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Abstract   Digital light processing (DLP) 3D printing enables high-resolution and efficient fabrication, yet achieving multimaterial printing with

robust mechanical  performance remains challenging due to limitations in the molecular design. Here,  we report a photo-thermal dual-curing

strategy to address this challenge. The photosensitive poly(oxime-urethane) resin, which forms ionic bonding between carboxylic acid and 2-

(dimethylamino)ethyl methacrylate, exhibits excellent printability with low viscosity (below 5000 mPa·s), high storage moduli after gelation (ex-

ceeding 105 Pa), and high storage stability (over 30 days). The post-printing thermal curing between carboxylic acid and oxime-urethane bonds

enables network rearrangement for mechanical enhancement and interfacial welding of modules with diverse properties. This dynamic chemi-

cal design facilitates high-performance multimaterial integration, significantly expanding the design flexibility and versatility for the fabrication

of complex structures.
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INTRODUCTION

Three-dimensional  (3D)  printing  has  emerged  as  a  revolution-
ary manufacturing technique by offering the design freedom to
access arbitrarily complex architectures, enabling diverse appli-
cations  in  fields  such  as  electronics,  soft  robots,  and
biomedicine.[1−4] Among  various  options,  digital  light  process-
ing  (DLP)  3D  printing  is  particularly  promising  due  to  its  high
resolution and production efficiency.  Recent  advances in  ultra-
fast  printing  and  resin  recyclability  have  further  enhanced  the
viability of DLP technology.[5−12] A fundamental prerequisite for
DLP printing is the rapid gelation of resins upon light exposure,
which,  however,  imposes  severe  restrictions  on  the  molecular
design of polymer networks and often compromises the perfor-
mance of printed parts.[13]

To address the inherent conflict between printability and fi-

nal  mechanical  performance,  a  photo-thermal  dual-curing
strategy has recently been explored.[14−20] Typically, the pho-
tosensitive components are first photocured to form a green
part  during  3D  printing.  Subsequently,  the  unreacted  ther-
mally  curable  component  within  the  photocured  network
polymerizes  into  a  second network  for  mechanical  enhance-
ment.[14−16] However,  it  faces  two  major  challenges.  First,  as
the resin is only partially cured during printing, the amount of
thermally  curable  components  that  can  be  incorporated  is
limited  to  maintain  printability.  Second,  the  thermal  curing
step  tends  to  induce  excessive  crosslinking  in  the  network,
which often compromises the stretchability of the materials.

One  notable  example  to  fabricate  high-performance  elas-
tomers  involves  the  incorporation  of  dynamic  covalent
bonds. The underlying mechanism stems from the incorpora-
tion  of  dynamic  hindered  urea  bonds  into  photocured  net-
works. During thermal post-curing, deblocked isocyanates re-
act  with  amine  or  carboxyl  groups,  which  allows  for  post-
printing  network  reconfiguration  and  thus  imparts  high  me-
chanical properties. While effective, the state-of-the-art strat-
egy  has  so  far  been  largely  limited  to  the  fabrication  of  soft
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rubbers.[17−20] In  addition,  the hindered urea bond bearing a
tert-butyl  group  exhibits  excessive  dynamicity  at  room  tem-
perature,[21,22] raising significant concerns about resin stabili-
ty.

The  seamless  integration  of  diverse  material  properties  is
also  essential  for  DLP  3D  printing.  However,  despite  signifi-
cant  efforts,  multimaterial  DLP  printing  remains  challenging
due to the need for complex resin formulations and stringent
instrumentation.[23−26] As  an  alternative,  interfacial  welding,
which  assembles  individual  3D-printed  modules  with  tai-
lored properties into a multimaterial structure, offers the ben-
efit  of  allowing  independent  control  over  each  module’s
properties  and  functions.[27,28] Here,  we  propose  a  photo-
thermal  dual-curing  strategy  that  enables  high-performance
multimaterial  DLP printing through synergistic network rear-
rangement and interfacial  welding.  Our  approach employs  a
photosensitive  poly(oxime-urethane)  resin  that  incorporates
dynamic  oxime-urethane  linkages  and  ionic  interactions  be-
tween  carboxylic  acid  groups  and  2-(dimethylamino)ethyl
methacrylate. We note here that the incorporation of dynam-
ic  oxime-urethane  bonds  in  the  resin  offers  several  benefits.
First, compared with the commonly used hindered urea bear-
ing a tert-butyl group, the oxime-urethane exhibits lower dy-
namicity at  room temperature,  ensuring the storage stability
of  the  resin  before  printing.  Second,  the  dissociation  of
oxime-urethane at high temperature allows deblocking of the
isocyanate group,  which facilitates the reaction of  carboxylic
acid groups for network rearrangement and interfacial  weld-
ing.  This  enables  the  integration  of  multi-material  structures
with high mechanical properties.

EXPERIMENTAL

Materials
Poly(tetrahydrofuran)  diol  (Mn=1000  g·mol–1)  was  purchased
from B&D and dried at 110 °C under vacuum for 1 h before use.
Toluene  diisocyanate,  dimethylolbutyric  acid,  dibutyltin  dilau-
rate,  2-(dimethylamino)ethyl  methacrylate  (DMAEMA),
trimethylolpropane  triacrylate  (TMPTA),  tetrahydrofurfuryl
methacrylate  (THFMA),  Sudan  III,  Sudan  I,  and  Sudan  Black  B
were  obtained  from  Aladdin.  Acetone  oxime  and  bis(2,4,6-
trimethylbenzoyl)phenylphosphine  oxide  (Irgacure  819)  were
purchased  from  Macklin.  2-(tert-Butylamino)ethyl  methacrylate
was  provided  by  TCI.  All  chemical  reagents  were  used  as  re-
ceived unless otherwise noted.

Preparation of the Photosensitive Poly(oxime-
urethane)
The  synthesis  of  the  photosensitive  poly(oxime-urethane)  was
carried  out  in  four  steps.  First,  poly(tetrahydrofuran)  diol  (0.05
mol) and toluene diisocyanate (0.10 mol) were added to a three-
necked  flask  equipped  with  a  mechanical  stirrer.  The  reaction
was  performed  at  50  °C  for  4  h  after  the  introduction  of
dibutyltin  dilaurate  (0.1  wt%  relative  to  poly(tetrahydrofuran)
diol)  as  the  catalyst.  Subsequently,  dimethylolbutanoic  acid
(0.033 mol) was added, and the reaction was continued for an-
other 4 h. Next, acetone oxime (0.033 mol) was added to block
the remaining isocyanate groups, and the mixture was reacted
for an additional 4 h. Finally,  2-(dimethylamino)ethyl methacry-
late was added in a 1:1 molar ratio relative to the carboxylic acid
groups and allowed to react  overnight.  The chemical  structure

of the product was characterized using nuclear magnetic reso-
nance  (1H-NMR)  and  Fourier-transform  infrared  (FTIR)  analysis.
The  photosensitive  poly(hindered  urea-urethane)  was  synthe-
sized  following  the  same  procedure,  except  that  the  acetone
oxime was replaced with 2-(tert-butylamino)ethyl methacrylate.

Digital Light 3D Printing
The  DLP  printing  precursor  for  M48%-T2%  was  prepared  by
mixing  the  photosensitive  poly(oxime-urethane)  (100  g),  THF-
MA (96 g), TMPTA (4 g), Irgacure 819 (2 g), and Sudan I (0.02 g).
The  DLP  printing  precursor  for  M45%-T5%  was  prepared  by
mixing  the  photosensitive  poly(oxime-urethane)  (100  g),  THF-
MA (90 g), TMPTA (10 g), Irgacure 819 (2 g), and Sudan III  (0.02
g). The DLP printing precursor for M40%-T10% was prepared by
mixing  the  photosensitive  poly(oxime-urethane)  (100  g),  THF-
MA (80 g), TMPTA (20 g), Irgacure 819 (2 g), and Sudan Black B
(0.02 g).  All  mixtures  were stored in  the dark before use.  Print-
ing was performed using a bottom-up DLP printer (Moonray S,
10 mW·cm−2) with an exposure time of 10−25 s. The printed ob-
jects  were  rinsed  with  butyl  acetate  to  remove  uncured  resin,
followed by  post-curing in  a  UV chamber  (IntelliRay  600 Flood
UV, Uvitron International, 955 mW·cm−2, 265−700 nm). For ther-
mal post-curing, the printed objects were then annealed at 120
°C for 2 h.

Characterizations
1H-NMR spectra were collected using an Avance III  spectrome-
ter (Bruker). FTIR spectra were recorded using a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific). DSC experiments were
conducted  using  a  TA  Q200  instrument  at  a  heating  rate  of  3
°C·min−1. The viscosity of the printing precursors was measured
using  a  digital  viscometer  (NDJ-5S),  while  that  of  poly(oxime-
urethane)  was  measured  using  a  rheometer  (MARS  60)  at  a
shear  rate  of  0.1  s−1.  Photo-rheology  measurements  were  per-
formed  using  an  Anton  Paar  MCR  702e  rheometer  equipped
with a detachable photo-illumination system (OmniCure S1500)
by  monitoring  the  evolution  of  storage  moduli  (G')  and  loss
moduli (G"). The gelation content was determined by extracting
the samples with butyl acetate. The cross-sectional morphology
of  the  welded  interfaces  was  characterized  by  scanning  elec-
tron  microscopy  (SEM,  SU-8010,  Hitachi,  Japan)  after  the  sam-
ples  were  fractured  in  liquid  nitrogen  and  sputter-coated  with
platinum.  The  tensile  tests  were  conducted  on  a  testing  ma-
chine  (SUNS)  at  a  constant  crosshead  speed  of  50  mm·min−1.
The testing specimens were cut into dumbbell shapes (20.0 mm
× 2.0 mm × 0.4 mm) according to the ISO standard 527-3:1995
before  use,  and  at  least  three  specimens  were  tested  for  each
sample. The tensile toughness was calculated according to pre-
vious work.[17]

RESULTS AND DISCUSSION

The photosensitive poly(oxime-urethane) comprises oxime-ure-
thane and pendant carboxylic acid groups (Fig. 1a), synthesized
via a  four-step,  solvent-free  process  (Fig.  S1  in  the  electronic
supplementary information, ESI).  First,  polytetrahydrofuran diol
(Mn=1000  g·mol–1)  is  reacted  with  toluene-2,4-diisocyanate  to
obtain an isocyanate-terminated prepolymer. Subsequently, the
terminal  isocyanate  undergoes  reaction  with  hydroxymethyl-
butyric  acid,  introducing  two  carboxylic  acid  groups  into  the
side chains. The remaining isocyanate groups are then blocked
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with  acetone  oxime,  forming  dynamic  oxime-urethane  bonds.
Finally,  2-(dimethylamino)ethyl  methacrylate  (DMAEMA)  is
added to form a salt with the carboxylic acids, thereby introduc-
ing  UV-sensitive  functional  groups.  The  successful  synthesis  of
the target product is verified by 1H-NMR and FTIR analyses (Figs.
S2 and S3 in ESI).

The  resulting  photosensitive  poly(oxime-urethane)  ex-
hibits fast  polymerization kinetics,  achieving a short gelation
time of 13 s (Fig. S4 in ESI). However, direct use in 3D printing
is  hindered  by  the  low  storage  modulus  after  gelation  (tens
of  kPa)  (Fig.  S4  in  ESI)  and  high  resin  viscosity  (10350  Pa·s),
which  stems  from  weak  interactions  involving  the  ionic
bonds. To address this limitation, two photosensitive diluents,
tetrahydrofurfuryl  methacrylate  (THFMA)  and  trimethylol-
propane triacrylate  (TMPTA),  are  incorporated (Fig.  1b).  They
not only reduce viscosity but also help form a robust network
with  tailorable  mechanical  properties.  Here,  a  series  of  sam-
ples is prepared and denoted as Mx-Ty,  where x and y repre-
sent  the  weight  percentages  of  THFMA  and  TMPTA,  respec-
tively.  The  polymer  networks  are  constructed via a  photo-
thermal  dual-curing  strategy,  as  illustrated  in Fig.  1(c).  Upon
photo-illumination,  the (meth)acrylate  undergoes  rapid free-
radical  polymerization to form the first  network.  During sub-
sequent thermal post-curing, the oxime-urethane groups dis-

sociate to generate isocyanate groups,[29−31] which then react
with  the  pendant  carboxylic  acid  groups  to  form  the
polyamide network (Fig.  1d).  This  process  results  in  an inter-
penetrating  polymer  network  combined  with  the  initially
photocured  polyacrylate  network,  contributing  to  the  high
performance of the final material.

The  deblocking  and  subsequent  crosslinking  behaviors  of
the  photosensitive  poly(oxime-urethane)  are  critical,  as  they
significantly  influence  the  final  mechanical  performance.  As
shown  in Fig.  2(a),  a  distinct  exothermic  peak  of  the  photo-
sensitive poly(oxime-urethane) is observed in the differential
scanning  calorimetry  (DSC)  profile  in  the  temperature  range
of  100−140  °C,  which  is  attributed  to  the  deblocking  of  dy-
namic  oxime-urethane  bonds  and  their  subsequent  reaction
with  the  pendant  carboxylic  acid  groups.  This  provides  a
guideline  for  selecting  a  thermal  curing  temperature  of  120
°C.  The  extent  of  the  reaction  over  time  at  this  temperature
(120  °C)  is  monitored  using  FTIR  spectroscopy  after  postcur-
ing  (Fig.  2b).  As  time  goes  on,  the  characteristic  band  corre-
sponding to the oxime-urethane bonds at 925 cm−1 gradual-
ly  diminishes  and  disappears  after  2  h.  Quantitative  analysis
of  the  infrared  spectra  reveals  that  the  conversion  increases
linearly, reaching approximately 100% at 2 h (Fig. 2c). The gel
fraction  measurements  further  confirm  the  formation  of  a
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Fig. 1    Chemical design and network formation. (a) Chemical structure of the photosensitive poly(oxime-urethane); (b) Chemical structures of the
photosensitive diluents; (c) Network formation via a photo-thermal dual-curing strategy; (d) The reaction between oxime-urethane and carboxylic
acid groups.
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crosslinked network. As shown in Fig. S5 (in ESI), the gel con-
tent increases linearly and reaches 94% upon thermal anneal-
ing at 120 °C for 2 h. The stress-strain curve of the poly(oxime-
urethane) after photocuring and post-curing (2 h) is present-
ed in Fig.  S6 (in ESI),  showing a high breaking strain exceed-
ing 2000%.

Having  investigated  the  deblocking  mechanism,  DLP  pre-
cursors  are  formulated  by  incorporating  the  photosensitive
poly(oxime-urethane)  and  diluents,  and  the  polymer  net-
works  are  constructed  through  sequential  photo- and  ther-
mal-curing  processes.  The  influence  of  thermal  post-curing
time  on  mechanical  performance  is  first  evaluated  using  a
representative  formulation  of  M48%-T2%.  As  shown  in Fig.
2(d), the initially photocured sample exhibits tensile strength
and breaking strain of 4.3 MPa and 332%, corresponding to a
toughness of 7.7 MJ·m−3 (Table S1 in ESI). Upon thermal post-
curing,  the  mechanical  performance  is  substantially  en-
hanced.  At  an  optimal  post-curing  time  of  2  h,  the  tensile
strength and breaking strain increase to 21.1 MPa and 688%,
respectively,  while  the  toughness  increases  nearly  10-fold  to
76.8 MJ·m−3. Fig. 2(e) visually demonstrates the high mechan-
ical performance of M48%-T2% during tensile testing.

Variation  in  the  composition  enables  access  to  a  broad
range of  material  properties  (Tables  S2−S4 in  ESI).  As  shown
in Fig.  2(f),  increasing  the  content  of  trimethylolpropane  tri-
acrylate  leads  to  an  increase  in  Young’s  modulus  from  7.5
MPa for M50%-T0% to 133.8 MPa for M40%-T10% after post-
curing.  However,  the  breaking  strain  follows  an  opposite
trend,  decreasing  from  785%  to  283%.  This  phenomenon  is

attributed  to  an  increase  in  crosslinking  density  of  the  poly-
acrylate  network  by  introducing  a  higher  proportion  of  tri-
functional  crosslinker.  The  low  tensile  strength  observed  for
M50%-T0%  is  primarily  attributed  to  the  uncrosslinked  na-
ture of the polyacrylate network following post-curing. In ad-
dition,  formulations  with  different  resin  contents  are  also  in-
vestigated. The results shown in Fig. S7 (in ESI) reveal that an
increase  in  resin  content  leads  to  improved  mechanical  per-
formance  (Table  S5  in  ESI).  Specifically,  the  tensile  strength
and breaking strain of M28%-T2% are 34.4 MPa and 943%, re-
spectively. This improvement is attributed to the high propor-
tion  of  the  polyamide  network  within  the  final  network  for-
mation. Despite variations in modulus across formulations, all
materials  exhibit  robust  mechanical  performance,  ensuring
their use in diverse applications.

The  dynamic  blocking  chemistry  that  governs  the  forma-
tion  of  interpenetrating  polymer  networks  also  facilitates  in-
terfacial  welding.  To  evaluate  this  capability,  we  first  select
M48%-T2% as a representative formulation to investigate the
welding performance between materials of identical compo-
sition.  The  welding  process  is  conducted  by  bringing  two
photocured  samples  into  contact  and  subjecting  them  to
post-curing at 120 °C for 2 h. The resulting welded sample is
sufficiently  robust  to  undergo  stretching  without  interfacial
failure  (Fig.  3a).  The  mechanical  performance  of  the  welded
sample  is  assessed through tensile  testing,  with  the welding
efficiency calculated based on the change in tensile strength.
The  stress-strain  curves  in Fig.  3(b)  reveal  that  the  welded
sample  exhibits  tensile  strength  and  breaking  strain  of  16.5
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Fig. 2    Deblocking chemistry investigation and mechanical  characterization. (a)  DSC curves of the photosensitive poly(oxime-urethane) ranging
from 40 °C to 300 °C; (b) FTIR spectroscopy with different reaction time. From top to bottom, the reaction time correspond to 0, 15, 30, 45, 60, 90,
and 120 min. (c) Conversion with different reaction time; (d) Stress-strain curves of the sample M48%-T2% with different post-curing time; (e) The
image of the original sample M48%-T2% and the sample after stretching to 680%; (f) Stress-strain curves of the samples with different formulations.
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MPa and 610%, respectively (Table S6 in ESI). The correspond-
ing welding efficiency is calculated as 79%. SEM images of the
welded  samples  before  and  after  stretching  further  demon-
strate  superior  interfacial  welding  performance,  with  no  sig-
nificant  cracks  observed  after  stretching  (Fig.  S8  in  ESI).  Un-
der  the  same  welding  conditions,  we  further  examine  the
welding behavior of M45%-T5% and M40%-T10% (Fig. S9 and
Table  S6  in  ESI).  The  results  shown  in Fig.  3(c)  indicate  that
both formulations achieve high welding efficiencies, with the
values achieving 91% and 87%, respectively.

We also investigate the welding performance between ma-
terials  of  different  compositions.  The  formulations  (M48%-
T2%,  M45%-T5%,  and  M40%-T10%)  are  each  incorporated
with  different  photoabsorbers  for  differentiation. Fig.  3(d),
Figs.  S8  and  S10  (in  ESI)  show  the  successful  welding  be-
tween M48%-T2%, M45%-T10%, and M40%-T10%, with no in-
terfacial failure observed during stretching. The above results
suggest  that  despite  differences  in  their  macroscopic  me-
chanical properties, the presence of the same dynamic block-
ing  chemistry  enables  effective  welding  between  different
samples.

The formulation significantly influences resin viscosity and
curing  kinetics,  both  of  which  are  critical  factors  in  DLP  3D
printing.  As  shown  in Fig.  4(a),  increasing  the  amount  of
trimethylolpropane triacrylate leads to a slight increase in vis-

cosity. However, all  formulations exhibit low viscosity (below
5000 mPa·s), making them suitable for 3D printing. To investi-
gate  curing  kinetics,  we  use  photo-rheology  to  monitor  the
evolution of storage (G′) and loss (G″) moduli under UV expo-
sure.  As  shown  in Fig.  4(b),  both  moduli  increase  rapidly  for
M48%-T2%,  with  the  gelation  point  (defined  as G′ = G″)  ap-
pearing  after  20  s,  indicating  fast  polymerization  kinetics.  In
addition,  increasing  the  trimethylolpropane  triacrylate  con-
tent reduces the gelation times (Fig. 4c and Fig. S11 in ESI), as
this  photosensitive  diluent  acts  as  a  crosslinker  that  pro-
motes network formation.  In these cases,  the storage modu-
lus after gelation exceeds 105 Pa, making it robust for sequen-
tial  DLP  3D  printing.  Importantly,  the  resin  M48%-T2%  ex-
hibits  negligible  viscosity  change  even  after  30  days  of  stor-
age under dark conditions in open air (Fig. S12 in ESI). In con-
trast,  under  the  same  conditions,  the  viscosity  of  the  resin
prepared  with  hindered  urea  bonds  bearing  a  tert-butyl
group  increases  rapidly  and  undergoes  gelation  within  10
days  (Fig.  S12  in  ESI).  This  comparison  clearly  demonstrates
the high storage stability of our resin formulated with oxime
urethane.  Accordingly,  a  diversity  of  geometrically  complex
3D structures with high fidelity are successfully printed using
M48%-T2%,  as  demonstrated  in Fig.  4(d).  The  3D-printed
structures  exhibit  superior  weldability,  allowing  individual
printed modules  to  be joined interfacially  into an integrated
one.  As  illustrated  in Fig.  4(e),  vertically  sliced  3D-printed
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Fig. 3    Interfacial welding of dynamic polymer networks. (a) The image of the welded sample M48%-T2% before and after stretching; (b) Stress-
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of the welded sample between different formulations before and after stretching.
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chess modules are welded together (120 °C for 2 h) to obtain
a complete object. In addition, 3D-printed modules with vary-
ing  mechanical  performance  (M48%-T2%,  M45%-T5%,  and
M40%-T10%)  are  also  welded  together  to  achieve  multi-ma-
terial  integration  (Fig.  4f).  The  resulting  multi-material  ob-
jects can withstand both bending and compressing (Figs.  4g
and 4h), confirming the robustness of the interfacial welding.

CONCLUSIONS

In  summary,  we  report  a  facile,  solvent-free  synthesis  strategy
for  a  photosensitive  poly(oxime-urethane)  tailored  for  DLP  3D
printing. The incorporation of dynamic oxime-urethane linkage

and ionic interactions not only imparts high mechanical perfor-
mance  by  post-printing  network  rearrangement,  but  also  en-
ables interfacial welding for multi-material integration. This ap-
proach  achieves  excellent  printability  (including  low  viscosity,
fast  gelation times,  and high resin storage stability)  along with
tailorable  high  mechanical  properties,  establishing  a  versatile
and scalable manufacturing route toward DLP 3D printing.
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