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ABSTRACT

Vat photopolymerization (VP) additive manufacturing enables precise, reproducible fabrication of
complex biomedical devices, yet elastomeric resins with robust mechanics remain scarce for
constrained surgical settings. Cellulose nanocrystals (CNC) are appealing reinforcements owing
to high strength, biodegradability and biocompatibility, but their hydrophilicity limits
compatibility with hydrophobic resins and drives agglomeration at higher loadings. Acrylated
CNC (ACNCQ) was synthesised to increase hydrophobicity and promote interfacial bonding.
Elastic resins with varied CNC or ACNC loadings were 3D printed by VP and characterised by
tensile testing, transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR) and rheology. Both fillers increased tensile strength, modulus, elongation and toughness
relative to the neat resin, with the maximum improvement observed at 0.01 phr; ACNC
consistently outperformed CNC. TEM showed relatively well-dispersed nanofillers at low
concentration, whereas higher levels agglomerated and reduced reinforcement. FTIR and
rheology indicated stronger covalent interactions and enhanced network formation in ACNC
composites, yielding superior interfacial adhesion. Although interfacial bonding rose with filler
level, agglomeration ultimately governed performance. These results demonstrate the feasibility
of CNC-based nanofillers in VP elastomers and highlight ACNC as a sustainable route to high
performance, patient-specific biomedical materials with clear practical relevance to constrained
surgical environments.
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1. Introduction other spatially constrained surgical environments,
softer elastomeric materials are required instead of
rigid ones [10] and for applications involving soft

tissue, materials with relatively low elastic modulus are

Additive manufacturing (AM), also referred to as three-
dimensional (3D) printing, is a technique that fabricates

3D structures through a layer-by-layer deposition
process [1]. This approach enables the production of
complex geometries and has driven major advance-
ments in materials and manufacturing technologies
across diverse industrial sectors [2,3], with particularly
broad applicability in the biomedical field [4-6].
Among various AM techniques, vat photopolymerization
(VP) achieves the highest resolution and lowest surface
roughness, making it especially suitable for fabricating
patient-specific instruments (PSI) [7,8]. VP-manufactured
PSI has been successfully applied in orthopedics with
reproducible outcomes [9]. However, in laparoscopic or

essential [11]. The use of elastomeric materials in VP-
based medical devices has been reported [12] and pre-
vious studies have investigated 3D printing techniques
for highly stretchable materials with elastomer-like prop-
erties [13-16].

Cellulose nanocrystals (CNC), nanoparticles extracted
from plants, have been widely utilised as additives due
to their high mechanical strength, degradability and bio-
compatibility [17]. Their superior biocompatibility com-
pared to other fillers makes CNC especially attractive
for biomedical applications, and their use in 3D printing
has recently gained attention [18]. Several studies have
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demonstrated that CNC incorporation enhances mech-
anical properties: Palaganas et al. reported a 100%
increase in tensile strength, a rise in strain from 2% to
5%, and over a 200% increase in toughness when CNC
were added to neat resin [19], while Abidnejad et al.
observed improvements in tensile, three-point
bending, and impact strength [20]. Despite these
benefits, the hydrophilic nature of CNC limits compat-
ibility with hydrophobic polymers and promotes
agglomeration [21]. Rosa et al. showed that blending
CNC with poly(ethylene glycol) diacrylate (PEGDA)
enhanced mechanical properties but still led to agglom-
eration at concentrations as low as 0.6 wt% [22]. Further-
more, Maturi et al. reported deterioration of mechanical
performance when CNC were directly integrated into
hydrophobic resins without proper surface treatment
[23].

To address the limitations of CNC agglomeration and
poor compatibility with hydrophobic matrices, various
strategies have been explored, including modifying
the hydrophobicity of the base matrix and chemically
functionalising the CNC surface. Li et al. mitigated
agglomeration by pre-reacting CNC with the hydrophi-
lic monomer 1,3-diglycerolate diacrylate (DiGlyDA)
prior to blending with PEGDA, which improved dis-
persion and mechanical properties [24]. Maturi et al.
enhanced CNC hydrophobicity through surface modifi-
cation with acrylated epoxidized soybean oil [23]. Other
studies have similarly developed modified CNC for 3D
printing applications, demonstrating improved resin
compatibility, better dispersion and enhanced mechan-
ical performance [21,25,26]. More recently, advanced
matrix systems such as shape memory polymers have
been combined with CNC or modified CNC to further
expand material functionality [25]. Despite these
advances, the integration of CNC into soft elastomeric
systems for VP-based 3D printing remains largely unex-
plored. Although CNC-elastomer composites have
been reported [27], fabrication was achieved through
mollding rather than 3D printing. Moreover, efforts to
incorporate functionalised CNC into epoxy resins for
3D printing yielded only modest improvements in
mechanical properties [28]. While surface modification
of CNC has been explored in several photocurable
resin systems, previous studies have primarily focused
on dielectric or bio-based shape-memory materials
[29,30]. In contrast, the present study investigates the
incorporation of CNC and acrylated CNC into a soft elas-
tomeric VP-printable resin relevant to medical appli-
cations and systematically compares the effects of
unmodified and surface-modified CNC on dispersion,
curing-related behaviour, and mechanical reinforce-
ment at ultralow filler loadings.

In this study, both CNC and surface-modified CNC
with enhanced hydrophobicity were incorporated into
a soft elastomeric matrix. Although resins containing
inherent hydroxyl groups may provide an alternative
route in certain formulations, successful integration of
CNC into hydrophobic resins generally requires surface
modification of cellulose [31]. However, this approach
may not be broadly applicable to other hydrophobic
resin systems [32]. To address this limitation, 2-Hydro-
xyethyl acrylate (HEA) was introduced. In its polymerised
form, HEA exhibits biocompatibility, low cytotoxicity,
thermal stability and favourable cell compatibility,
similar to poly(2-hydroxyethyl methacrylate), which is
widely used in contact lens manufacturing [33]. Here,
HEA was employed to reduce the hydrophobic mis-
match of the resin system and to improve compatibility
with unmodified CNC through its hydroxyl-functional
character. Rather than acting as a crosslinking agent,
HEA is more appropriately regarded as a hydroxyl-func-
tional reactive monomer that may influence matrix
polarity, local hydrogen-bonding interactions and inter-
facial compatibility within the resin system.

Therefore, in this study, HEA-based soft elastomeric
resins containing varying concentrations of CNC and
modified CNC were formulated and fabricated into
specimens using VP-based 3D printing. Their physical
and chemical properties were systematically evaluated
to determine the optimal concentration range and to
assess the reinforcing effects of CNC and modified
CNC. Overall, this study aims to demonstrate the feasi-
bility and functionality of incorporating CNC into elasto-
meric matrices and to establish a broadly applicable
approach for integrating CNC into diverse resin systems.

2. Materials and methods
2.1. Materials and 3D printing

To prepare the soft elastomeric resin, a combination of
oligomers and monomers was used. The base matrix
consisted of 66.33% GR151 (Graphy Inc., Seoul, South
Korea) and 13.27% HEA. GR151 consists of 65-70%
urethane dimethacrylate oligomer, 5-10% dimethacry-
late monomer, 30-35% acrylate monomer and less
than 5% phosphine oxides and pigments. The
monomer component included 8.16% 4-hydroxybutyl
acrylate (4-HBA) and 12.24% trimethylolpropane formal
acrylate (CTFA). CNC powder (Celluforce, Montreal,
Canada) and acrylated CNC (ACNC) were prepared,
with ACNC synthesised following the same modification
procedure described previously [25]. The synthesis of
ACNC was conducted by introducing polymerizable
methacrylate groups onto the CNC surface, as illustrated
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Baseplate platform

Figure 1. Schematic of the VP resin preparation, combining CNC/ACNC synthesis with the DLP 3D printing process.

in Figure 2(a). Initially, CNC was subjected to TEMPO-
mediated oxidation. The oxidised CNC was then dis-
persed in deionised (DI) water at 60 °C, followed by
the addition of methacrylic anhydride to initiate the
methacrylation process. The reaction was maintained
for 6 h to facilitate the substitution of hydroxyl (-OH)
groups with methacrylate groups. After the reaction,
the mixture was centrifuged to remove excess water.
The resulting slurry was subsequently freeze-dried
under vacuum at —80 °C to obtain the final ACNC
product in powder form.

CNC and ACNC were incorporated into the base
matrix at concentrations of 0.01, 0.02, 0.04, 0.06, 0.08,
0.1, 0.2 and 0.3 phr (Figure 1). For composite prep-
aration, the required amount of CNC or ACNC was
added to the monomer mixture at the target concen-
tration. To disperse CNC or ACNC within the monomer
mixture, sonication was performed using a VCX-750
sonicator (Sonics, USA) at 225 W for 1 h. The oligomers
were then added in the specified ratios, followed by
the addition of a photoinitiator. The final mixture was
homogenised in a planetary mixer for 1 h. 3D printing
was performed using a Uniz NBEE printer (Uniz, CA,
USA) under the following conditions: laser power of
10 mW, exposure time of 1.1 s and layer thickness of
100 pm. Post-curing was conducted under a nitrogen
atmosphere with 405 nm UV light at a power density
of 34 J/min for 10 min.

2.2. Materials characterisation

To evaluate the effects of CNC and ACNC, tensile testing,
transmission electron microscopy (TEM), Fourier-trans-
form infrared spectroscopy (FTIR) and rheological
measurements were conducted. Tensile tests were per-
formed using a universal testing machine (Zwick Z010,
ZwickRoell, Ulm, Germany) in accordance with ASTM
D638 Type IV specifications. All concentrations,

including the neat resin without CNC or ACNC, were
tested with a minimum of 10 specimens per group to
ensure reproducibility. Statistical analysis of the mechan-
ical properties was performed using two-way analysis of
variance (ANOVA), with material type (CNC and ACNC)
and filler concentration as fixed factors. When significant
main effects or interactions were identified, post hoc
multiple comparisons were conducted using the
Tukey-Kramer test to compare concentrations within
each material group and to compare CNC and ACNC at
the same concentration. A p-value < 0.05 was considered
statistically significant. TEM imaging was conducted
using a Tecnai G2 F30 S-Twin 300 kV microscope (FEI
Company, USA). FTIR spectra were collected on a
Nicolet iS50 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) over the wavenumber range of
4000-500 cm~', with a spectral resolution of 0.48
cm~'. Rheological properties of the composites were
measured on a rheometer (MCR 702e, Anton Paar Ltd.,
Austria) equipped with an 8 mm disposable parallel
plate at 25 °C and a plate gap of 100 pum. Photo-rheolo-
gical behaviour of the resin and photocurable compo-
sites was evaluated at a shear strain of 0.1% and a
frequency of 1 Hz. A 405 nm UV LED (10 mW/cm?) was
used as the light source. Oscillation was applied for
60s before UV exposure, which was maintained for
300 s. Shrinkage was recorded under a shear force of O N.

3. Results and discussion

3.1. Interaction mechanisms and long-term
dispersion stability

Figure 2 presents a schematic illustration of the chemical
interactions that likely influence the dispersion behav-
iour and network formation of CNC-reinforced GR-151
resin systems. As shown in Figure 2(a), sulfuric acid-
derived CNC was subjected to TEMPO-mediated
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Figure 2. (a) Schematic illustration of the preparation of acrylated cellulose nanocrystals (ACNC) via TEMPO-mediated oxidation and
subsequent methacrylation, followed by freeze-drying. (b) Chemical structure evolution of CNC during surface modification, showing
the conversion of hydroxyl groups into polymerizable methacrylate functionalities. (c) Schematic representation of hydrogen bonding
between urethane linkages in the urethane acrylate oligomer and terminal hydroxyl groups of acrylic monomers. (d) Hydrogen-
bonding interactions between residual hydroxyl groups on unmodified sulfuric acid—derived CNC and hydroxyl groups of acrylic
monomers. (e) Schematic illustration of covalent bond formation between methacrylate groups on ACNC and acrylic monomers or
methacrylate-based oligomers through radical polymerisation. (f) Long-term dispersion stability of CNC in GR-151 resin at different
concentrations after 1 year of storage. (g) Long-term dispersion stability of ACNC in GR-151 resin at corresponding concentrations

after 1 year of storage.

oxidation followed by MAA, yielding ACNC with surface-
grafted methacrylate groups. The corresponding chemi-
cal structure evolution is illustrated in Figure 2(b), high-
lighting the introduction of polymerizable vinyl
functionalities onto the CNC surface. Prior to surface
modification, intermolecular interactions within the

resin matrix are expected to involve substantial hydro-
gen bonding. As depicted in Figure 2(c), urethane lin-
kages present in the urethane acrylate oligomer form
hydrogen bonds with hydroxyl groups at the termini
of acrylic monomers, contributing to transient physical
interactions within the uncured resin. Similarly,



unmodified CNC retains a high density of surface
hydroxyl groups, which engage in extensive hydrogen
bonding with hydroxyl-functional monomers, as sche-
matically shown in Figure 2(d). While these interactions
can initially assist dispersion, they also promote CNC-
CNC agglomeration through strong interparticle hydro-
gen bonding. In contrast, surface acrylation fundamen-
tally alters the role of CNC in the resin system. As
illustrated in Figure 2(e), methacrylate groups on ACNC
participate directly in radical polymerisation during UV
irradiation, forming covalent bonds with acrylic mono-
mers and methacrylate-based oligomers. This process
likely changes the role of ACNC from a predominantly
physically interacting filler to a more chemically inte-
grated reinforcing phase that can participate in the
photocured polymer network.

In addition to covalent crosslinking, hydroxyl-func-
tional acrylate monomers, specifically HEA and 4-HBA,
likely contribute to regulating interfacial interactions
and local network homogeneity within the GR-151
resin system. The terminal hydroxyl groups present in
HEA and 4-HBA participate in directional hydrogen
bonding with multiple components of the resin matrix.
First, these hydroxyl groups interact with urethane lin-
kages within the urethane acrylate oligomer through
N-H--O and O-H--O hydrogen bonds. These interactions
may contribute to transient physical crosslinks that
enhance chain entanglement prior to gelation and
may moderate local chain mobility, thereby helping to
create a more uniform curing environment during
photopolymerization. The hydroxyl groups in HEA and
4-HBA may form hydrogen bonds with residual hydroxyl
and sulfate ester groups on the CNC surface. In the case
of unmodified CNC, these interactions increase local
polarity and initially improve dispersion; however, exces-
sive hydrogen bonding between CNC particles ulti-
mately leads to agglomeration and phase separation
over long-term storage. However, because HEA and 4-
HBA were not independently varied in the present
study, their individual contributions to dispersion and
interfacial interactions could not be directly
distinguished.

The impact of these distinct interaction mechanisms
is evident in the long-term dispersion behaviour.
Figures 2(f) and (g) compare the long-term dispersion
stability of CNC and ACNC in the GR-151 resin at
different filler loadings (0.01-0.2 phr) after 1 year of
storage. As shown in Figure 2(f), CNC-containing resins
exhibit concentration-dependent phase separation and
sedimentation after 1 year of storage, reflecting poor
interfacial compatibility and agglomeration driven by
hydrogen bonding. In contrast, ACNC-containing
resins maintain uniform dispersion across the same
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concentration range, even after prolonged storage
(Figure 2(g)). This enhanced stability is more likely
associated with improved interfacial compatibility and
reduced agglomeration tendency after surface acryla-
tion, which helped maintain a more uniform dispersion
during prolonged storage. Overall, these observations
suggest that surface acrylation of CNC modifies short-
range intermolecular interactions and may influence
both network development during photopolymerization
and long-term dispersion stability in DLP-printable
urethane acrylate resins.

3.2 Mechanical properties

Mechanical testing was first conducted to determine
whether the incorporation of CNC or ACNC could
enhance the tensile performance of the elastomeric
resin and to identify the concentration range that pro-
vides the greatest reinforcement. The mechanical prop-
erties are shown in Figure 3. In this study, improvements
in tensile strength and strain were affected by the
addition of CNC and ACNC, depending on filler type
and concentration. These findings are consistent with
previous studies that reported enhancements in mech-
anical performance upon incorporation of CNC or
modified CNC [20,22-25]. Li et al. reported that, in a
PEGDA/DiGlyDA-based DLP system, the tensile strength
reached 7.6 + 0.3 MPa at 1 wt% CNC and the Young's
modulus increased from 52.8 + 1.4 MPa to 133.0 +
4.0 MPa, with acceptable CNC dispersion primarily at
loadings of approximately 1 wt% or less [24]. Rosa
et al. also showed that CNC incorporation into a
PEGDA/AESO SLA resin increased tensile strength by
up to 59.1%, using filler contents in the range of 2.4 wt
% [22]. More recently, Choi et al. reported that A-CNCs
in a CTFA-based DLP resin exhibited the best tensile
reinforcement at 0.1 wt%, while higher concentrations
led to decreased performance due to increased light
scattering and ineffective polymerisation [25].

In comparison, the present elastomeric resin system
exhibited its greatest mechanical enhancement at 0.01
phr of both CNC and ACNC, indicating that meaningful
reinforcement could be achieved at substantially lower
filler loading in this specific soft VP-printable formulation
(Figure 3). The elastic modulus was influenced by filler
concentration, and its response differed between CNC
and ACNC depending on concentration (Figure 3(c)).
This enhancement suggests that the nanofillers not
only act as reinforcing agents but may also influence
the structural organisation of the surrounding polymer
matrix, thereby improving the composite’s overall
elastic behaviour. These findings indicate that CNC and
ACNC contribute to reinforcement through favourable
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Figure 3. (a) Tensile strength, (b) strain, (c) elastic modulus, and (d) toughness as functions of CNC and ACNC concentration.

matrixfiller interactions. Toughness, defined as the area
under the stress-strain curve, also exhibited an increas-
ing trend with the addition of CNC and ACNC, aligning
with the improvements observed in tensile strength
and strain compared to the neat resin (Figure 3(d)).
Although previous studies have identified optimal con-
centrations for CNC incorporation [19,23,24,28], the
base matrix used in this study showed the greatest
enhancement in mechanical properties with only 0.01
phr of CNC or ACNC, lower than concentrations reported
in earlier work. These results suggest that, for the neat
resin matrix employed here, the addition of only 0.01
phr of CNC or ACNC is sufficient to improve mechanical
performance, indicating the potential for similar behav-
iour in other resin systems.

When comparing CNC and ACNC, ACNC generally
resulted in greater improvements in tensile strength,
strain and toughness, although the significance of the

differences depended on the specific property and con-
centration. At a concentration of 0.01 phr, the tensile
strength increased by 173% relative to the neat resin
with ACNC, compared to a 117% increase with CNC
(Figure 3(a)). At 0.01 phr, strain and toughness also
showed significant improvement relative to the neat
resin. Beyond 0.01 phr, ACNC also tended to show
higher tensile strength, strain and toughness than
CNC, although the statistical significance depended on
the property and concentration. For strain, statistically
significant differences between CNC and ACNC were
observed at all concentrations (Figure 3(b)). For tensile
strength and toughness, significant differences
between CNC and ACNC were observed at most concen-
trations, with no significant difference at 0.3 phr. These
results suggest that the methacrylate-functionalised
ACNC achieved more effective matrix-filler interactions
than unmodified CNC. This difference is likely associated



with polymerizable surface groups and improved inter-
facial compatibility rather than with a single bonding
mechanism alone. The reduction in reinforcement
observed for several mechanical properties at concen-
trations above 0.01 phr may be attributed to agglom-
eration. Despite the wuse of HEA or surface
modification strategies such as ACNC functionalization,
the inherently hydrophilic nature of CNC likely pro-
motes self-agglomeration. With CNC, strain decreased
at 0.04 and 0.06 phr, then increased again from 0.08
phr, which may be attributed to the higher absolute
amount of CNC contributing to mechanical reinforce-
ment despite agglomeration effects. In contrast,
ACNC exhibited a different trend; due to its improved
dispersion and stronger interfacial bonding with the
matrix, no reduction in strain was observed at any con-
centration. Because the best mechanical performance
was obtained at 0.01 phr, TEM analysis was next used
to examine whether visible agglomeration increased
at higher concentrations.

3.3 Nanostructure analysis

TEM analysis was performed to qualitatively examine
whether the concentration-dependent mechanical
trends could be associated with differences in filler distri-
bution and visible agglomeration within the resin
system. Figure 4 presents the TEM images. At a concen-
tration of 0.01 phr, both CNC and ACNC showed a lower
extent of visible agglomeration than at higher concen-
trations such as 0.06 and 0.3 phr, although small-scale

ACNC 0.06phr
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agglomerates could still be observed. As the concen-
tration increased, more pronounced particle-rich
regions and larger agglomerates became evident, par-
ticularly at 0.3 phr. Therefore, the TEM images should
not be interpreted as indicating a complete absence of
agglomeration at low concentration, but rather as
suggesting a relative increase in agglomeration ten-
dency with increasing filler loading. These observations
are consistent with the mechanical properties trend, in
which the best performance was obtained at the
lowest concentration, while higher concentrations
showed a greater tendency toward agglomeration that
may have reduced reinforcement efficiency. Because
TEM provides localised images of selected regions,
these observations should be regarded as qualitative
evidence of relative agglomeration tendency rather
than a definitive quantitative measurement of dis-
persion throughout the resin system. This interpretation
is further supported by the long-term dispersion stability
results, in which the CNC-containing formulations
showed more pronounced phase separation and sedi-
mentation over time, whereas the ACNC-containing for-
mulations remained comparatively uniform (Figures 2(f)
and (g)). Therefore, the dispersion interpretation in this
study is based on the overall consistency among TEM
observations, mechanical property trends and long-
term dispersion stability, rather than on TEM evidence
alone. While TEM provided qualitative information on
filler distribution, FTIR was further used to examine
whether ACNC also differed from CNC in terms of rela-
tive chemical functionality.

il

* M Me
ACNC 0.3phr

Figure 4. TEM images of CNC and ACNC at concentrations of 0.01, 0.06, and 0.3 phr.
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3.4 FTIR analysis

FTIR analysis was performed to compare the relative
chemical functionality of the cured neat, CNC-containing
and ACNC-containing formulations and to assess
whether ACNC introduced spectral features consistent
with a more chemically favourable interface. The FTIR
spectra shown in Figure 5 were collected from the
cured formulations after photopolymerization. Because
these spectra were not collected in a time-resolved
manner, the FTIR results are interpreted here as suppor-
tive evidence of relative chemical functionality rather
than direct proof of reaction progress or absolute
bond formation. Peaks observed in the range of 1050-
1150 cm™" correspond to C-O-C stretching vibrations,
characteristic of the base matrix backbone. Broad
peaks between 3200 and 3600 cm~' are attributed to
—-OH stretching vibrations, while peaks around 2900
cm~! correspond to C-H stretching vibrations. C=0
stretching vibrations were identified near 1700 cm~'.
Among these, the C=0 stretching peak was most pro-
nounced in the ACNC-con containing sample compared
with both the neat resin and the CNC-containing sample.
This increase is consistent with a greater relative contri-
bution of carbonyl-containing functionalities in the
ACNC system and suggests a more chemically favour-
able interface with the matrix, which may be associated
with the improved mechanical properties. Moreover, the
intensity of the C=0 peak increased with higher ACNC
concentrations (0.06 and 0.3 phr) relative to 0.01 phr,
indicating a greater relative contribution of carbonyl-/
ester-related functionality at increased loadings. To
quantitatively evaluate this trend, the normalised FTIR
peak intensity ratio (lc—o/lc_o_c) was calculated for
each formulation (Table 1). At all investigated concen-
trations, the ACNC-containing resins exhibited higher
values than the corresponding CNC-incorporated
resins. This trend is consistent with the presence of acry-
late/methacrylate-derived ester groups on the ACNC
surface and suggests that ACNC provided a more chemi-
cally compatible interface with the resin matrix. Notably,
the ratio increased with increasing ACNC concentration,
indicating a greater relative contribution of carbonyl-
related functionality at higher loadings. However,
despite the increase in carbonyl-related functionality
and interfacial chemical reactivity suggested by FTIR,
mechanical performance did not improve beyond 0.01
phr, which is likely due to the negative effects of
agglomeration. Therefore, while the FTIR results
support enhanced interfacial reactivity in the ACNC
system, the final mechanical performance was likely gov-
erned by a balance between chemical interaction and
concentration-dependent agglomeration.

These findings suggest that at higher concentrations,
agglomeration exerts a more dominant influence on
mechanical behaviour than chemical bonding. Agglom-
eration likely disrupts effective stress transfer and
reduces the reinforcing efficiency of ACNC. If future strat-
egies can effectively suppress agglomeration at higher
concentrations, the optimal concentration range for
mechanical reinforcement may shift accordingly. To
complement the post-cure FTIR results, photo-rheology
was used to assess differences in early-stage network
development during UV exposure.

3.4 Rheological analysis

Photo-rheological analysis was conducted to examine
how CNC and ACNC affected early-stage viscoelastic
evolution during UV exposure, thereby providing comp-
lementary information on network development before
full post-curing. Changes in the storage modulus (G')
with CNC and ACNC incorporation are shown in
Figures 6(a) and (b). Upon initiation of UV irradiation
(at 60 s), G' increased sharply as network formation pro-
gressed. The rheological data reflect the viscoelastic
evolution of the formulations during early-stage UV
exposure, but do not directly quantify double-bond con-
version or final cure extent. Figure 6(e) compares the
maximum storage modulus across different additive
concentrations. Interestingly, the highest maximum
storage modulus was observed for the neat resin and
G’ decreased with increasing CNC or ACNC concen-
tration, contrary to the trend observed in mechanical
properties. The lower rheological response in the CNC-
containing formulations may suggest that unmodified
CNC affected early network development, although the
present data do not allow a direct distinction between
reduced conversion, delayed gelation, or other visco-
elastic effects. This discrepancy may arise because the
rheological analysis captures only the curing state
during the early stage of the process, up to the point
of 3D printing. In contrast, the tensile test specimens
were evaluated after the final post-curing step. UV
exposure during the rheological test was calibrated to
match the energy intensity used during printing, result-
ing in only partial curing, approximately 60-70% of full
network formation. Under these conditions, bonding
between monomers may be more favourable, whereas
reactions involving hydroxyl groups on CNC or metha-
crylate groups of ACNC are less likely to proceed, poten-
tially affecting the curing process. As a result, the
reinforcing effects of CNC and ACNC may not have
been fully realised during rheological testing but
became apparent after complete post-curing. The
reduced modulus observed during rheological analysis
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Figure 5. FTIR spectra of CNC- and ACNC-incorporated resins at concentrations of (a) 0.01, (b) 0.06, and (c) 0.3 phr. The highlighted
regions indicate stretching vibrations corresponding to specific wavenumber ranges.

may also be attributed to the presence of unreacted
monomers or oligomers surrounding CNC or ACNC par-
ticles, further limiting the development of a rigid
network at this stage.

In the ACNC group, G’ values were comparable to
those of the CNC group at concentrations ranging

from 0.01 to 0.1 phr but were notably higher at 0.2
and 0.3 phr (Figure 6(e)). This suggests that the acrylate
groups introduced onto the ACNC surface may have
formed covalent bonds with the acrylate groups in the
resin, resulting in a more robust and compact three-
dimensional network that contributed to increased
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Table 1. Normalised FTIR peak intensity ratios (lc—o/lc—o—c) for
CNC- and ACNC-incorporated resins at varying concentrations.
FTIR Quantitative Ratio (C=0 / C-0-C)

0.3phr Neat resin + CNC 0.94
Neat resin + ACNC 1.68
0.06phr Neat resin + CNC 0.80
Neat raesin + ACNC 1.64
0.01phr Neat resin + CNC 0.69
Neat resin + ACNC 0.87

stiffness. In contrast, CNC interacted with the resin pri-
marily through physical interactions, limiting its reinfor-
cing effect on G’ even at higher concentrations. This
distinction underscores the difference between ACNC,
which may participate more directly in copolymerisation
and network formation and CNC, which functions pri-
marily as a passive filler. The relatively smaller decrease
in storage modulus observed for ACNC at higher con-
centrations further suggests additional covalent bonds
between its surface groups and surrounding monomers
or oligomers. These rheological results are consistent
with both mechanical testing and FTIR findings. Specifi-
cally, the increased intensity of the C=0 stretching peak
at higher ACNC concentrations aligns with the observed
increase in storage modulus at 0.3 phr, suggesting more
favourable network formation. Although mechanical
performance did not peak at 0.3 phr due to agglomera-
tion, the results suggest that ACNC may have formed
more effective interfacial interactions at this concen-
tration. With further mitigation of agglomeration, even
greater improvements in mechanical properties may
be achievable.

Figure 6(f) presents an enlarged view of the early-
stage curing response at 0.01 phr. The faster early
increase in G’ observed for the ACNC-containing formu-
lation may indicate more rapid network buildup during
the initial stage of photopolymerization, possibly due
to improved interfacial compatibility and the presence
of polymerizable surface groups. Upon UV irradiation,
the ACNC-containing sample exhibited a rapid increase
in G, whereas the neat resin and CNC-containing
sample showed nearly identical initial responses.
Curing appeared to proceed more rapidly in the ACNC-
containing formulation. This behaviour may be related
to the presence of polymerizable surface groups and
improved compatibility with the surrounding matrix,
and may help explain the distinct curing response rela-
tive to the neat resin and CNC-containing systems. This
result suggests that ACNC may interact more effectively
with the resin. The rapid increase in G’ further supports
the interpretation that acrylate groups on the ACNC
surface facilitated chemical interactions with the resin,
promoting early crosslink formation. Thus, although
differences in maximum G’ were not prominent (Figure

6(e)), the accelerated early curing behaviour observed
for ACNC at 0.01 phr (Figure 6(f)) is consistent with its
improved mechanical performance. Because degree of
conversion was not directly measured by RT-FTIR or
DSC in the present study, the curing-related interpret-
ations should be regarded as indirect and supportive
rather than definitive. Collectively, these findings
suggest that ACNC may have promoted more favourable
early-stage network development than CNC, which is
consistent with its improved mechanical performance
after post-curing.

Figure 6(c) shows the time-dependent behaviour of
the loss modulus (G”) for the resin containing CNC,
where G” increased after UV irradiation. This indicates
a partial increase in the viscous component, but the
overall influence of CNC particles on the viscoelastic
behaviour of the resin was limited. In the absence of
chemical bonding with the resin, CNC did not substan-
tially affect energy dissipation during curing. By contrast,
Figure 6(d) shows that G” remained consistently higher
in the presence of ACNC, suggesting that ACNC not
only contributed to viscous resistance but also dispersed
more uniformly within the resin. Through chemical
bonding, ACNC may have enhanced both internal fric-
tion and energy dissipation of the polymer network,
which can be related to improved mechanical proper-
ties. Although G’ values were similar for CNC- and
ACNC-containing resins, G” values were higher in the
ACNC system, resulting in a lower loss tangent (G"/G')
for CNC. Since a lower loss tangent reflects more solid-
like behaviour, this suggests that curing may have pro-
gressed further in the CNC-containing formulation
than in the neat resin and further in the ACNC-contain-
ing formulation than in the CNC-containing formulation.
These findings support the interpretation that the
addition of CNC or ACNC altered the curing behaviour
during the 3D printing process.

3.5 Applications

To evaluate whether the mechanically improved formu-
lations also retained practical printability and application
relevance, the optimised resin systems were tested in
representative soft medical structures. As shown in
Figure 7, the printability of each resin formulation was
evaluated in practical applications. The soft elastomeric
material was applied to patient-specific guides for
kidney cancer resection and to cylindrical bile-duct
stents. Both the neat resin and the resins containing
CNC or ACNC at their previously identified optimal con-
centration of 0.01 phr were successfully printed without
any printability issues (Figure 7(a)). Although steady-
shear viscosity was not directly measured in the
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Figure 6. UV rheometer results for neat resin with varying concentrations of CNC/ACNC (0, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, and 0.3
phr). UV irradiation begins at 60 s. Storage modulus (MPa) as a function of time (s) with (a) CNC and (b) ACNC. Loss modulus (MPa)
with (c) CNC and (d) ACNC. (e) Maximum storage modulus at different CNC/ACNC concentrations. (f) Enlarged view of storage modulus
at 0.01 phr CNC and ACNC near the onset of UV irradiation (60 s), highlighting the faster initial curing response of ACNC.
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Figure 7. Patient-specific guides applied to the kidney and cylindrical stent structures for the bile duct. (a) Kidney patient-specific
guides and bile duct stents fabricated using neat resin, resin with CNC, and resin with ACNC. (b) Frontal view of the kidney
phantom model with the applied guide. (c) Lateral view of the kidney phantom model. (d) Deformation behaviour under torsion,

demonstrating soft elastic material properties.

present study, the successful printing of the CNC- and
ACNC-containing formulations at 0.01 phr indicates
that filler addition at the optimal concentration did not
adversely affect practical printability. Sedimentation
during printing was not directly monitored. However,
the absence of obvious printing defects suggests that
any in-process instability was not severe enough to com-
promise fabrication under the present conditions. A
kidney phantom model was fabricated, and the
patient-specific guide (designed by Anymedi Inc.) was
applied, as demonstrated in Figures 7(b) and (c). The
guide exhibited an excellent fit to the kidney model
and enabled clear identification of the resection zone.
Furthermore, even under torsion, as shown in Figure
7(d), the structure did not fracture but maintained its
integrity while deforming. These results indicate that
the material, while preserving its original shape, is suit-
able for applications requiring contact with relatively
soft organs such as the kidney or passage through
narrow anatomical pathways. The ability to satisfy
these application requirements while also providing
favourable mechanical performance highlights the
improved durability of the material.

4, Conclusions

In 3D printing for medical applications, there is a
growing demand for soft, high-performance and printa-
ble material systems. In this study, CNC and ACNC were
incorporated into an elastomeric photocurable resin to
evaluate their effects on mechanical reinforcement, dis-
persion behaviour and printability.

The incorporation of both CNC and ACNC improved
tensile strength, strain, elastic modulus and toughness
relative to the neat resin. ACNC showed the greatest
overall enhancement, likely owing to its surface acrylate
functionalities, which may have improved compatibility

with the resin matrix and enabled more effective
matrix-filler interactions than unmodified CNC. The
best mechanical performance was obtained at 0.01 phr.

Taken together, the results suggest that the optimal
mechanical response at 0.01 phr arose from a balance
between beneficial interfacial interactions and the onset
of concentration-dependent agglomeration. FTIR and
photo-rheological trends were consistent with more
favourable interfacial behaviour in the ACNC-containing
system, whereas TEM indicated that visible agglomera-
tion became more pronounced at higher loadings. Thus,
increasing filler concentration did not lead to continued
mechanical improvement, likely because agglomeration
progressively reduced reinforcement efficiency.

In addition, the successful fabrication of the CNC- and
ACNC-containing formulations at 0.01 phr demonstrated
that reinforcement could be achieved without compro-
mising practical printability under the present printing
conditions. These findings support the feasibility of
incorporating CNC-based fillers into the specific soft
elastomeric VP-printable resin platform investigated
here.

Because the present study examined a single resin
formulation and degree of conversion, steady-shear vis-
cosity and optical transmittance were not directly quan-
tified, the mechanistic interpretations should be
regarded as supportive rather than definitive. Future
work should therefore focus on optimising formulation
and processing conditions, directly characterising
curing conversion and flow behaviour and evaluating
whether similar trends are maintained in other soft
photocurable resin systems.
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