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This work introduces a universal, dual-curing, energy-efficient strategy that enables the
high-fidelity 3D printing of thermoset polymers, exemplified here by crosslinked polystyrene.
The conceptual shift lies in moving from the need to melt pre-polymerized filaments, as
required in Fused Deposition Modeling (FDM), to the extrusion of a colloidal
monomer-based ink at ambient temperature. Rapid UV-driven stabilization of a thin external
shell of the printed filament is followed by a mild thermal curing of the crosslinked core,
allowing the construct to retain its shape throughout printing. This approach represents a
breakthrough in currently available 3D printing methods, enabling, for the first time, the direct
ink writing of crosslinked polystyrene. A notable outcome of our method is the emergence
of superior interlayer adhesion, reflected in mechanical properties exceeding those of
benchmark FDM polymers by more than twofold, and in the ability to fabricate challenging
overhangs without sacrificial supports. Most importantly, by decoupling printing from
polymerization, the method overcomes fundamental kinetic barriers, extending the range of
printable materials to virtually any monomer/crosslinker system and enabling continuous

multimaterial constructs, even when components exhibit widely different curing kinetics.
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24  Polystyrene (PS) is a widely used polymer with numerous structural and functional
25 applications, yet its additive manufacturing remains highly constrained. Conventional Fused
26 Deposition Modeling (FDM) relies on the extrusion of pre-polymerized thermoplastic
27 filaments at temperatures exceeding 230 °C, due to the high softening point of PS, and

28 cannot produce crosslinked architectures. This aspect limits design freedom, energy

Open Access Article. Published on 12 May 2026. Downloaded on 5/15/2026 10:57:01 AM.

g 29 efficiency, and material performance. Here, we introduce a paradigm-shifting approach for
g
530 ambient-temperature extrusion of PS using an oil-in-water high internal phase emulsion
3
‘231 (HIPE) ink composed of styrene and divinylbenzene dispersed in an aqueous phase. UV
§32 irradiation during deposition induces instantaneous crosslinking of the continuous phase,
E 33 forming a thin hydrogel scaffold that confers structural integrity, while subsequent thermal
234 curing converts the oil phase into dense PS. This dual-curing strategy decouples shape
g 35 retention from polymerization kinetics, allowing for the printing of complex constructs at room
236 temperature. Compression tests reveal exceptional mechanical performance, with a yield
§37 stress comparable to that of benchmark FDM polymers (ABS and PETG) and a maximum
(]
€38 compressive stress exceeding their values by more than twofold, highlighting the robustness
239 of interlayer cohesion achieved through in-situ crosslinking. Beyond PS, this versatile
%40 approach could unlock new possibilities for scalable, energy-efficient manufacturing of
%41 advanced polymer architectures, redefining the boundaries of additive manufacturing.
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New concepts statement

This work introduces a universal, dual-curing, energy-efficient strategy that enables the
high-fidelity 3D printing of thermoset polymers, exemplified here by crosslinked polystyrene.
The conceptual shift lies in moving from the need to melt pre-polymerized filaments, as
required in Fused Deposition Modeling (FDM), to the extrusion of a colloidal
monomer-based ink at ambient temperature. Rapid UV-driven stabilization of a thin external
shell of the printed filament is followed by a mild thermal curing of the crosslinked core,
allowing the construct to retain its shape throughout printing. This approach represents a
breakthrough in currently available 3D printing methods, enabling for the first time the direct
ink writing of crosslinked polystyrene. A notable outcome of our method is the emergence
of superior interlayer adhesion, reflected in mechanical properties exceeding those of
benchmark FDM polymers by more than twofold, and in the ability to fabricate challenging
overhangs without sacrificial supports. Most importantly, by decoupling printing from
polymerization, the method overcomes fundamental kinetic barriers, extending the range of
printable materials to virtually any monomer/crosslinker system and enabling continuous

multimaterial constructs, even when components exhibit widely different curing kinetics.
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70  Introduction 0L 10,1050 G e
71 Additive manufacturing has revolutionized polymer processing, enabling the production of
72 complex geometries and customized designs.l'?l However, this technology remains
73  fundamentally constrained by the nature of the materials it employs.lBl Conventional
74  extrusion-based methods, such as Fused Deposition Modeling (FDM), rely on thermoplastic
75 filaments that must be melted and deposited layer by layer.l*] For amorphous polystyrene
g 76 (PS), this requires extrusion temperatures exceeding 230°C due to its high softening point
% 277 (= 240°C) and glass transition near 100°C.[°! These conditions not only demand energy-
g 578 intensive processing but also preclude the formation of crosslinked architectures, ! limiting
E 279 dimensional stability and chemical resistance.l’l As a result, PS, despite its ubiquity and
§§80 desirable properties, has been largely excluded from advanced additive manufacturing
E 23 81  workflows.®
é (% 82 Recent efforts have sought to overcome limitations imposed by FDM by introducing reactive
§ % 83  inks and in-situ polymerization strategies.[*-'"! Among these, high internal phase emulsions
§§84 (HIPEs) have emerged as promising candidates due to their unique rheological
S 585  behaviour,>-1 which combines high viscosity with shear-thinning and elasticity, key
§ 586 properties for extrusion printing.['518! In our previous work, we demonstrated that HIPEs
5587 containing styrene and divinylbenzene (DVB) could serve as stable inks for printing
é% 88 crosslinkable PS-based constructs.['”] This approach represented a paradigm shift, i.e.,
% - 9 printing monomers rather than polymers, followed by post-print polymerization. However,
f;i 0 the polymerization kinetics of styrene proved incompatible with the fast-printing process,
@)

1 preventing rapid stabilization of the printed filaments. By contrast, in the same study, HIPEs

[ (oc) ET

2 formulated with methacrylate (a blend of methyl methacrylate and hexyl methacrylate)

93 monomers cured almost instantaneously under UV light.

94  The present work resolves the kinetic bottleneck of styrene through a dual-phase curing
95 strategy (Figure 1). By incorporating water-soluble methacrylated dextran (DexMA) in the
96 styrene-based HIPE, we introduce a functionality with fast reactivity (methacrylate)!®l in the
97 external phase, enabling UV-induced crosslinking of an ultra-thin hydrogel scaffold around
98 the styrene droplets in the extruded filament. This instantaneous reticulation provides
99  structural integrity at ambient conditions, decoupling shape retention from polymerization
100 kinetics, a fundamental limitation in printing techniques using monomer-containing inks.
101  Subsequent thermal curing at 60°C completes the polymerization of styrene/DVB within the

102 oil phase, yielding dense, dimensionally stable PS constructs. This innovation transforms
4
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103  the extrusion printing process from a thermally constrained operation into a modular; Tgome.":

104 temperature platform for advanced polymer architectures.

105

Ambient-temperature 3D printing of PS
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Figure 1. Overview of the ambient-temperature printing strategy for polystyrene (PS) using HIPE-based inks.
108 The process begins with a viscoelastic high internal phase emulsion (HIPE) ink composed of 85% vol/vol
109  styrene-divinylbenzene (STY-DVB) droplets dispersed in a 15% vol/vol aqueous phase containing
110 methacrylated dextran (DexMA). The oil phase contains a thermal radical initiator, while the water phase
111 contains a photoinitiator. The ink exhibits pronounced non-linear viscoelasticity, as characterized through large
112 amplitude oscillatory shear (LAOS) experiments and interpreted using the Sequence of Physical Processes
113 (SPP) framework, a state-of-the-art method for correlating rheological fingerprints with printing performance.
114 The ink is extruded through the printing nozzle. Upon deposition, UV irradiation triggers instantaneous
115 crosslinking of DexMA, forming a thin hydrogel shell around the emulsion droplets. The rapid stabilization
116 decouples shape retention from the slower polymerization kinetics of styrene, enabling the fabrication of free-
117  standing constructs. Finally, thermal curing at 60°C converts the internal oil phase into a dense PS core while
118  preserving the external DexMA shell, yielding a hierarchical architecture.
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Beyond polystyrene, the implications of this method are profound. Printing monomiersrich
inks opens access to a vast library of crosslinked (thermosetting) polymers, which cannot
be processed via traditional extrusion techniques.l'%201 Moreover, the modularity of HIPE
formulations can support multi-material printing using multiple syringes loaded with distinct
monomers or monomer mixtures, enabling gradient structures, compositional heterogeneity,
and integrated functionalities within a single construct. Ultimately, this approach eliminates
the need for energy-intensive melting processes, thereby reducing operational costs and
increasing compatibility with low-cost extrusion platforms, which in turn minimizes

infrastructure requirements.

Experimental

Chemicals: Dextran (from Leuconostoc spp., My = 70000), dimethyl sulfoxide (DMSO >99%
purity), glycidyl methacrylate (GMA, >97% purity), 4-(N,N-dimethylamine)pyridine (DMAP,
99%), hydrochloric acid (HCI), styrene (>99% with 4-tert-butylcatechol as stabilizer),
divinylbenzene (80% purity stabilized with 4-tert-butylpyrocatechol), glycerol (>99.5%
purity), sodium dodecyl sulfate (SDS, >99% purity), Fluorescein isothiocyanate-dextran
(FITC-Dextran, My = 70000), Nile Red, 2,2’-Azobis(2-methylpropionitrile), (AIBN, 98%
purity), Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, >95 % purity), acetone,
polystyrene (Mw = 192000) were all purchased from Merck/Sigma-Aldrich. Deionized water

was used for sample preparation and dialysis procedures.

Dextran methacrylation: The preparation of methacrylated dextran (DexMA) was conducted
following a protocol reported in the literature.l?'-221 Briefly, dextran (40 g) was dissolved in
DMSO (360 mL) in a sealed round-bottom flask. After dissolution of DMAP (8.0 g), a
calculated amount of GMA (10.5 g, equivalent to a theoretical degree of substitution of 30%)
was added. The solution was stirred at room temperature for 48 h, after which the reaction
was stopped by adding an equimolar amount of concentrated HCI to neutralize the DMAP.
The reaction mixture was transferred into a dialysis tube and extensively dialyzed against
demineralized water at 4 °C until the nominal conductivity of water was reached. The
solution of DexMA was lyophilized, and the obtained product was stored at 4 °C before use.

The degree of vinyl functionalization, as determined by "THNMR, was 25%.

High internal phase emulsions (HIPEs) preparation: QOil-in-water high internal phase

emulsions (HIPEs) were prepared by separately formulating the oil and aqueous phases.

6
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The oil phase consisted of styrene and divinylbenzene (volume ratio 9:1). The agueols;
phase consisted of deionized water and glycerol (volume ratio 3:2), with sodium dodecyl
sulfate (SDS, 5 wt% relative to the aqueous phase) and DexMA (1, 3, or 5 wt%) dissolved
in the water/glycerol mixture. For samples intended for morphological and rheological
characterization, no polymerization initiators were added, and monomers were used as
received without removing stabilizers. For samples prepared for 3D printing, lithium phenyl-
2,4 6-trimethylbenzoylphosphinate (LAP, 0.5% wt/v relative to the aqueous phase) and
azobisisobutyronitrile (AIBN, 0.5% wt/v relative to the oil phase) were incorporated. In this
case, styrene and divinylbenzene were purified prior to use by passing them through a basic
alumina column under mild vacuum to remove polymerization inhibitors. HIPEs were
obtained by dropwise addition of the oil phase into the aqueous phase in a flat-bottomed
vessel, maintaining a final phase ratio of 85 vol% oil and 15 vol% aqueous phase.
Emulsification was performed under magnetic stirring at 450 rpm, followed by an additional

5 min at 600 rpm to ensure complete homogenization.

Morphological analysis: Morphological characterization of HIPEs was performed using
confocal laser scanning microscopy (CLSM). Emulsions were stained with Nile Red (oll
phase, 15 pg-mL™") and contained FITC-Dextran in the aqueous phase. Fluorescent images
were acquired on an Olympus FV1200 microscope equipped with a solid-state laser (A =
473 nm and 559 nm) and a photomultiplier tube (PMT) detector (detection range: 485-520
nm for FITC-Dextran and 570-610 nm for Nile Red). A 100x oil-immersion objective (Zeiss)
was employed. Samples were mounted in Lab-Tek™ chambered borosilicate cover glass

systems (Nalge Nunc International, Rochester, NY, USA) prior to imaging.

Two-dimensional CLSM images were processed using ImagedJ software. After binarization
with an image-specific threshold, particle analysis was performed via the “Analyze Particles”
plugin. Droplet areas were converted to equivalent diameters to calculate the mean droplet
size and size distribution, which was visualized as a 3D histogram. The polydispersity index

(PDI) of droplet radii was calculated as:[%8

\/(rzdroplet) - <rdroplet>2 .

100
(rdroplet>

PDI(%) =

Linear rheological measurements: Rheological characterization was performed using an
Anton Paar MCR302 rheometer equipped with a cone—plate geometry (cone angle: 2°,

diameter: 25 mm). The gap between the cone and plate was set to 0.104 mm, and the

7
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184  temperature was maintained at 22 °C using a Peltier system. An isolation hood wagsn

1A

185 employed to minimize solvent evaporation and sample drying.

186  Shear-rate-controlled viscosity measurements were conducted over a range of 0.001-1000
187 s following a pre-shear at 500 s-'. Oscillatory tests were performed to determine the storage
188 modulus (G') and loss modulus (G") within the linear viscoelastic region (LVE) and to identify
189 deviations from linearity and crossover points. These tests were carried out at angular
490  frequencies of 1, 5, and 15 rad-s™" with strain amplitudes varying from 0.1% to 1000%, under

o . .
491 constant normal force. All measurements were performed in triplicate, and results are

g %92 reported as mean values.

§ %93 Non-linear rheology and sequence of physical processes (SPP) approach: Large Amplitude
§ 594 Oscillatory Shear (LAOS) measurements were performed using the same rheometer setup
é 295 described above, equipped with the Anton Paar RheoCompass™ software and its LAOS
g g% analysis module. Amplitude sweep tests were conducted at fixed angular frequency of 5
g % 97 rad/s, with strain amplitudes ranging from 0.1% to 1000% with a point density of 23. For
§§98 each imposed strain amplitude, the instrument recorded 513 time-resolved data points
é 899 corresponding to multiple cycles of sinusoidal strain oscillation from 0 to the maximum strain
§ %00 value (Ymax)- The raw dataset for each set of 513 points included time, instantaneous strain
%?01 y(t), stress o(t), and shear rate y(t). These data were analysed through an in-house
é %02 custom python script (reported in Supporting Information and deposited on GitHub) using
% C 03 the sequence of physical processes (SPP) framework proposed by Rogers.*3 In SPP, the
f;i 4  oscillatory response is treated as a space curve in the tree-dimensional deformation space
@)

5 defined by strain, shear rate, and stress, r(t) = (y(t), y(t), a(t)).The local geometry of this
6 curve is described by the Frenet-Serret frame, which consists of the tangent vector T‘(t), the

207  normal vector ITI(t), and the binormal vector §(t),

T'(t)
IT" @)l

_r'®
CIr ol

208 T (t) N(t) = B(t) =T@®) XN()

209 The tangent is obtained by normalizing the first derivative of the curve with respect to arc
210 length, the normal by normalizing the derivative of the tangent, and the binormal as the cross
211 product of tangent and normal. These three vectors define the instantaneous orientation of
212 the curve, and the osculating plane spanned by T and N represents the direction of curvature
213 at each point along the trajectory. Within this osculating plane, the stress evolution is

214  decomposed into components aligned with strain and shear rate, allowing the calculation of

8
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215  instantaneous elastic and viscous moduli. The projection of the curve’s motion ontostheser

1A
216

directions gives

217 o(t) = Gey(D) +mev (D) Gy = wne

218 Where G't reflects the elastic contribution and G’ the viscous contribution, with n.derived
219 from the shear-rate projection. This geometric approach captures the material’s nonlinear
220  behaviour throughout each oscillatory cycle without relying on Fourier decomposition. The

N N DN
w N -

TRis artjche is Neensedyunde i CregtiveiGommis Ag{ybutiQy 3.0 Ugorteg d-icegp.

Open Access Article. Published on 12 May 2026. Downloaded on 5/15/2026 10:57:01 AM.

W W W W W WW DN N DNDNDNDNDNDN
oo o0 A WON =~ O © 0N O 0o &

resulting pairs of Gt and G’ for each strain cycle are represented in Cole-Cole plots,
providing an intuitive visualization of intracycle transitions between solid-like and liquid like

responses.

Printing set-up and printability tests: An in-house 3D printer equipped with an XYZ motor
system and a build volume of approximately 10x10x0.3 cm?® was controlled via Pronterface
software. The printer features a custom stainless-steel housing with a central aperture and
adjustable screw clamps to securely hold the ink-loaded syringe in alignment with the
mechanical deposition system. The feed rate of the printer was set to 900 mm/min, unless
differently specified. The syringe (20 mL, KDS stainless steel, Sigma-Aldrich) is fitted with a
conical stainless-steel nozzle with a minimum tip diameter of 0.7 mm. The housing also
includes four equidistant mounts, one for each UV optical fibre, ensuring uniform illumination
at the nozzle tip. Ink extrusion is pneumatically regulated through an OB1 MK4 microfluidic
flow controller (Elveflow, France) connected to a nitrogen source. UV source is an
OmniCure® S2000 Elite system equipped with a high-pressure 200 W mercury vapor lamp.

In the employed configuration, four high-power fibre light guides are coupled to the UV

o source, each conveying an average irradiance of 18 W-cm™ to the nozzle tip (5 mm working
237 distance), as determined from the irradiance spectra provided by the manufacturer. For all
238 printing purposes, the power intensity of the UV reaching the nozzle was set to 5%,
239 corresponding to an irradiance of 0.9 W-cm™ for each lightguide. Two-dimensional
240 printability was evaluated through filament fusion tests.5% In this test, a filament of ink was
241 extruded in a serpentine pattern with progressively increasing spacing between adjacent
242 parallel segments. The aim was to determine the critical distance at which neighbouring
243 filaments cease to fuse and remain distinguishable. Three parameters were considered: the
244  axial distance between adjacent filaments (fs), the filament thickness (f;), which served as a
245 normalization factor to account for thickness variations, and the fused segment length (fs),
246 corresponding to the portion where two adjacent filaments merge. The serpentine geometric
247 code (G-code) was programmed with interfibre distances increasing from 0.2 mm to 3.2 mm

9
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248  in steps of 0.2 mm, following the progression fum) = fan-1) + 0.2 mm. For each sample; threen
249 serpentines were printed, photographed orthogonally, binarized, and analysed using ImageJ
250 to calculate fy, fi, and fs. The ratio fo/fi was used as a resolution indicator, with values
251 approaching 1 corresponding to the highest resolution and minimal fusion beyond the
252 intended contact points. Results are presented as fq versus fo/fi. Ink flow pressure was

253 adjusted to the minimum value ensuring continuous deposition of an uninterrupted filament,

N
(@) ]
a

with pressures of 30, 32, 35, and 40 mbar for formulations containing 0, 1, 3, and 5% wt/v

o)
(9)]

DexMA, respectively. These same pressures were applied for 3D printing of cubic samples

N
(o))

to assess shape retention and fidelity under conditions with and without UV illumination.

9]
~

Optimal printing protocol and complex shape printing: After UV-assisted printing of cubic

()]
o

samples, the constructs were subjected to progressively longer post-curing cycles in an
AnyCubic Wash and Cure 3 Plus chamber (36 W). This test allowed the determination of

the optimal curing time for each formulation, qualitatively assessed by the absence of oil

O O
o ©

leakage caused by overcuring and network shrinkage of DexMA. For the fabrication of

(o2}
N

complex constructs, the 5% wt/v DexMA formulation was employed, with printing

(o))
w

parameters progressively optimized to enable self-standing, non-planar, and overhanging

»
g

geometries. The final printing protocol consisted of a pressure of 55 mbar, a feed rate of 675

(o))
()]

mm-min~"', UV intensity during printing set to 5%, and post-printing UV curing for 1 min.

»
(o]

Afterwards, constructs were placed in oven at 60°C for 6 hours to fully complete the

bis aisle iplicensesl ungley a GuaativR §ompuens ABribytign 3R 3Inporteg Liorace.
»
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67 solidification. G-codes for all printed shapes were generated using FullControl G-Code
68  Designer.[%9]
H9 Scanning electron microscopy: Polymerized composite constructs based on crosslinked
g
=170  polystyrene were purified via Soxhlet extraction with isopropanol for 24 h to remove the

271  surfactant and non-crosslinked monomers and then dried in an oven at 50°C overnight. The
272  constructs were then mechanically freeze-fractured after immersion in liquid nitrogen to
273 obtain clean internal fracture surfaces. Samples were analysed with a Scanning Electron
274  Microscope (SEM) (Zeiss Auriga, Germany) after cobalt plasma sputtering (Q150T, Quorum
275 Technologie, UK) to create a 25 nm conductive film. Images were acquired using a

276  secondary electron detector at magnifications from 1000x to 40000x.

277  Mechanical tests: Mechanical compression tests were performed under quasi-static
278 conditions using an electromechanical universal testing machine (Zwick Z50®), equipped
279  with a 50 kN load cell and compression platens compliant with ASTM D695. All tests were

280 carried out at room temperature under laboratory ambient conditions. The machine
10
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281  crosshead was driven in displacement control at a nominal engineering strain rate of 102 g’
282 1. The specimens had a nominal parallelepiped geometry, with a square base of 10 mm x
283 10 mm and a height of 7 mm. Prior to testing, the loading surfaces were carefully machined
284  to ensure flatness and mutual parallelism. A low-friction interface was adopted between the
285 specimen and the compression plates in order to limit friction-induced barreling phenomena.

286 In addition to the force—displacement data acquired by the testing machine, deformation

N
o3
N

measurements were obtained by means of Digital Image Correlation (DIC). During the tests,

(0]
(o0]

images of the specimens were acquired at 25 frames per second using a stereo setup
consisting of two high-resolution digital cameras (FLIR Blackfly S BFS-U3-88S6M-C®)

equipped with Fujinon CF50ZA-1S lenses. The specimen surface preparation, speckle

© © o
- O ©©

pattern characteristics, illumination conditions, and stereo calibration procedures were

(]
N

defined according to state-of-the-art best practices for DIC.[" The MatchID® software and

(e}
w

toolbox were used for image post-processing and strain evaluation.

Thermal stability and solvent resistance: Thermal stability of 3D-printed cross-linked

©
(&)

polystyrene constructs was determined via thermogravimetric measurements (TGA 8000,

©
(o))

PerkinElmer) and compared to linear bulk polystyrene. The analysis was carried out under

(o]
~

inert atmosphere (constant nitrogen flow, 30,0 mL/min). The heating ramp was set from 30

(o]
oo

to 800 °C with a heating rate of 15 °C/min. The ramp started after 5 minutes thermal

(o]
O

equilibration of the samples at 30 °C. Solvent resistance was evaluated against acetone for

dhis agtigle iplicengesl unglgy a GeeativR Sommqes Atikikutigay3.0 plaporteg Licgace.
©
N

o
o

both printed samples and bulk linear PS. For printed samples, the resistance was

determined as the weight loss after 24 hours soaking following 6 hours drying at 80 °C.
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Weight loss was not determined for linear polystyrene as the samples dissolved completely

after 24 hours.
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311 Results and discussion 0L 10,1050 G e

312  Oil-in-water high internal phase emulsions (HIPEs) were prepared in four formulations, each
313  with a constant oil volume fraction of 0.85 and varying methacrylated dextran (DexMA)
314  content in the aqueous phase (0, 1, 3, and 5wt/v%). The detailed composition is reported in
315 the Experimental Section. HIPEs were obtained by the controlled, dropwise addition of the
316  hydrophobic phase into the aqueous phase under continuous stirring. Methacrylated dextran

was synthesized by functionalizing dextran according to a previously reported method,2'.22]

€ce.co
-
oo

yielding a degree of methacrylation of 25%.

EEN
©

Macroscopically, all HIPEs exhibited pronounced viscoelasticity and high yield stress, as

N
o

evidenced by their resistance to flow when the formulation vial was tilted. Confocal

N
=N

microscopy confirmed the formation of the characteristic jammed structure associated with

N
N

HIPEs (Supporting Figure 1), where the dispersed oil domains exceed the theoretical

N
w

packing limit of 0.74.2324 For imaging, Dextran functionalized with fluorescein

isothiocyanate (FITC-Dextran) was introduced in the aqueous phase while the oil phase was

N
()]

stained with Nile Red. Morphological analysis revealed that both the mean droplet radius

N
»

and polydispersity index decreased with increasing DexMA content (Supporting Figure 1).

N
~

This trend is consistent with the relationship:2°]

Vi

R o e () 7 (for Ca = Cacrir)where R is the droplet radius, y; the oil-water interfacial tension,
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9 and n.(y) the shear-dependent viscosity of the continuous phase that accounts for the non-

30 Newtonian nature of the glycerol-, surfactant- and DexMA-containing water phase. When
M31  the critical capillary number (Cag;) is exceeded, the initially large oil drops elongate into
£ 2  cylinders and subsequently break into smaller droplets.[?6] A higher DexMA content in water

333 translates into an increase in the viscosity of the external phase,?”! which enhances droplet

334  breakup, resulting in finer and more uniform HIPE microstructures.28]

335 A preliminary rheological characterization using a cone-plate geometry revealed that all
336 HIPE-based formulations exhibit pronounced elasticity and high viscosity, accompanied by
337 a strong shear thinning behaviour. Amplitude sweep tests showed high storage modulus
338 values (G’, around 400 Pa) in the linear viscoelastic region (Supporting Figure 2),
339 indicating a highly structured network capable of resisting deformation under moderate
340 strains. Rotational flow experiments confirmed that viscosity decreases markedly with
341 increasing shear rate (Supporting Figure 3), a feature essential for extrusion-based 3D

342  printing as it ensures smooth flow through the nozzle while maintaining structural integrity
12
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343  atrest.[?l These properties (high elasticity at low strain and shear-thinning under flow) are

1A
344

fundamental prerequisites for printability.[3] However, conventional rheological metrics

345 provide only a partial view of material behaviour and cannot fully capture the dynamic
346  sequence of stresses and deformations that occur during printing.['l Extrusion is not a single
347 event but a continuum of processes that can be conceptually mapped onto four stages:[32:33]
348 i)theinkrestsin the syringe in its most structured state; ii) pressure initiates flow and triggers
349 yielding; iii) the ink accelerates through a contraction and then a narrow nozzle, undergoing

g o1 O O
w N -~ O

[S1 e,
o b
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intense shear that fluidizes its microstructure; iv) finally, once deposited, the ink must rapidly
recover elasticity to maintain shape fidelity. These transitions (i.e., from solid-like to fluid-like
and back) are central to printability yet are not described by steady-state or small-amplitude

oscillatory tests.]

Large-amplitude oscillatory shear (LAOS) experiments replicate this sequence of
deformation and relaxation,34 subjecting the material to alternating phases of loading,
yielding, viscous flow, and recovery, conditions that closely mirror those encountered during
extrusion. Several approaches have been proposed to interpret non-linear viscoelastic
responses under LAOS, the most widely used being Fourier transform (FT) rheology!3%-37]
and the Chebyshev polynomial decomposition of elastic and viscous stresses.[38:39 FT
rheology decomposes the stress waveform into a series of harmonics in the frequency
domain, providing a “fingerprint” of non-linearity,*% while the Chebyshev approach

expresses the stress response as an orthogonal polynomial series enabling the definition of

63 intra-cycle measures such as strain stiffening or shear thinning.3%41  Although

64 mathematically rigorous, both methods rely on global averages or harmonic coefficients that
865 mix elastic and viscous contributions, which makes their physical interpretation challenging,
366 especially when transient processes such as yielding and recovery dominate the
367 response.“2
368 Firstly proposed by Rogers in 2012,1#31 the sequence of physical processes (SPP) approach
369 overcomes these limitations by treating the stress response as a trajectory in a three-
370 dimensional deformation space defined by strain, strain rate, and stress. Figure 2, panel
371 A.iii shows the deformation trajectory of a 3% DexMA HIPE at two different strain amplitudes
372 as an example.*¥l This trajectory is analysed via differential geometry within the Frenet-
373  Serret framework.[*5461 At any point along the deformation trajectory, three orthonormal
374  vectors are constructed: T (tangent), indicating the instantaneous direction of motion along
375 the curve; N (normal), pointing toward the direction of curvature (how the trajectory bends);

13
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B (binormal), orthogonal to both T and N and defining the orientation of the osculating platie:
(which is in turn defined by the first two vectors). From these vectors, the orientation of the
trajectory can be used to compute the transient elastic and viscous moduli (G and G™),
which represent the instantaneous contribution of strain and strain rate to the stress
response. The complete derivation of the instantaneous moduli is provided in the
Experimental Section and referenced elsewhere.l*3l Unlike global measures, these moduli
evolve continuously throughout the oscillation, capturing the material’s transitions between
solid-like and fluid-like states. When plotted as Cole-Cole curves (G vs. G™), the trajectory
typically forms a deltoid shape (Figure 2, panel A.iii) whose vertices correspond to critical
stages of the printing process:[*’l maximum elasticity at rest, yielding onset, full fluidization
under high strain rate, and finally recovery (this correspondence is schematically illustrated
in Figure 2, panels A and B). This approach provides a physically meaningful, time-resolved
description of non-linear viscoelasticity, making it particularly suited for predicting

printability.[34]
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Figure2. Nonlinear rheological analysis. A(i) Structural transitions of HIPE-based inks under increasing strain,
from highly structured (elastic) to yielding and fully fluidized (viscous). Symbols indicate each state and are
used throughout the figure to link rheological data to printing stages. At rest, oil domains are tightly packed,
and elasticity is at its maximum. As strain increases, domains elongate in the direction of deformation (yielding),
and at sufficiently high strain, reciprocal sliding occurs, enabling viscous flow. A(ii) Schematic of the extrusion
process, mapping structural states to syringe reservoir, contraction zone, nozzle passage, and exit. Each stage
corresponds to a specific rheological regime and structural arrangement of the HIPE. A(iii) Left: Example of
3D deformation trajectories for 3% wt/v DexMa HIPE at 6.81% and 21.5% strain (5 rad/s), shown as projections
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399 in strain—strain rate—stress space. These trajectories are constructed from strain/stress and strain rate/stressniine
400 Lissajous plots and can be described by three orthonormal vectors (T, N, B), enabIng | cglléﬁ é%%wog o
401  instantaneous moduli (G G’%) at any point in the cycle. Right: Cole—Cole plots (G vs. G%) for representative
402  samples (0%, 1%, 3% and 5% DexMa, strain 31.6%, 5 rad/s). Each deltoid vertex corresponds to a different
403 printing stage and structural state of the HIPE-based ink. B: Summary of SPP analysis for samples with 0%,
404 1%, 3%, and 5% wt/v DexMa at 5 rad/s. From top to bottom: (i) G’ max vs. strain (indicator of elastic recovery
405  after extrusion), (ii) Giat G max vs. strain (sharpness of the transition during flow initiation in the contraction
406 zone), and (iii) Gtat G{ min vs. strain (residual elasticity at maximum strain, reflecting structural integrity under
407  high deformation). C Cole—Cole plots (G'Z vs. G"f) for HIPE-based inks containing 0%, 1%, 3%, and 5% wt/v
408 DexMA in the aqueous phase, plotted counterclockwise with increasing strain amplitude (6.81-1000%). Each
deltoid represents the intra-cycle evolution of viscoelastic response under LAOS. Highlighted regions on the
@10  lower part of the trajectories indicate a “vertical plateau” in G'Z max for formulations with DexMA 1%, where

N
o
(¢e]

<§(' §111 elasticity remains nearly constant despite progressively increasing strain, suggesting enhanced structural
g #12  stabilization under large deformations.

§ %14 Indeed, Jeong et al.*”] recently suggested that the values of G at the vertex of the G’ vs.
g :O@A 5 Gt Cole-Cole deltoids can be associated with the behaviour of a structured viscoelastic fluid
g (?16 during the printing process. Specifically, G’t max (i.€., the maximum value of G%, indicated
g %17 with a red triangle in Figure 2) is relative to the maximum elasticity of the sample at lower
2;418 strains (representative of the material state in the syringe reservoir and immediately after
~ 2819  exiting the extrusion nozzle). Higher values of Gt max, can be related to an improved elastic
5520 response of the extruding fluid, implying that the ink retains a robust structure under
= 9421 repeated flow-rest cycles, contributing to both storage stability and rapid post-extrusion
éj 322 recovery. Gt at Gt max (indicated as a yellow star in Figure 2) describes the sharpness of
é 3 elastic yielding. More negative values indicate a stronger elastic inversion, reflecting a faster
f;i 4  and more abrupt transition from a solid-like to a fluid-like state, thereby pointing towards a
@)

25 more rapid flow initiation upon entering the contraction channel. Finally, G at Gt min

6 (indicated as a light-blue circle in Figure 2) is relative to the residual elasticity of the ink at
427 maximum strain, i.e., when it's completely fluidized. Higher values of Gt at G”t max may
428 indicate an excess in elasticity which can cause inward tension of the filament (a recoil-like
429  behaviour). This residual tension can induce flow retraction of the filament thereby affecting

430 the resolution of the printed object.

431  The contribution of DexMA to said rheological parameters is summarized in Figure 2, panel
432 B. From top to bottom, G’tmax, Gt at G”t max, and Gt at G min are reported as a function of
433 strain % and for DexMA content varying from 0% to 5%. All the plots are relative to a fixed
434  frequency of 5 rad/s. As shown in Figure 2.B, top panel, G'Zmax increases significantly in the
435 presence of DexMA. At 100% strain, values rise from ~70 Pa for 0% DexMA to over 150 Pa

436 for 1% DexMA. Further increases in DexMA content continue to elevate G'Z max at
16
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437  comparable strain levels, albeit with a less pronounced slope. An intriguing featuresis then

1A
438

emergence of a plateau in the G'/Z max vs. strain curve for samples containing 3% and 5%

439 DexMA. This plateau becomes more extended as DexMA concentration increases,
440 suggesting a polymer-induced stabilization effect in the continuous phase. Similar
441 phenomena have been reported for polymer-thickened systems, where macromolecular
442 entanglements enhance elastic recovery under deformation.[*84% From a practical
443  standpoint, this behaviour indicates that DexMA contributes positively to storage stability
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and post-extrusion shape retention. As reported in Figure 2.B, middle panel, G'Z at G"Z max
exhibits an initial plateau at low strain, followed by an exponential decrease. For the DexMA-
free sample, this decline begins around 5% strain, whereas for DexMA-containing
formulations (1-5% wt/v), the onset occurs later and follows a similar trend across
compositions. Notably, the DexMA-free sample reaches negative G'Zvalues at lower strain,
implying easier flow initiation under moderate shear rates during nozzle contraction. In
contrast, DexMA-containing samples display increasingly negative values at high strain,
indicating that after an initial resistance, polymer chain alignment facilitates flow—a
phenomenon analogous to shear thinning. This suggests that DexMA enhances the
formulation’s adaptability to extrusion while maintaining structural integrity. The bottom
panel shows that G'Z at G"Z min decreases for all samples as strain increases from
intermediate (~12%) to 100%, eventually converging to small positive values. This indicates

that none of the formulations exhibit significant recoil tendencies. However, residual

7 elasticity, though minimal, still scales with DexMA content (close-up of the graph in

8 Supporting Figure 4), likely due to viscosity enhancement in the continuous phase. Such
T 9 viscosity-driven stabilization under stress has been previously observed in HIPE systems.!'7]
160 Residual elasticity may thus serve as an indicator of structural integrity preservation,
461 particularly the tight packing of oil domains, which underpins the pronounced elasticity of
462 HIPEs both at rest and under load.
463 Nonlinear rheological analysis, interpreted through the lens of printability for DexMA-
464 containing formulations, indicates that the most promising system is the one incorporating
465 5% wt/v DexMA. To validate this prediction, following standard literature protocols, we first
466 performed 2D printability tests to assess the dependence of printing resolution on ink
467 composition, and then conducted qualitative 3D experiments aimed at evaluating overall
468 shape fidelity prior to UV-induced crosslinking of DexMA. An in-house 3D printer was
469 employed for the fabrication process. The printer is equipped with four optical waveguides

17
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470  connected to a UV light source, arranged symmetrically around the nozzle tip to.ensurer
471  homogeneous UV illumination (Figure 3, panel A). The ink is loaded into a metallic syringe,
472 and its flow is pneumatically regulated via a microfluidic controller connected to a nitrogen
473 source. Technical details of the printing system components are described in the

474  Experimental Section.

I
N
(&)

In the 2D tests (filament fusion test,’®] see Experimental Section and Supporting

~
(o))

Information), image analysis of serpentine filaments deposited at progressively increasing

N
~

spacing revealed no significant difference in resolution among the inks, suggesting that the

~
oo

addition of DexMA does not measurably affect two-dimensional printing accuracy

~
(o]

(Supporting Figure 5). However, the behaviour of inks with varying DexMA content

o
o

diverged markedly in 3D layer-by-layer deposition trials. Here, the differences in elasticity of

0]
-

DexMA (both at rest and under stress, as previously highlighted by rheology and

oo
N

proportional to DexMA concentration) translated into visibly superior shape retention for the

oo
w

formulation with the highest DexMA content (Figure 3C, left). This macroscopic observation

©
N

corroborates rheological predictions, which anticipated enhanced structural integrity of the

oo
(&)

high internal phase emulsion at elevated DexMA concentrations, particularly in the 5% wt/v

o
(o))

DexMA formulation. Maintaining the internal architecture of the concentrated emulsion

oo
~

during printing is crucial for preserving full homogeneity in the final material, thereby

(0]
(o0]

preventing phase separation and the uncontrolled formation of segregated polymeric

This arficle iglicengsd under a CpeativgComipons Adfribugion 3.8Unpgited Licencen,

oo
©

domains that would compromise the mechanical properties of the polymerized construct.

@)
o

Nevertheless, even at 5%DexMA, shape fidelity is not absolute, but this limitation is

Open Access Article. Published on 12 May 2026. Downloaded on 5/15/2026 10:57:01 AM.

O
—

effectively mitigated by our printing strategy. During extrusion, the thin layer of continuous
892 phase undergoes rapid UV crosslinking, forming a supporting hydrogel scaffold that fully
493 stabilizes the structure. As shown in Figure 3 (panel C, middle) UV exposure during
494  extrusion/deposition dramatically enhances printing fidelity across all formulations, with
495 improvements scaling with DexMA content. This trend reflects the role of DexMA in forming
496 the external crosslinked network that confers immediate structural reinforcement. Despite
497 the clear positive contribution of DexMA, it is important to note that in this study only its
498 concentration in the continuous phase varied, while the degree of methacrylation remained
499 constant at approximately 25%. Consequently, aqueous solutions containing different
500 amounts of fully cross-linked DexMA would form hydrogel networks of different densities,
501 resulting in different extents of shrinkage upon curing. Excessive crosslinking could induce

502 significant contraction of the external phase, potentially causing syneresis (expulsion of

18
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water)l®':%2] or, in extreme cases, acting like an over-compressed sponge that forces/ the ojl:!
phase (styrene and divinylbenzene) out of its compartments and toward the surface of the

printed filament.

Filament extrusion DexMA crosslinking Post-printing UV curing

Printed Cured Overcured

H1 H B

Post-printing UV curing

-~

™

1 5 10

UV curing time
(min)

DexMA concentration

Figure 3. UV-assisted stabilization of HIPE-based inks during and after extrusion. A: custom-built extrusion
platform equipped with four UV optical fibres positioned around the nozzle to enable in-situ crosslinking of the
DexMA continuous phase during deposition. The inset highlights the nozzle region and UV irradiation
geometry. B: post-printing UV curing: following the printing stage, during which constructs are exposed to
continuous low-intensity UV, they are subjected to additional curing in a UV chamber for 1-10 min. Excessive
curing leads to over-crosslinking and oil-phase leakage. The summary chart (bottom) summarizes optimal
post-printing UV curing times for each formulation (green thick: no oil leakage; yellow circle: minimal oil
leakage; red cross: extended oil leakage). As expected, lower DexMA concentrations tolerate extended curing,
while the 5% wt/v DexMA sample requires minimal exposure (1 min) to avoid over-crosslinking and internal
phase expulsion. C: Influence of DexMA concentration and UV exposure on 3D shape fidelity. Constructs
printed without UV exhibit a progressive improvement in dimensional stability with increasing DexMA content,
consistent with rheological predictions that higher polymer concentration enhances elasticity and recovery.
Under UV exposure, all formulations show markedly improved fidelity, with the 5% DexMA ink producing near-
perfect cubic geometries.
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523 To prevent such undesired effects, precise control of UV exposure during . printing;is:
524  essential.l5% For all formulations, we standardized the process by employing four UV optical
525 fibres operating at the minimum power allowed by the system (5% of the available intensity,
526 see Experimental Section). This level of irradiation proved sufficient to maintain the
527  structural fidelity of simple cubic constructs. To further enhance stabilization before thermal

528 polymerization of the internal phase, printed samples were subjected to additional UV

(o))
N
©

exposure in a curing chamber for progressively increasing intervals of 1, 5, and 10 minutes.

w
o

As shown in Supporting Figure 6 and schematically summarized in Figure 3, the 5% wt/v

w
=

DexMA sample exhibited visible oil leakage after more than one minute of post-print curing,

w
N

likely due to excessive crosslinking of the external DexMA network. Consistently, the 3%

w
w

wt/v DexMA formulation showed leakage only after 5 minutes, whereas the 1% wt/v DexMA

w
~

sample remained stable across all tested intervals. Considering the trade-off between

w
a

rheological performance, layer-by-layer fidelity, and UV reactivity, we selected the 5% wt/v

DexMA formulation for printing complex constructs under a standardized protocol: UV

w
~

exposure at 5% power during extrusion, followed by a 1-minute curing step in the curing

w
oo

chamber. The constructs were then ready to be polymerized in an oven at 60°C for 6 hours

w
©

to fully convert the oil phase into dense, cross-linked polystyrene.

>
o

The 5% wt/v DexMA formulation was initially employed to fabricate simple constructs, i.e.,

>
—

cubic specimens with 1 cm edge length. Printing was performed following the UV-exposure

dRis agtjgl e i g jjcensed pnder & Creghive Gemmess Atlgiputi 3.0 Wiportes Licesce.
w
(o]

»
N

protocol described above, using a pneumatic pressure of 40 mbar, which was empirically

determined as the minimum required to deposit a continuous filament during preliminary 2D

Open Access Article. Published on 12 May 2026. Downloaded on 5/15/2026 10:57:01 AM.
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printability tests. After the complete process, including thermal curing at 60°C to polymerize
styrene-divinylbenzene, the cubic constructs exhibited excellent shape fidelity compared to
546  their counterparts exposed only to UV irradiation, negligible shrinkage (Supporting Figure
547  T7) and demonstrated remarkable reproducibility (see Figure 4, panel A, for the uniformity of
548 the replicated constructs). Quasi-static compression tests on parallelepiped specimens
549 exhibited a smooth and continuous transition from the elastic regime to strain hardening,
550  without the occurrence of a distinct yield plateau. A representative engineering stress-strain
551 response is reported in Supporting Figure 8. From the initial linear region, the elastic
552 modulus (E) was estimated to be approximately 850 MPa. Upon further deformation, the
553  material sustained compressive stresses exceeding 100 MPa at strains of about 40% (0.4
554  mm/mm). The absence of brittle failure and the gradual increase in stress with strain suggest

555 efficient stress redistribution across the sample, pointing towards the existence of a
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556  multiscale organization in the tested material.l®*! Scanning electron microgcopy. (SEM)"

1A
557

analysis conducted on metallized samples (Figure 4, panel B) revealed a hierarchical

558 architecture. At the macro/mesoscale the structure consists of distorted spherical
559 poly(styrene-co-divinylbenzene) domains embedded within a thin dextran-based matrix. The
560 size of these polymerized domains closely matches that of their liquid precursors in the
561 original HIPE (diameters ranging from 4 to 8 um, as determined by CLSM, Supporting Figure
562 1). This correspondence arises because the droplet size remains locked within the rapidly

D O O O O O
0o N oo o b~ W

N N NN
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gelled aqueous phase during UV exposure upon extrusion, preserving the morphology of
the HIPE template. Higher magnification revealed a second level of organization: each
micrometric domain is composed of densely packed, highly monodisperse nanospheres
(~200 nm in diameter). The packing density is so high that, at extreme magnification, the
nanospheres appear deformed into hexagonal shapes, forming nearly perfect hexagonal
close-packed (HCP) arrangements. This configuration, together with face-centred cubic
(FCC), represents the most efficient packing mode for monodispersed spheres at the
theoretical maximum volume fraction of 0.74.5% The presence of these nanodomains is
attributable to an emulsion polymerization mechanism of styrene, consistent with the well-
known Harkins pathway!®¢:571 and previously observed in styrene-based oil-in-water HIPEs

in our earlier work.['7]

A comparative analysis of the compressive properties of our printed samples against
benchmark FDM polymers (ABS - Acrylonitrile Butadiene Styrene, and PETG -
Polyethylene Terephthalate Glycol) was performed using values reported in the literature for
specimens printed with the same infill density (100%) and identical layer deposition

pattern,[58-601 ensuring meaningful comparison. As reported in Figure 4, panel C, our

579  constructs exhibited yield stress values comparable to those of ABS and PETG, confirming
580 the structural potential of the proposed dual-curing approach. More strikingly, the maximum
581 compressive stress, defined as the peak stress on the stress-strain curve, was consistently
582 more than twice that of the reference materials. This enhancement likely stems from superior
583 interlayer cohesion achieved through in situ crosslinking of the HIPE ink’s continuous phase
584  during deposition. Unlike conventional FDM, where rapid cooling of extruded filaments limits
585 thermal bonding and weakens interlayer adhesion, our strategy promotes robust fusion
586 between adjacent layers. This effectively mitigates a critical failure mode in FDM-printed
587 components (i.e., interlayer delamination) enabling the fabrication of mechanically resilient
588  structures. Moreover, being cross-linked, our constructs are inherently resistant to solvents
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589  and exhibit increased thermal stability compared to linear polystyrene (Supporting, Figure:'
500 9).

591  After confirming the fidelity of the ink and the reproducibility of the overall process through
592 simple constructs, we proceeded to print four complex geometries, representing well-
593 documented challenges in additive manufacturing:[61-63l (i) a twisted shape with rippled walls
594  (Figure 4, panel D, left), (ii) an outward free-standing overhang at 45°, (iii) an inward free-
95 standing overhang at 45°, and (iv) a fully closed spherical structure (Figure 4, panel D, right,

96 from top to bottom). These complex constructs were printed with high fidelity to their CAD

(o]
~

models, highlighting the ink’s ability to withstand gravitational stresses during the fabrication

©
oo

of objects featuring steep overhangs or fully enclosed cavities. Notably, all shapes were

©
(o]

produced via straightforward extrusion printing (Supporting Video 1) without the use of any

o
o

supporting bath or sacrificial structures, a requirement for most techniques involving polymer

o
e

printing.[64-67]

o
N

It is also important to emphasize that all complex constructs shown in Figure 4 consist of

o
w

walls formed by a single filament of ink, making their resistance to vertical loads even more

o
~

remarkable. This extraordinary performance likely stems from the interplay between the
05 composition of the ink’s external phase and its overall viscoelasticity. Upon extrusion, the
06 ink is in its most fluid state, and deposition onto the underlying layer can induce slight
07 filament spreading before the elastic recovery predicted by rheological data occurs. This
spreading and recovery mechanism coincides temporally with the onset of crosslinking in

the external phase, which remains partially uncrosslinked in the underlying filament or, in

Open Access Article. Published on 12 May 2026. Downloaded on 5/15/2026 10:57:01 AM.

the case of free-standing overhangs, in adjacent filaments. Given the ink’s ability to print
suspended in air and nearly horizontally, it is highly plausible that adjacent filaments form
interlayer crosslinked junctions, conferring exceptional structural stability and enabling the

fabrication of geometries with challenging angles without the need for sacrificial supporting

material (Supporting Video 2-4).
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60

ABS1
ABS2
PETG1
PETG2
STYDEX

Figure 4. Printed constructs, hierarchical structure, and mechanical behaviour. A: polymerized cubic
specimens highlighting the fidelity and reproducibility of the printing, curing, and polymerization process. B:
SEM micrographs of the printed, fully polymerized material at different magnifications, revealing its hierarchical
structure: from left to right, macro/mesoscale arrangement of poly(styrene-co-divinylbenzene) domains
embedded in a thin DexMA, and detail of a single domain composed of densely packed nanospheres (~20
nm), forming highly ordered arrangements approaching hexagonal close packing. C: Comparison between
yield stresses and maximum stresses of FDM printed constructs made of benchmark materials (ABS -
Acrylonitrile Butadiene Styrene, and PETG - Polyethylene Terephthalate Glycol) and the same values
calculated from the compressive mechanical tests conducted on our polymerized cubic specimens (STYDEX
— highlighted in purple in the graph). Values for ABS and PETG are reproduced from recent literature: ABS1
(Kholil et al, 2022),1%81 ABS2 (Mishra et al, 2024),1%0 PETG1 (Zisopol, 2024),15% PETG2 (Mishra et al, 2024).[60]
In all the cited works, the specimens were produced with the same infill density (100%) and printing layer
orientation used for the preparation for our tested samples. D-E-F—G: examples of challenging free-standing
geometries fabricated using the 5% wt/v DexMA formulation, including twisted shapes with rippled walls (D),
overhanging structures (outward overhang E, inward overhang F), and a hollow sphere (G). The multiple
pictures of E-F—G refer to the same construct, captured at different printing stages or from different observation
perspectives, to appreciate the inner and outer details and better visualize the objects’ dimensions. All the
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reported scale bars correspond to 1 cm. These constructs demonstrate the ink’s ability to maintain dimengiorraintine
DOI: 10.1039/D6MH00331A

fidelity under gravitational stress without the need for supporting baths; closed cavities, steep overhangs and
multi-angles geometries underscore the synergy between ink viscoelasticity and interlayer crosslinking,
enabling unprecedented design freedom for ambient-temperature printing of polystyrene.

Conclusions

We have demonstrated a strategy for ambient-temperature printing of polystyrene by
decoupling the shape retention of the printed constructs from their polymerization kinetics.
Incorporating methacrylated dextran (DexMA) into styrene/divinylbenzene HIPE inks
enables rapid UV-induced crosslinking of the continuous phase during deposition, forming
a stabilizing thin hydrogel scaffold while the oil phase undergoes subsequent thermal
polymerization. This approach enables the printing of complex constructs at room
temperature with high shape fidelity, overcoming the limitations of conventional
thermoplastic processing. Non-linear rheology, interpreted through the sequence of physical
processes (SPP) framework, revealed that DexMA concentration governs intracycle
elasticity and recovery, directly correlating with printing performances. The formulation
containing 5% wt/v DexMA (with respect to the water phase) provided the best performance,
enabling free-standing geometries with challenging overhangs without the need for support
structures. Importantly, this method enables the extrusion-based fabrication of crosslinked
polystyrene, which is currently inaccessible to other techniques. The resulting constructs are
inherently resistant to solvents and heating, making them promising for applications
requiring chemical and thermal stability, such as filtration membranes, catalyst supports,
and components for electrochemical devices. Beyond polystyrene, the same principle can
be extended to other monomer-crosslinker systems. Decoupling shape retention from
polymerization kinetics makes it feasible to combine inks with different monomer
compositions, even those with widely different curing rates, within a single printing protocol.
This opens the door to multi-material constructs and graded architectures with the potential
to integrate functionalities that confer additional chemical or mechanical responsiveness. By
leveraging HIPE modularity and multi-injection printing systems, this approach enables
spatial control of composition and functionality without resorting to energy-intensive
processing, thereby expanding the design space for advanced polymer additive

manufacturing.
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