Existing
photocurable shape memory polymers (SMPs) suffer from high viscosity, single (thermal) responsiveness, and
insufficient deformability, which limit their applications. Herein, we report a low-viscosity, UV-curable SMP resin
composed of tetrahydrofurfuryl acrylate, isobornyl acrylate, acryloylmorpholine as monomers and aromatic urethane
dimethacrylate as crosslinker (TIA-AUD), with large deformability, tailor-made for digital light processing (DLP)-based
4D printing. We designed and synthesized a high-molecular-weight polyurethane based crosslinker with excellent
properties. Through synergistic regulation of multiple reactive diluents to optimize resin performance, the material
achieves outstanding high-temperature deformability (Elongation at break of 620% at 100◦C) together with good
room-temperature toughness (280% at 20◦C), as well as shape fixity and recovery ratios of approximately 97% and 92%,
respectively. Moreover, incorporation of Fe3O4 nanoparticles endows the material with magnetic responsiveness:
under an alternating magnetic field, the composite undergoes inductive heating above its glass transition temperature,
enabling untethered shape memory actuation with a recovery ratio of about 91%. This work provides a versatile SMP
platform for DLP-based 4D printing that integrates low viscosity, high deformability, and multi-stimuli responsiveness,
expanding the material portfolio for soft actuators and intelligent devices.

KEYWORDS: 4D printing; digital light processing (DLP); shape memory polymer (SMP); low viscosity; high
deformability; multi-stimuli responsiveness; magnetic hyperthermia

1 Introduction

4D printing [1], as a novel smart additive manufacturing technology, introduces a time-dependent
dynamic response mechanism [2] on the basis of the layer-by-layer stacking principle of conventional
3D printing. Unlike traditional static printing processes, this technology relies fundamentally on various
types of specialty responsive composite materials, including shape memory polymers [3–5], hydrogels [6,7],
elastomers [8], and the like. The as-fabricated components, requiring no post-printing manual secondary
processing, can autonomously undergo a series of controllable dynamic responses, such as morpholog-
ical shrinkage, stiffness modulation, and structural deformation, solely under external natural stimuli
(e.g., temperature, mechanical load, and environmental humidity) [9], following a pre-designed structural
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configuration. This capability overcomes the conventional manufacturing limitation that the structure
and performance of traditional products remain fixed after fabrication. In terms of engineering applica-
tions, this technology holds substantial value for both practical deployment and research development.
It can be used to fabricate industrial precision components capable of self-deformation to meet assembly
requirements [10], develop wearable protective equipment that adaptively adjusts fit and support according
to human body conditions [11], create flexible soft devices that autonomously alter their morphological
structure in response to complex environments [12], and extend to fields such as medical rehabilitation
adaptive components [13,14] and civil smart wearable products. Thus, it meets the core research and
development demands of multiple industries for personalized customization, intelligent adaptation, and
multifunctional dynamic regulation.

Among the various additive manufacturing techniques, digital light processing (DLP)-based vat pho-
topolymerization [15–18] is particularly well-suited for fabricating 4D smart structures due to its high
resolution, high efficiency, and ability to create complex geometries with minimal surface artifacts [19,20].
In DLP, a digital micromirror device projects the UV pattern of an entire layer at once, enabling rapid,
one-step curing of photosensitive resins without the need for point-by-point scanning or nozzle extrusion.
This technology therefore offers a solid foundation for achieving precise, repeatable, and programmable
shape deformation in response to external stimuli.

Photocurable shape memory polymers (SMPs) are key smart polymeric materials in DLP-based 4D
printing [21]. By introducing photosensitive reactive groups into the molecular chains of conventional
shape memory polymers [22], these materials enable rapid UV crosslinking and curing while retaining
stable shape memory characteristics, thereby making them compatible with DLP-based 4D printing pro-
cesses. Current research in this field primarily focuses on acrylate systems [23–25] and/or epoxy-modified
materials [26–28]. Acrylate-based materials offer rapid curing [29], high forming precision [30], and strong
mechanical stability [31]. For example, Ge et al. [18] achieved multi-material 4D printing based on projec-
tion microstereolithography (PµSL). The as-fabricated methacrylate-based photocurable shape memory
polymers exhibited tunable thermomechanical properties over a wide range, with an elongation at break of
up to 300% and a shape fixity ratio exceeding 90%. Moreover, the temporal sequence of deformation could
be accurately predicted by model-based design. Polyurethane materials for constructing photocurable SMPs
exhibit excellent flexibility, good resilience, and stable cyclic deformation performance [32,33], making them
suitable for fabricating bending-type structures. Zhang et al. [3] developed a tert-butyl acrylate-aliphatic
urethane diacrylate (tBA-AUD) system compatible with DLP printing, demonstrating high curing efficiency,
high resolution, and an elongation at break as high as 1240%, along with excellent fatigue resistance. This
system significantly improved the mechanical properties and practicality of 4D-printed structures, offering
high deformability and fatigue resistance. However, when the AUD content exceeded 50 wt%, the resin
viscosity became too high for DLP printing, thereby limiting the tunability of material composition and
performance [3]. Despite these advances, most existing photocurable SMPs still suffer from two major
limitations: (i) they primarily rely on single-stimulus (typically thermal) actuation, lacking integrated
multi-responsiveness [34,35]; and (ii) achieving both low resin viscosity and high deformability in a single
system remains challenging, especially for DLP-based printing. Furthermore, the development of SMPs with
remote and untethered controllability (e.g., magnetic or photo-induced actuation) is still in its early stage.
Therefore, to achieve better application performance, we aim to develop a UV-curable SMP material system
that features low viscosity, excellent deformability under both high- and low-temperature conditions, and
multi-dimensional stimulus responsiveness (photo, thermal, and magnetic, etc.), thereby expanding the
engineering applications of SMP in 4D printing.
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In this study, a high molecular weight aromatic urethane dimethacrylate (AUD) was designed and
synthesized. Through synergistic regulation of multiple reactive diluents, a low-viscosity, stable, non-
volatile, and UV-curable shape memory polymer (SMP) material system was formulated. This system
exhibits a high curing rate and is compatible with DLP-based 3D printing, enabling the fabrication of
various complex structures with high precision. On this basis, the SMP system was further compounded
with ferrosoferric oxide (Fe3O4) particles to obtain a hybrid material system that exploits magnetic-field-
responsive characteristics, thereby establishing contactless shape memory actuation. This study aims
to provide a designable and processable smart material for 4D printing, offering a potential solution for
DLP-compatible SMPs with remote-controlled actuation.

2 Experimental Details

2.1 Materials

2,4-Toluene diisocyanate (2,4-TDI, 99%), poly(tetramethylene ether) glycol (PTMG,Mn= 2000), dibutyltin
dilaurate (DBTDL), anhydrous ethyl acetate (99.5%), 1,4-butanediol (1,4-BDO, 99%), tetrahydrofurfuryl
acrylate (THFA, 97%), isobornyl acrylate (IBOA, 96%), acryloylmorpholine (ACMO, 98%), Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO, 98%), Fe3O4 (99.5%), and Sudan I were purchased from Adamas.
2-Hydroxyethyl methacrylate (HEMA, 96%) was purchased fromMacklin. All reagents were used as received
without further purification.

2.2 Synthesis of AUD

In a three-necked flask, 0.1 mol of 2,4-TDI and 0.05 mol of PTMG-2000 were added to achieve an
-NCO/-OH molar ratio of 2:1. Subsequently, 0.1 wt% DBTDL was introduced as the catalyst, and the mixture
was heated to 85◦C in an oil bath with mechanical stirring at 200 r/min for 3 h. During this period, urethane
linkages formed and the viscosity increased gradually. The temperature was then lowered to 30◦C, and
50 vol% ethyl acetate was added as a diluent. The mixture was stirred for 1 h to ensure complete dissolution
and to prevent solvent evaporation and inhomogeneous mixing. The temperature was subsequently raised
to 65◦C, and 0.0375 mol of 1,4-BDO was added. The reaction was allowed to proceed under the same stirring
conditions for another 3 h to consume a portion of the -NCO groups. Finally, 0.025 mol of HEMA was
added to react with the remaining -NCO groups at 65◦C and 200 r/min for 3 h. The reaction time for each
step was predetermined through preliminary experiments to ensure complete consumption of the -NCO
groups (Fig. S1). The resulting solution was transferred to an open glass Petri dish and dried under vacuum
at 55◦C for 24 h to remove the solvent, yielding the product. The final aromatic urethane dimethacrylate
(AUD) product was characterized by 1H Nuclear Magnetic Resonance Spectroscopy (Fig. S2) and FTIR
spectroscopy (Fig. S3). The spectrum shows no detectable peak at ~2270 cm−1, indicating that the -NCO
groups were completely consumed.

2.3 Preparation of Precursor Solution

The synthesized AUD was mixed with the reactive THFA, IBOA, and ACMO in the proportions given
in Table S1. The mixture was stirred thoroughly to obtain a low-viscosity resin precursor solution. TPO
was added at 1 wt% of the total mass as a photoinitiator. For the printing of fine structures, Sudan I was
additionally added at 0.05 wt% of the total polymer resin mass as a light absorber to suppress light scattering
and improve printing resolution.
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2.4 3D Printing Procedure

The 3D models of the printing structures were designed using SolidWorks 2018. The models were then
imported into Chitubox slicing software, where each model was sliced into a series of image layers with a
layer thickness of 0.1 mm. The resulting layer images were subsequently transferred to the MultiMatter C10
DLP-based 3D printing system. The printer is equipped with a 405 nm UV-LED light source. All printing
experiments were conducted at an ambient temperature of 23 ± 2◦C and a relative humidity of 45 ± 5%. The
printed parameters for different structures were shown in Table S2 (Printing parameters for the TIA-AUD
resin) and Table S3 (Printing parameters for the TIA-AUD-Fe resin), respectively.

After printing, the as-printed parts were centrifuged on the printer’s build platform at 4000 r/min for
10 s to completely remove any uncured resin residue from both the surface and the internal voids of the
hollow structures. This post-treatment step yielded clean samples for subsequent characterization.

2.5 Shape-Memory Behavior Tests

The shape memory behavior of the material was investigated via a typical shape memory cycle. A
rectangular specimen with dimensions of 15 mm × 5 mm × 2 mm was first heated from room temperature
to 80◦C at a rate of 3◦C/min, then bent to a desired angle under external force, and the bending angle at
this state was recorded as α. Subsequently, the specimen was rapidly cooled to 0◦C at a rate of 5◦C/min to
fix the temporary shape. After the temperature stabilized and the specimen was held at 0◦C for 2 min, the
bending angle was recorded as β. In the free recovery step, the specimen was reheated to 80◦C at a rate of
3◦C/min and held at this temperature for 10 min until the shape stabilized, and the final bending angle was
recorded as γ. The shape fixation ratio (Rf) and shape recovery ratio (Rr) of the material were calculated
based on the above angular data. The calculation formulas are expressed as follows:

𝑅𝑓 =
𝛽
𝛼
× 100% (1)

𝑅𝑟 =
𝛽 − 𝛾
𝛽

× 100% (2)

Rf is defined as the ratio of the strain retained after unloading and cooling to the maximum strain before
unloading, representing the ability of the material to lock its temporary shape. Rr is defined as the ratio of
the recovered strain upon reheating to the maximum strain before unloading, representing the degree to
which the material returns to its original shape.

2.6 Characterization

2.6.1 1H Nuclear Magnetic Resonance Spectroscopy (1H NMR)

1H NMR Spectrum of AUD was recorded on a Bruker AVANCE NEO 500 spectrometer at room
temperature using acetone-d6 as the solvent, as shown in Fig. S2.

2.6.2 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) was performed on a Netzsch DMA 242E in tension mode. All
specimens were cut precisely to dimensions of 8 mm × 5 mm × 1 mm (length × width × thickness). The
measurements were carried out at a frequency of 1 Hz, an amplitude of 50.0 µm, over a temperature range
from −50◦C to 150◦C at a heating rate of 3◦C/min.
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2.6.3 Mechanical Properties

Tensile properties were measured with a ZST6502 universal testing machine. The resin precursor
solution was poured into a silicone mold conforming to GB/T 528-2009 and fully cured in a light-curing
chamber at a light intensity of 1 W/cm2 for 1 h to obtain dumbbell-shaped specimens with a gauge section
of 10 mm × 2 mm × 1.8 mm. The tensile test was performed at a crosshead speed of 10 mm/min. Each
sample was tested three times, and the average value was reported.

2.6.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded on a Bruker Tensor II spectrometer (Germany) equipped with an ATR
accessory. All spectra were collected in the range of 4000–500 cm−1 with a resolution of 4 cm−1 and 32 scans.
Liquid resin samples were measured directly using the ATR mode. Solid cured polymer samples and the
purified AUD product were measured similarly after being placed onto the ATR crystal.

3 Results and Discussion

The TIA-AUD shape memory polymer (SMP) system investigated in this work consists of three reactive
diluents, namely tetrahydrofurfuryl acrylate (THFA), isobornyl acrylate (IBOA), and acryloylmorpho-
line (ACMO), along with a self-synthesized aromatic urethane dimethacrylate (AUD) crosslinker, using
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as the photoinitiator. The molecular structures of
each component are presented in Fig. 1a,b. AUD, as a high-molecular-weight crosslinker, features a long-
chain polyurethane backbone that significantly increases the distance between crosslinking points, thereby
endowing the material with high deformability. Among the three diluents, IBOA provides a high glass
transition temperature (Tg) and mechanical strength owing to its rigid isobornyl group; ACMO modulates
network rigidity and hydrogen-bonding density through its strongly polar amide group; and THFA, whose
homopolymer exhibits a low Tg (approximately −15◦C), introduces segmental flexibility into the copolymer
network, enabling the material to possess both glassy toughness and rubbery high extensibility. Their
synergistic action also effectively reduces the precursor viscosity, meeting the rheological requirements of
digital light processing (DLP) printing (Fig. 1a).

The shape memory behavior of the TIA-AUD system is based on a thermal transition mechanism. As
illustrated in Fig. 1c, upon irradiation with 405 nm UV light, TPO decomposes to generate free radicals,
initiating the polymerization of acrylate and/or methacrylate groups and converting the liquid precursor
into a chemically crosslinked solid network. The permanent crosslinking points provided by the AUD
crosslinker store the information of the original shape. When the temperature is raised above Tg, the
segmental motion is activated, the material enters the rubbery state, and an external force is applied to
deform it into a temporary shape. Immediately thereafter, the external force is removed, and the system
is cooled below Tg, whereupon the segmental motion is frozen, and the temporary shape is stably fixed.
Upon reheating above Tg, the segmental mobility is restored, and the crosslinked network drives the sample
to spontaneously recover to its permanent shape. This complete shape memory cycle has been visually
verified by the photographs shown in Fig. 1d.

The photocuring reaction of the TIA-AUD system was verified by Fourier-transform infrared spec-
troscopy (FTIR). Fig. 2a compares the FTIR spectra of the liquid printing ink and the UV-cured polymer.
After curing, the characteristic absorption peak of the C=C stretching vibration at approximately 1620 cm−1

diminished significantly, indicating that the acrylate double bonds underwent efficient free-radical polymer-
ization upon photoinitiation. Furthermore, intermolecular hydrogen bonds can form between the strongly
polar amide groups of ACMO and the carbamate groups (–NH–COO–) of the AUD chains, as well as the



6 J Polym Mater. 2026;43(3):5

ether oxygen atoms of the THFA tetrahydrofuran ring (as shown in Fig. 2b). This physical crosslinking
effect was indirectly corroborated by subsequent mechanical and thermodynamic analyses.

Figure 1: (a) Schematic illustration of DLP-based 3D printing. (b) Chemical structures of the TIA-AUD shape memory
polymer components. (c) Schematic illustration of photopolymerization and thermal-induced shape memory cycle.
(d) Photographs demonstrating the shape memory process.

Figure 2: Cont.
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Figure 2: (a) FTIR spectra comparison of the liquid printing ink and UV-cured polymer. (b) Schematic illustration
of intermolecular hydrogen bonding. (c) DMA curves of storage modulus (E′) as a function of temperature for
different ACMO contents. (d) DMA curves of loss factor (tan δ) as a function of temperature. (e) Glass transition
temperature (Tg) as a function of ACMO content. (f) Uniaxial tensile stress-strain curves at room temperature (20◦C)
for formulations with different ACMO contents. (g) Young’s modulus as a function of ACMO content. (h) Uniaxial
tensile stress-strain curve at 100◦C for the optimal formulation (with 15 wt% ACMO).

To determine the optimal formulation for further systematic characterization, we fixed the AUD
crosslinker content at 15 wt% and varied the ACMO content (5, 10, 15 and 20 wt%, respectively). Dynamic
mechanical thermal analysis (DMA) and uniaxial tensile tests were performed on the four TIA-AUD
formulations. Fig. 2c,d presents the storage modulus (E′) and loss factor (tan δ) as functions of temperature,
respectively. The glass transition temperature (Tg) of each formulation was determined from the peak of
tan δ, and the trend of Tg with ACMO content is summarized in Fig. 2e. With increasing ACMO content, Tg

gradually increased, Fig. 2f shows the uniaxial tensile stress–strain curves at room temperature (20◦C) for
the four formulations. As the ACMO content increased from 5 wt% to 20 wt%, both the initial modulus and
the fracture strength progressively increased, whereas the elongation at break monotonically decreased:
the 5 wt% group exhibited the largest elongation at break (≈330%) but the lowest strength (≈24 MPa), while
the 20 wt% group showed the highest strength (≈33 MPa) with a significantly reduced elongation at break
of 210%. The Young’s modulus extracted from the tensile data is plotted against ACMO content in Fig. 2g,
exhibiting a monotonic increasing trend that positively correlates with the change of Tg. The microscopic
mechanism underlying these trends probably lies in the formation of intermolecular hydrogen bonds
among the strongly polar amide groups of ACMO, the carbamate groups of AUD, and the ether oxygen
atoms of THFA. These hydrogen bonds serve as physical crosslinking points and synergistically construct a
multi-level network together with the chemical crosslinks provided by AUD. Higher ACMO content leads
to higher hydrogen-bond density and stronger physical crosslinking. This brings a dual effect: the positive
effect is enhanced network rigidity and thermal stability (increased modulus and Tg), the negative effect
is restricted cooperative orientation and slippage of chain segments under external force, resulting in a
decreased elongation at break. This result exemplifies a typical stiffness-toughness trade-off, where the
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ACMO content essentially modulates the relative contribution of hydrogen-bond physical crosslinking
versus chemical crosslinking in the network.

A comprehensive comparison of themechanical and thermodynamic properties of the four formulations
reveals that the 15 wt% ACMO group achieves the best balance among rigidity, toughness, and thermal
stability. Therefore, it was selected as the target formulation for subsequent shape memory performance
studies. Notably, this optimal formulation still maintains an elongation at break of 280% in the glassy state
(Fig. 2f), and this favorable low-temperature toughness ensures the structural reliability of the temporary
shape. Based on this optimal formulation, we further investigated its deformation capability at elevated
temperatures. DMA measurement gave a Tg of approximately 65◦C for this formulation. The elongation at
break increases with temperature (Fig. S4). Fig. 2h presents the uniaxial tensile stress–strain curve at 100◦C
(rubbery state), where the material exhibits an elongation at break as high as 640%. Equilibrium swelling
experiments were performed to complement the network structure analysis, and the corresponding swelling
kinetics data are presented in the Supporting Information (Figs. S5 and S6). The apparent crosslinking
density of the TIA-AUD network was further estimated from the rubbery plateau modulus obtained by
DMA measurements, with detailed calculation provided in the Supporting Information [36] (Table S4).
These results collectively confirm the large crosslink spacing of the TIA-AUD network. This excellent
high-temperature deformability provides ample deformation space for the programming process.

The printability of the TIA-AUD ink via DLP technology was systematically evaluated. To suppress UV
light scattering in the resin and enhance in-plane resolution, 0.05 wt% Sudan I was added as a photoabsorber.
Through repeated testing, the minimum achievable feature size of this system was determined to be 50 µm.
As demonstrated in Fig. 3, the ink successfully fabricates a two-dimensional honeycomb network (Fig. 3a) and
its magnified microstructure (Fig. 3b), as well as a variety of centimeter-scale three-dimensional complex
structures (Fig. 3c–h). From one-dimensional lines at micron precision to two-dimensional grids and
further to macroscopic three-dimensional components, the TIA-AUD system exhibits excellent cross-scale
printability, enabling accurate fabrication from micron to centimeter scales.

 

Figure 3: Cont.
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Figure 3: DLP printability evaluation of the TIA-AUD ink. (a) The two-dimensional honeycomb network structure and
(b) the magnified view of the microstructure. (c–h) various centimeter-scale three-dimensional complex structures.
Scale bars: 1 mm and 1 cm as indicated.

The shape memory behavior of the TIA-AUD system was first visually verified by macroscopic
deformation demonstrations of the printed structures. Fig. 4a presents various structures printed with the
15 wt% ACMO formulation, illustrating the four typical stages of the shape memory cycle: initial permanent
shape → deformation upon heating (programming) → temporary shape fixation upon cooling → recovery
to the initial shape upon reheating. The programming and the recovery temperature was 80◦C, while the
fixation temperature was 0◦C, and the recovery temperature was 80◦C. As observed, multiple complex
structures underwent substantial bending deformation at the programming temperature, stably locked into
the temporary configuration after cooling, and rapidly recovered to their original shape upon reheating,
with no significant residual deformation.

Fig. 4b,c presents the shape fixation ratio (Rf) and shape recovery ratio (Rr) of four formulations with
different ACMO contents. The Rf values of all groups remain around 97%, indicating that ACMO content
exerts negligible influence on shape fixation capacity. This result demonstrates that the networks of various
formulations can effectively retain temporary deformation under the glassy state. The Rr fluctuates slightly
with the rising ACMO content and maintains a relatively high level of approximately 92%. A decline in
recovery ratio is observed for the 20 wt.% group, which may be attributed to irreversible slippage of partial
chain segments during programming induced by excessively high hydrogen bond density.

Based on the optimal formulation (with 15 wt.% ACMO), Fe3O4 nanoparticles at different contents
(1 and 3 wt.%) were introduced into the TIA-AUD system and uniformly dispersed in the resin matrix
by mechanical stirring and ultrasonication (Fig. 5a). Rheological measurements (Fig. 5b) show that the
ink viscosity increases with increasing Fe3O4 content; nevertheless. Even all formulations exhibit typical
shear-thinning behavior, the low viscosity facilitates rapid resin leveling during DLP printing and ensures
process stability. A variety of structures, including a 2D mesh and two 3D architectures, were successfully
fabricated by DLP (Fig. 5c). The printed samples display clear edges and no interlayer defects, indicating
that the addition of Fe3O4 up to 3 wt% does not significantly compromise printing resolution.

The effects of Fe3O4 content on the thermomechanical and room-temperature mechanical properties
were investigated by dynamicmechanical thermal analysis (DMA) and uniaxial tensile tests (Fig. 5d–h). With
increasing Fe3O4 loading, the glass transition temperature (Tg) gradually decreases (Fig. 5f), accompanied by
a decreasing trend in both the upper yield strength and Young’s modulus (Fig. 5g,h). The DMA and tensile
data corroborate each other, consistently indicating that the incorporation of Fe3O4 weakens the structural
integrity of the polymer network. UV-V is transmission results indicate that the black Fe3O4 particles possess
strong light absorption during UV curing, competing with the photoinitiator for incident photons and
reducing the penetration depth, thereby leading to a lower crosslinking density and consequently a reduced
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Tg. (Fig. S7). Notably, all Fe3O4-containing samples maintain an elongation at break of approximately
280%, comparable to that of the neat resin, indicating that the material retains good ductility and can meet
large-deformation application requirements.

 

Figure 4: (a) Photographs of various structures printed with the 15 wt% ACMO formulation at the four typical stages
of the shape memory cycle. (b) Shape recovery ratio (Rr) as a function of ACMO content. (c) Shape fixation ratio (Rf)
as a function of ACMO content.

Figure 5: Cont.
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Figure 5: (a) Photographs of printing inks with 0%, 1 wt% and 3 wt% Fe3O4 respectively. (b) Viscosity as a function of
shear rate for inks with different Fe3O4 contents. (c) DLP-printed structures using the resin containing 1 wt% Fe3O4:
a 2D mesh and two 3D structures. (d) Storage modulus (E′) as a function of temperature from DMA for formulations
with different Fe3O4 contents. (e) Loss factor (tan δ) as a function of temperature from DMA. (f) Glass transition
temperature (Tg) as a function of Fe3O4 content. (g) Uniaxial tensile stress-strain curves at room temperature (20◦C)
for different Fe3O4 contents. (h) Young’s modulus as a function of Fe3O4 content. (i) Uniaxial tensile stress-strain
curves at 100◦C for different Fe3O4 contents.

At the programming temperature of 100◦C, all Fe3O4-containing samples exhibit excellent high-
temperature deformability (Fig. 5i), with elongations at break remaining around 640%, providing ample
deformation margin for subsequent magnetically induced actuation.

Based on the comprehensive evaluation of the mechanical and thermodynamic properties described
above, the TIA-AUD-Fe system with 1 wt.% Fe3O4 was selected for magnetically responsive shape memory
testing. Taking advantage of the magnetic hyperthermia effect of Fe3O4 nanoparticles, the non-contact
actuation capability of this system under an alternating magnetic field was investigated. The experimental
setup is shown in Fig. 6a, where the sample was fixed to the test platform using adhesive tape and placed
in an alternating magnetic field, while its surface temperature was monitored in real time by an infrared
thermal camera. Fig. 6b presents the temperature evolution at the sample center as a function of time under
different input powers. With increasing power, both the heating rate and the steady-state temperature
increased significantly, indicating that Fe3O4 nanoparticles effectively convert magnetic energy into heat
through hysteresis loss and relaxation losses (including Néel and Brownian relaxation) under the alternating
magnetic field. Fig. 6c shows the shape recovery ratio as a function of time under different input powers.
Once the sample temperature exceeds the glass transition temperature (Tg ≈ 62◦C), the material enters the
rubbery state, segmental mobility is substantially enhanced, and the pre-programmed temporary shape
begins to recover rapidly. Consequently, higher input power leads to a shorter time to reach Tg and a
faster recovery rate. The final recovery ratios under the three power levels all reach approximately 91%,
representing a reasonably satisfactory level. It should be noted that the sample was fixed with adhesive
tape, and the boundary constraints imposed by the tape have a certain influence on the shape recovery ratio.
The photographs and infrared thermal images in Fig. 6d,e visually illustrate the shape recovery process:
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the rectangular strip returns from a folded state to a flat state, while the petal-shaped structure gradually
expands from a contracted state upon thermal triggering to recover its original morphology. The videos are
shown in Movies S1–S4. These results demonstrate that the incorporation of an appropriate amount of
Fe3O4 endows the TIA-AUD system with remote, rapid, and controllable magnetically responsive shape
memory functionality, achieving non-contact shape memory actuation.

Figure 6: (a) Schematic diagram of the magnetically induced actuation experimental setup. (b) Temperature at the
sample center as a function of time under different input powers. (c) Shape recovery ratio as a function of time under
different input powers. (d,e) Photographs and infrared thermal images during the shape recovery process under
magnetic actuation with an input power of 1200 W (d: a rectangular strip recovering from a folded state to a flat state.
e: a petal-shaped structure recovering from a contracted state upon heating).

4 Conclusion

In summary, we have developed a highly deformable, low-viscosity UV-curable shape memory polymer
resin suitable for DLP-based 4D printing. By synergistically regulating multiple reactive diluents, the resin
overcomes the common issues of high viscosity and single thermal responsiveness found in conventional
photocurable SMP systems. The resin exhibits good fluidity at room temperature and demonstrates excellent
cross-scale printability. The optimized formulation (with 15 wt.% ACMO) combines low-temperature
toughness (elongation at break of 280% at 20◦C) with excellent high-temperature large deformability (620%
at 100◦C), along with stable shape fixity (≈97%) and recovery (≈92%) ratios. Upon incorporation of Fe3O4
nanoparticles, the material enables non-contact shape memory actuation under an alternating magnetic
field (recovery ratio ≈91%) through the magnetic hyperthermia effect, further endowing the material
with multi-stimuli responsiveness and expanding the stimulus-response dimensionality of SMPs. This
material system provides a versatile platform for DLP-based 4D printing that integrates low viscosity, large



J Polym Mater. 2026;43(3):5 13

deformability, and multi-responsiveness, showing promise for applications in soft actuators and untethered
smart devices.
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