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Abstract Photo-curing three-dimensional (3D) printing enables complex geometries, personalized customization, rapid curing, and excellent
spatial resolution; however, conventional photocured resins often suffer from limited mechanical performance, functionality, and sustainability.
Herein, we present a novel photothermal dual-curing strategy based on dynamic imidazole-urea-epoxy chemistry to produce 3D printed materi-
als with exceptional strength and toughness. This chemistry is triggered during post-printing thermal treatment, which not only creates new co-
valent crosslinks, but also synergistically integrates the toughness of polyurethane with the strength of epoxy, resulting in a reinforced network.
This transformation also drives a dramatic 26-fold increase in the elastic modulus (from 13 MPa to 338 MPa), enabling a single material to be pro-
grammed from a soft and flexible state into a rigid and structural solid. Such a stark property shift unlocks unique functionalities, including shape
programmability, enhanced portability, and adaptive performance for multiscenario applications. Furthermore, we extend this strategy to com-
modity polyurethane foam (PUF) waste and successfully upcycle it into high-performance 3D printing resins. Our work establishes a versatile ap-

proach for manufacturing strong, tough, multifunctional, and sustainable 3D printed materials.
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INTRODUCTION

Three-dimensional (3D) printing, also known as additive manu-
facturing, is a technology that constructs physical objects layer-
by-layer from digital models using computer-aided design
(CAD). Compared with traditional manufacturing methods, 3D
printing enables rapid fabrication of complex geometries and
supports personalized customization." Its applications contin-
ue to expand across diverse fields, including tissue
engineering,”! soft robotics,®* metamaterials,®® chemical re-
actionware,"] etc. Based on the printing materials and forming
processes, 3D printing techniques can be categorized into sev-
eral types, including digital light processing (DLP), stereolithog-
raphy (SLA), fused deposition modeling (FDM), and selective
laser sintering (SLS). Among these, photocuring 3D printing
(such as DLP and SLA) has attracted significant attention in vari-
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ous industries owing to its exceptional precision and superior
surface smoothness.["

For photocuring technology, the performance of pho-
topolymer resins directly determines the quality of the final
printed products. Conventional photocurable resins, which
are typically based on acrylates, often exhibit limited mechan-
ical strength.l'39 This limitation stems from the requirement
for rapid photoinduced gelation during printing, which usual-
ly involves a high content of multifunctional acrylates or
methacrylates. Such compositions restrict the molecular de-
sign flexibility required to achieve an enhanced mechanical
performance. Moreover, a fast curing process tends to result
in heterogeneous network formation and residual stresses,
further compromising the material properties. In recent years,
both polyurethane-based acrylate resins and photothermal
dual-curing systems have attracted considerable interest.
Polyurethane-based acrylate resins are particularly valuable
because of their inherent stretchability and tunable molecu-
lar structure. For photothermal sequential dual-curing sys-
tems, the first stage employs UV light to initiate polymeriza-
tion, yielding an intermediate material that can be used di-
rectly or processed further. The subsequent thermal curing
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stage completes the reaction, often leading to the formation
of an interpenetrating polymer network (IPN), homogeneous
single network, or highly dense cross-linked structure,['9-12]
thereby enhancing the overall performance. Several design
schemes have been proposed that follow this principle. For
example, Ge et al.l'3! developed stiff 3D printable materials
using oligomers containing ester and hydroxyl groups, which
underwent transesterification during thermal treatment to in-
crease the crosslink density. Similarly, Xie et al.®! and Weng et
al.l'"1 reported a series of strong and tough 3D printable elas-
tomers based on oligomers with blocked isocyanate groups
that react with pendant carboxylic acid groups or free di-
amine chain extenders upon thermal treatment, resulting in
the formation of an interpenetrating network. Consequently,
developing novel photothermal sequential dual-curing ap-
proaches to enhance the performance of 3D printed materi-
als remains a central focus in this field, offering researchers a
broader spectrum of options. In addition, while current meth-
ods have been largely exploited to improve the mechanical
properties, the development of their functionality and appli-
cation potential remains insufficiently explored. Moreover, as
current methodologies predominantly rely on pure raw mate-
rials, it is crucial to develop new chemical design strategies
for the upcycling of polymer waste.

In light of these considerations, this study develops a novel
photocurable resin for 3D printing based on dynamic imida-
zole-urea-epoxy chemistry to achieve superior material per-
formance. During the post-printing thermal treatment, this
dynamic covalent chemistry integrates the toughness of
polyurethane with the strength of epoxy, leading to a syner-
gistic and significant enhancement of the mechanical proper-
ties. Furthermore, by leveraging the evolution of the molecu-
lar network and the consequent dramatic shift in the me-
chanical properties during thermal curing, the material is en-
dowed with unique functionalities such as shape pro-
grammability, enhanced portability/transportability, and
adaptive performance for multi-scenario applications. This
strategy has also been successfully extended to the recycling
of commodity polyurethane waste, enabling high-value upcy-
cling, thereby contributing to sustainable development.

EXPERIMENTAL

Materials

Poly(tetrahydrofuran) (PTMG, M,=1000 g-mol™"), isophorone di-
isocyanate (IPDI), bis(2,4,6-trimethylbenzoyl)-phenylphosphi-
neoxide (Irgacure 819), and 2-isocyanatoethyl methacrylate
(IMA) were purchased from Aladdin. 4-Hydroxymethyl-5-
methylimidazole (IM) was purchased from Energy Chemicals.
Anhydrous N,N-dimethylformamide (DMF) was purchased from
Sinopharm Chemical Reagent. Glycidyl methacrylate was pur-
chased from Macklin. Commaodity polyurethane foam (PUF) was
obtained from the UE Furniture production line.

General Measurements

"H-nuclear magnetic resonance ("H-NMR) spectra were record-
ed using a Bruker Avance 500 NMR spectrometer. Fourier trans-
form infrared (FTIR) analysis was performed using a Bruker VER-
TEX 70v spectrometer. Tensile tests were performed using an
electronic universal testing machine (SUNS) at a tensile rate of

50 mm-min~'. Thermogravimetric analysis (TGA) was performed
using a TGA Q500 instrument under a nitrogen atmosphere at a
heating rate of 10 °C:min~" from 30 °C to 600 °C. Gel fraction test
was conducted using solvent extraction in DMF for 24 h and
vacuum drying at 60 °C for 3 h.

Synthesis of Photo-curing Precursor
PTMG (50 g, 0.05 mol) was placed in a 500 mL three-necked
flask and dried under vacuum at 110 °C for 1 h. After cooling to
90 °C, IPDI (22.2 g, 0.10 mol) was added and the reaction was al-
lowed to proceed at 90 °C for 4 h under nitrogen atmosphere.
Subsequently, a solution of IM (11.2 g, 0.10 mol) in DMF (80 mL)
was added, and the mixture was reacted at 70 °C for 2 h. Subse-
quently, IMA (15.5 g, 0.10 mol) was added and the reaction was
continued at 80 °C for another 2 h to obtain poly(imidazole-
urea-urethane) methacrylate. Finally, predetermined amounts
of glycidyl methacrylate (0, 0.025, 0.05, 0.075, and 0.1 mol) and a
photoinitiator (Irgacure 819, 3 wt%) were added to obtain the
photocurable precursor.

The control photocuring precursor featuring a
polyurethane methacrylate structure was prepared using the
same process, except that the IM was replaced with ethylene

glycol.

Synthesis of Photo-curing Precursor from Commodity
PUF

Commodity PUF (7.22 g) was mixed with IM (1.29 g, 11.5 mmol)
in DMF (8 mL). After reaction at 150 °C for 30 min, PUF was dis-
solved in a homogeneous and transparent light yellow solution.
Then, IMA (3.10 g, 20.0 mmol) was added, and the reaction was
allowed to proceed at 80 °C for 2 h to obtain poly(imidazole-
urea-urethane) methacrylate. Subsequently, glycidyl methacry-
late (1.07 g, 7.5 mmol) and the photoinitiator (Irgacure 819, 3
wt%) were sequentially introduced into the system.

Photocuring 3D Printing

A photocurable printing resin was prepared by adding a pho-
toabsorber (Sudan lll, 3 wt%) to the photocurable precursor. The
resulting mixture was stored in the dark before use. Printing was
performed using a bottom-up DLP 3D printer with a layer thick-
ness of 20 ym and an exposure time of 6 s per layer. After print-
ing, the samples were sonicated in ethanol, followed by solvent
removal at 50 °C under vacuum. Finally, they were subjected to
thermal postcuring at 100 °C for a predetermined time.

RESULTS AND DISCUSSION

Chemical Design of the 3D Photo-printable Resins
The key to our achievement lies in the chemical design of a
photocuring precursor containing poly(imidazole-urea-ure-
thane) methacrylate and glycidyl methacrylate oligomers. The
former was prepared in three steps (Fig. 1a). First, an isocyanate-
terminated prepolymer was synthesized by reacting excess IPDI
with PTMG. Subsequently, the isocyanate-terminated prepoly-
mer further reacted with IM to form a hydroxy-terminated pre-
polymer with imidazole-urea bonds. Finally, the prepolymer re-
acted with IMA to yield the target poly(imidazole-urea-ure-
thane) methacrylate oligomer, and its structure was confirmed
by 'H-NMR and FTIR spectra (Figs. S1 and S2 in the electronic
supplementary information, ESI).

The prepared poly(imidazole-urea-urethane) methacrylate
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Fig. 1 Chemical design of the 3D photo-printable resin. (a) Synthetic route of poly(imidazole-urea-urethane) methacrylate oligomer; (b) Thermal
dissociation of dynamic imidazole-urea to release isocyanate and imidazole; (c) The reaction of imidazole with epoxy to produce hydroxyl group on
the side chain; (d) The reaction of hydroxyl group with isocyanate to generate a crosslinking point; The schematic diagram of (e) photo-(f) thermal

dual-curing mechanism.

was further mixed with a co-monomer (glycidyl methacrylate)
and a photo-initiator (Irgacure 819) to obtain a photothermal
dual-curable precursor. In this system, the methacrylate
groups enabled 3D printing via photopolymerization, while
the imidazole-urea moieties and epoxy groups facilitated
subsequent thermal curing, which was confirmed by FTIR
analyses (Figs. S3 and S4 in ESI). The mechanism of this post-
thermal curing is as follows: under ambient conditions, the
imidazole-urea moiety remains stable and its reactivity is
blocked, upon heating, its dynamic covalent character is acti-
vated, releasing isocyanate and imidazole groups (Fig.
1b).1>-171 The liberated imidazole group acts as a well-known
curing agent for epoxy resins, and its reaction with epoxy
generates hydroxyl side chains (Fig. 1c).l'8'91 These newly

formed hydroxyl groups can further react with the isocyanate
groups generated in Fig. 1(b) to establish the crosslinking
points (Fig. 1d). With the reactions described above, the pre-
cursor can not only be shaped by photocuring 3D printing
(Fig. 1e) but can also form new crosslinks via a post-printing
thermal curing reaction (Fig. 1f), thereby enhancing the me-
chanical properties of the material. To quantitatively evaluate
the change in the degree upon thermal treatment, gel frac-
tion measurements were performed on samples before and
after post-curing at 100 °C for 1 h. The gel fraction increased
from 65.37%+0.94% to 82.58%+0.24% after thermal treat-
ment, directly confirming that additional covalent crosslinks
were formed during the post-printing thermal curing process.
This significant increase in gel fraction provides robust evi-
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dence for the enhanced crosslinking degree, which is consis-
tent with the proposed imidazole-urea-epoxy dual-curing
mechanism. Moreover, epoxy resins are known for their high
strength, whereas polyurethanes offer superior flexibility.[20]
The design presented here synergistically integrates these
complementary attributes, resulting in the simultaneous en-
hancement of both strength and toughness.

Enhancement of the Properties

The properties of a material are intrinsically related to its molec-
ular structure. As described above, the reaction between imida-
zole-urea moieties and epoxy groups, triggered by post-print-
ing thermal treatment, can form new covalent crosslinked sites.
This reaction provides a means to regulate and enhance key
material properties, including the mechanical strength and
thermal stability.

The stress-strain curves of the samples before and after
thermal treatment are presented in Fig. 2(a). The initial photo-
cured sample exhibits a tensile strength of (1.0+0.3) MPa, a
modulus of (13.2+3.2) MPa, a breaking elongation of
137.0%+22.3%, and a toughness of (1.1£0.4) MJ-m=3. With
thermal treatment, the mechanical properties were signifi-
cantly improved with time. After 1 h, the tensile strength,
modulus, and toughness significantly increased to
(28.9+2.1) MPa, (338.0+5.0) MPa, and (22.6+2.5) MJ-m-3, which
are approximately 29, 26, and 21 times higher than those of
the initial sample, respectively, while the breaking elongation
remained nearly unchanged. Although the mechanical prop-
erties of our materials do not reach the highest reported val-
ues to date,”! their overall performance, particularly in terms
of toughness and breaking elongation, is comparable to or

even better than those of many previously reported systems
and commercially available digital light 3D-printed
materials.2'-251 The combination of excellent toughness and
high elongation, along with the multifunctionalities enabled
by our dual-curing strategy, demonstrates the practical po-
tential of our materials for diverse applications, especially in
scenarios requiring both mechanical robustness and func-
tional adaptability, as will be further demonstrated in the sub-
sequent section (Fig. 3). Further prolonging the thermal treat-
ment time to 2 h leads to a decline in these properties, which
is attributed to the molecular chain scission and material
degradation induced by prolonged thermal exposure. Based
on the above results, we selected 1 h as the optimal thermal
treatment time. It is noteworthy that the elastic modulus in-
creased substantially by a factor of 26 (Figs. 2a and 2b), indi-
cating that the material can transition from soft rubber to
rigid plastic. This transformation can lead to significant im-
provements in portability and functionality, which are dis-
cussed in the following section.

In addition to the treatment time, the influence of the mo-
lar ratios of the epoxy groups to imidazole-urea moieties on
the mechanical properties was also investigated, and the re-
sults are presented in Fig. 2(c). The results show that at a mo-
lar ratio of 0.25:1, the sample exhibited a tensile strength of
(20.3+£2.2) MPa, a modulus of (205+28.9) MPa, a breaking
elongation of 179.3%+28.7%, and a toughness of
(23.2+4.2) MJ-m-3, As the ratio increased from 0.25:1 to 0.75:1,
the strength and elastic modulus gradually increased and the
elongation gradually decreased, with the toughness remain-
ing largely unchanged. Further increasing the ratio to 1:1 led

35 35
Heating time a 15+ b — 0.25:1 @
30r _on 30r _ o5 /
__25F —05h . 25
& —1h & &
S 20r —2h =101 s 20
ﬁ 15k ﬁ Heating time g 15
= =1 —O0h =3
“ 10t D5t —05h “ 10
—1h
5t —2h 3
0 T T 0 y = . - 0 1 1 1
0 50 100 150 200 0 2 4 8 10 12 0 50 100 150 200
Strain (%) Strain (%) Strain (%)
40
d — Without imidazol-urea 100 e 100 f
351 — With imidazol-urea . .
301 3 30 = 80
£ 25¢ S ©
= 20t % 60 % 60
(9] © ©
s 151 S 40 S 40+ — 0.25:1
i o 2 Heating time 2 — 051
i Q D .3:
< y0f —0h € 20 —0.75:1
T —1h — 11
0 ————1 I I I I I I I I I I
0 50 100 150 200 250 100 200 300 400 500 600 100 200 300 400 500 600
Strain (%) Temperature (°C) Temperature (°C)

Fig.2 Enhancement of the properties. (a) Evolution of stress-strain curves upon annealing at 100 °C; (b) Zoom-in of the small strain range from Fig.
2(a), showing the tunability of modulus; (c) Stress-strain curves with different molar ratios of epoxy groups to imidazole-urea moieties; (d) Stress-
strain curves with and without imidazole-urea moieties; (e) TGA curves before and after undergoing annealing at 100 °C for 1 h; (f) TGA curves with
different molar ratios of epoxy groups to imidazole-urea moieties after thermal curing.
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Fig.3 Demonstration of multifunctional applications. (a) 3D-printed products in shapes of snowflake, flower petals, and alphabetic characters; (b)
Shape-programmable petal; (c) Portable and multipurpose filament; (d) Portable lounge chair.

to a comprehensive decline in the mechanical properties,
which was attributed to material embrittlement caused by
the formation of excessive crosslinking points. Based on the
above results, we selected 0.75:1 as the molar ratio of the
epoxy groups to imidazole-urea moieties, unless otherwise
noted.

To evaluate the effect of temperature on crosslinking effi-
ciency, thermal treatments were conducted at 80, 100, and
120 °C, and the resulting materials were characterized by me-
chanical testing and gel fraction measurements. Mechanical
testing revealed that the overall performance at both 80 and
120 °C was inferior to that at 100 °C (Fig. S5 in ESI). The gel
fraction measurements corroborated this finding. At 80 °C,
the crosslinking reaction was sluggish, yielding a gel fraction
of only 71.97%+3.17%. At 120°C, the gel fraction reached
73.11%=+2.23%, comparable to that at 80 °C, but notably low-
er than the 82.58%+0.24% achieved at 100 °C, suggesting
that excessive temperature may trigger side reactions that
compromise crosslinking efficiency. Optimal performance
was achieved at 100 °C with the highest gel fraction and su-
perior overall mechanical properties, confirming that this
temperature provides the most efficient crosslinking while
minimizing undesirable side reactions.

To validate the key role of dynamic imidazole-urea bonds
in their excellent mechanical properties, a control experi-
ment was conducted. In this experiment, ethylene glycol was
employed to replace imidazole to prepare polyurethane-
based methacrylate as the photocurable precursor (Fig. S6 in
ESI). This substitution results in the formation of common ure-
thane bonds instead of dynamic imidazole-urea moieties. Be-
cause of the negligible dynamic character of these common
urethane bonds, they exhibited little reactivity with the epoxy
groups and their corresponding weak mechanical properties
(Fig. 2d).

In addition to the mechanical properties, the thermal prop-
erties were improved. As shown in Figs. 2(e) and 2(f), the ini-
tial photocured sample had a decomposition temperature (Ts,
the temperature at 5% weight loss) of 240 °C. After thermal
treatment for 1 h, T5 increased to 263 °C. Moreover, increas-
ing the molar ratios of epoxy groups and imidazole-urea moi-

eties led to a higher Ts. This improvement is primarily at-
tributed to the reaction between the imidazole-urea moieties
and epoxy groups, which increases the crosslinking density of
the molecular network and thereby enhances the thermal
stability.

Demonstration of Multifunctional Applications:
Shape-programmable Structures, Adaptive
Filaments, and Portable Furniture

The photocurability of the precursor enables digital light pro-
cessing (DLP) 3D printing, allowing the fabrication of structures
such as snowflakes, flower petals, and alphabetic characters
(Fig. 3a). Subsequent thermal curing further induced a pro-
nounced soft-to-rigid transition, marked by a 26-fold increase in
the modulus (from 13 MPa to 338 MPa). This property enhance-
ment endows the material with unique functionalities including
shape programmability, improved portability, and adaptive per-
formance for multi-scenario applications. Representative exam-
ples are presented in the following sections.

First, a shape-programmable petal structure is fabricated
from the precursor. In its initial state, it existed as a flat and
flexible 2D sheet (Fig. 3b). Upon shape setting and thermal
annealing (100°C, 1 h), it transformed into a permanent 3D
petal, demonstrating the material’s shape-programming ca-
pability.

Second, a portable multipurpose filament is fabricated
from the precursor. In its initial soft state, it can not only be
coiled for compact storage and improved portability, but al-
so serve practical purposes such as bundling (Fig. 3c). Upon
shape setting and thermal annealing (100 °C, 1 h), it under-
goes a transition to a rigid state, forming a structural hook
that can bear significant loads.

Finally, a portable lounge chair is created using the same
precursor. Initially, the material existed as a soft film that
could be rolled up to minimize its storage volume, greatly en-
hancing the portability for transport (Fig. 3d). After delivery to
its destination, it is unfolded, tailored using a Kirigami-in-
spired technique, and thermally cured. This process converts
the flat film into a rigid, 3D chair capable of supporting
weight. This approach effectively reduces the temporary vol-
ume during transit and improves the transportation efficien-
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y.

As a proof-of-concept demonstration, these results con-
firm that the soft-to-rigid transformation can deliver specific
and practically valuable functions. Here, we define “function-
ality” as application-oriented utility beyond mechanical prop-
erties, encompassing shape programmability, enhanced
portability, and adaptive applications. While the current
demonstrations are conceptual in nature, this “one material,
multiple state capability”, and application-oriented perspec-
tive is of practical significance, which enables on-demand
customization across diverse scenarios, a feature rarely stud-
ied or achieved with conventional photocured resins.

Extension to Commodity Polyurethane Waste

As described above, the polyurethane segments were con-
structed using pure raw materials. Here, we propose the substi-
tution of these materials with polyurethane waste to improve
sustainability and reduce costs. To provide a clear overview of
this recycling strategy, we included a schematic illustration (Fig.
4a) depicting the complete workflow from PUF waste sources to
3D-printed products. Notably, foam is the predominant form of

PUF waste

polyurethane, accounting for approximately 67% of the
market,”® and is typically produced by the reaction of diiso-
cyanates with polyols using water as a blowing agent, resulting
in a molecular structure containing urethane, urea, and biuret
bonds (Fig. 4b and Fig. S7 in ESI). These bonds are susceptible to
cleavage by compounds containing active hydrogen groups,
which can react with isocyanates.”?”!

Therefore, we employed commodity polyurethane foam
(PUF, sourced from UE Furniture Co., Ltd.’s production line) as
the raw material using IM as the depolymerization agent. By
cleaving the urethane/urea/biuret bonds in the foam (Fig. 4b
and Fig. S7 in ESI), we achieved depolymerization while simul-
taneously incorporating imidazole-urea bonds into the waste,
thereby converting it into an imidazole-urea-enriched and re-
processable oligomer (Figs. 4b and 4c). Subsequently,
methacrylate grafting yielded poly(imidazole-urea-urethane)
methacrylate with a structure similar to that shown in Fig.
1(a).

Following the previously described procedure, the
oligomer was mixed with glycidyl methacrylate, then photo-
cured and thermally post-cured to yield a recycled product

Photocuring 3D printing
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Fig. 4 Extension to commodity polyurethane waste. (a) Schematic illustration of the overall recycling workflow, from PUF waste sources through
chemical conversion and photo-curing 3D printing to the final 3D-printed products; (b) The reaction pathway to transform PUF network into photo-
thermal dual-cured network; (c) Photographs of the PUF waste before and after depolymerization; (d) Stress-strain curves of the regenerated
products before and after heating at 100 °C for 1 h; (e) 3D printed objects in shapes of snowflake and flower petals.
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with a PUF content of approximately 60 wt%. Notably, the de-
polymerization process achieved complete conversion of PUF
waste into soluble oligomers, with no detectable solid residue
or residual monomers, indicating that the waste was fully in-
tegrated into the regenerated resin system. Before thermal
curing, the material exhibited strength, elastic modulus, elon-
gation, and toughness of (6.7+0.6) MPa, (83.2+14.0) MPa,
28.9%+2.2%, and (1.35+£0.06) MJ-m-3, respectively (Fig. 4d).
After thermal treatment, both the strength and modulus in-
creased substantially, elongation decreased, and toughness
remained largely unchanged. We note that this enhance-
ment is less pronounced than that achieved with pure materi-
als, which can be attributed to the following factors: (1) the
polyether soft segments in waste-derived PUF are predomi-
nantly poly(propylene glycol) (PPG), whose pendant methyl
groups hinder crystallization and inherently weaken mechan-
ical properties; (2) industrial PUF contains various additives
(e.g., blowing agents and foam stabilizers) beyond the main
polyol and isocyanate components, introducing composition-
al heterogeneity; and (3) the high-temperature depolymeriza-
tion step involved in the recycling process may induce inci-
dental chain scission. Despite these limitations, the signifi-
cant improvement in strength (15.5+3.3 MPa) and modulus
(223.7+69.5 MPa) upon thermal curing, compared to the un-
treated sample, confirms the feasibility of this approach for
waste-based and sustainable applications, while also demon-
strating the tunability of its mechanical properties. Using this
process, a series of waste-based 3D-printed objects of various
shapes were fabricated (Fig. 4e). Notably, although the me-
chanical properties of waste-derived materials are inferior to
those of pristine raw materials, they remain competitive with
many commercial photocurable resins,2'-231 and are suffi-
cient for applications that do not require high load-bearing
capacity, such as model displays. The total material cost from
pure raw materials (about 10.73 dollars/kg, Table S1 in ESI) is
substantially lower than the market price of commercial alter-
natives (typically tens of dollars/kg), and the use of waste
feedstock further reduces costs. This additional sustainability
value provides a compelling advantage, especially for envi-
ronmentally conscious groups.

CONCLUSIONS

In summary, we demonstrate a versatile 3D printing strategy
based on dynamic imidazole-urea-epoxy chemistry, which en-
ables the fabrication of strong, tough, and functionally adaptive
materials via a photothermal dual-curing process. Photocurable
precursors can be readily prepared from commercially available
and inexpensive reagents, and the post-printing thermal treat-
ment is simple and effective, making the approach easily imple-
mentable. This thermally triggered network transformation not
only integrates the toughness of polyurethane with the
strength of epoxy, leading to a dramatic enhancement in the
mechanical properties, but also drives a significant soft-to-rigid
transition, unlocking unique functionalities such as shape pro-
grammability, enhanced portability, and adaptive applications.
Moreover, we successfully extended this chemical design to
commodity polyurethane foam waste, upcycling it into high-
performance 3D printing resins and thereby contributing to
sustainable manufacturing. This strategy offers a general and

practical route to overcome the limitations of conventional
photocured materials and can potentially be expanded to other
polymer systems (e.g., polyester and polyamide) and manufac-
turing technologies (e.g., wet/electrostatic spinning).
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3D Printing of Strong, Tough, Multifunctional and Sustainable Material from Dynamic Imidazole-urea-
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Dynamic imidazole-urea-epoxy chemistry enables photothermal dual-curing 3D printing with dramatically enhanced me-
chanical performance and one-material-multiple-state functionality. This strategy can be further extended to commodity

polyurethane foam waste, enabling sustainable manufacturing.
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