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Abstract

Photocurable polymer composites with tailored electrical and mechanical properties is of growing interest for advanced
manufacturing and (multi)functional applications. This study investigates how two carbonaceous fillers, carbon nanotubes
(CNT) and reduced graphene oxide (rGO), affect the photopolymerization, nanoscale structure, and macroscopic properties
of two photocurable resins with distinct mechanical nature: an elastic polyurethane acrylate (SPOT-E) and a rigid bio-
based acrylated epoxidized soybean oil (AESO). Photorheology reveals that CNT strongly inhibit curing above 0.6 wt.%
due to optical shielding, while rGO enables complete curing up to 5 wt.%. Dispersion analysis indicates homogeneous
distributions for both fillers, whereas mechanical analysis exhibits network deterioration at high filler contents. Quasi-
elastic neutron scattering shows that fillers incorporation significantly restricted SPOT-E dynamics but enhanced AESO
mobility, the effect depending on filler type and loading filler contents. These multiscale effects translate into electrical
conductivities of 0.014 S/m (SPOT-E/CNT) and 7.5-10° S/m (AESO/rGO). Finally, piezoresistive assessment revealed
maximum gauge factors of~0.9 for SPOT-E/CNT and~50 for AESO/rGO systems and stability over 700 cycles. These
results provide essential insights into the interplay between filler morphology, photopolymerization, and multifunctional
performance in UV-curable composites, enabling the rational design of materials with predefined properties for additive
manufacturing and electronics applications.

Keywords Photocurable composites - Carbon nanotubes - Reduced graphene oxide - Neutron scattering - Electrical
conductivity - Piezoresistive behavior

1 Introduction spatially controlled polymerization under light exposure,
making them highly attractive for structural and func-
Photocurable polymer composites are versatile materials for ~ tional applications, including flexible electronics, sensing,
advanced manufacturing, offering rapid curing, energy effi-  and stimuli responsive components [3]. Designing photo-
ciency, and compatibility with digital fabrication additive  curable composites that simultaneously achieve excellent

manufacturing technologies [1, 2]. These systems enable curing performance, tailored mechanical behavior, and
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electrical functionality remains a key challenge for their
wider implementation.

Recent reviews have summarized the state-of-the-art
and future perspectives of UV-curable polymer-based
smart materials, emphasizing their role in multifunctional
applications and printed electronics [4]. Among the strate-
gies to impart electrical conductivity, the incorporation of
carbon-based nanofillers stands out due to their exceptional
electrical, thermal, and mechanical properties [5, 6]. Car-
bon nanotubes (CNT) and reduced graphene oxide (rGO)
are particularly promising because of their high aspect ratio,
intrinsic conductivity, and ability to create percolated net-
works at relatively low concentrations [5, 7]. Beyond elec-
trical conductivity, these fillers can introduce functional
responses such as piezoresistivity, enabling strain or pressure
sensing capabilities for wearables or structural health moni-
toring applications [8, 9], among others. Previous works,
including UV-cured CNT/polyurethane acrylate compos-
ites for piezoresistive sensing [10] and bio-based AESO
systems with conductive fillers [11], as well as more recent
studies on carbonaceous composites with tunable piezore-
sistive response and multifunctional performance [12-15],
have demonstrated the potential of nanocarbon-based UV-
curable systems for sensing and flexible electronics appli-
cations. Furthermore, anisotropic architectures based on
renewable resources have been explored for 3D-printed
electrically conductive structures [16]. However, significant
scientific and technological challenges remain. Achieving
this goal demands an integrated approach that links materi-
als selection and processing optimization to obtain proper
processing-structure—property relationships, paving the way
for the scalable fabrication of smart materials with tailored,
application-specific functionalities.

The integration of CNTs and rGO into photocurable
matrices is far from straightforward. Their strong optical
absorption and visible light-scattering properties can limit
photoinitiator activation and reduce UV penetration, leading
to incomplete curing or heterogeneous crosslinking [17]. At
the same time, the nanofiller—polymer interfaces may influ-
ence chain dynamics, mobility, and network development,
with implications for mechanical and functional proper-
ties [18]. These factors make it essential to understand the
interplay between filler type, content, and matrix charac-
teristics during photopolymerization. While some studies
have investigated functional characteristics of the compos-
ites, such as electrical conductivity or sensing performance
[19, 20], comprehensive analyses that couple curing kinet-
ics, structural dynamics, and multifunctional properties are
scarce. Moreover, most previous works have focused on
a single type of polymer matrix, often neglecting how the
mechanical nature of the host material, i.e. elastic versus
rigid, can modulate filler effects.

@ Springer

A key knowledge gap also lies in comparing CNT and
rGO within UV curable composites prepared under identi-
cal experimental conditions. These two carbonaceous fillers
exhibit distinct dimensionality, morphologies, aspect ratios,
and surface chemistries. CNT, with their one-dimensional
tubular structure and high UV absorption, typically achieve
electrical percolation at lower concentrations but are more
likely to inhibit radical polymerization [10, 17]. In con-
trast, rGO sheets present two-dimensional geometries with
residual oxygen functionalities, favoring better dispersion
and interfacial adhesion but requiring higher loadings to
reach electrical conductivity thresholds [11, 21]. Despite
their widespread use, systematic studies that address these
aspects in parallel for elastic and rigid photocurable matri-
ces, while exploiting advanced multiscale characterization
techniques, are still limited.

In this context, the novelty of the present work does not
rely on reporting record electrical conductivity or piezore-
sistive sensitivity, but rather on establishing a multiscale
structure—processing—property framework for UV-curable
carbonaceous composites. By combining real-time photo-
rheology, quantitative nanostructural analysis by small-angle
neutron scattering (SANS), polymer segmental dynam-
ics probed by quasielastic neutron scattering (QENS), and
macroscopic mechanical, electrical, and electromechanical
characterization, this study elucidates how filler network
archetype (1D CNT versus 2D rGO) and matrix mechani-
cal nature (elastic versus rigid) jointly control curing effi-
ciency, network heterogeneity, percolation behavior, and the
sensitivity—stability trade-off in the piezoresistive response.
This integrated approach enables the extraction of design-
relevant insights that go beyond isolated structure—property
correlations and provides guidance for the rational formula-
tion of photocurable composites for sensing and multifunc-
tional applications.

Therefore, this work investigates the influence of CNT
and rGO incorporation on the photopolymerization behav-
ior, molecular-level dynamics, and multifunctional proper-
ties of two UV-curable matrices with distinct mechanical
characteristics: an elastic polyurethane acrylate (SPOT-E)
and a rigid, bio-based acrylated epoxidized soybean oil
(AESO). Curing kinetics was monitored to evaluate the
effect of filler loading and type on gelation and crosslink-
ing development while filler dispersion and aggregation
were analyzed by scanning electron microscopy (SEM) and
small-angle neutron scattering (SANS). To gain insight into
polymer segmental mobility and polymer—filler interactions,
quasielastic neutron scattering (QENS) was employed.
Finally, mechanical characteristics, electrical conductivity,
and piezoresistive response were assessed to establish cor-
relations between nanoscale organization and macroscopic
properties. By combining these multiscale analyses, this
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study provides fundamental insights into how nanofiller
morphology, content, and matrix characteristics control
the multifunctionality of UV-curable composites, offering
guidelines for their rational design of the materials for spe-
cific applications.

2 Results and discussion
2.1 Photocurable formulations

Before directly comparing CNT- and rGO-based compos-
ites, it is important to clarify that these two fillers are not
intended to be evaluated as equivalent reinforcements at
identical weight fractions. Due to their fundamentally dif-
ferent geometry, optical absorption, and aggregation behav-
ior, CNT and rGO reach electrical percolation, viscosity
build-up, and curing inhibition at markedly different filler
contents. Therefore, comparisons throughout this work are
performed in terms of relative network development rather
than absolute filler loading. CNT and rGO are treated as
two representative conductive network archetypes, namely
entangled one-dimensional networks and stacked two-
dimensional platelet networks, respectively, allowing to
assess how filler geometry and matrix mechanical nature
jointly influence curing behavior, nanoscale organization,
and multifunctional performance.

First, the photopolymerization behavior of SPOT-E and
AESO-based formulations containing CNT or rGO was
investigated by real-time photorheology, monitoring the
evolution of storage (G') and loss (G”) moduli upon UV
irradiation. This technique provides insights into both the
kinetics of network formation and the viscoelastic transi-
tion from liquid-like to solid-like state, defined by the gel
time (t,). Additionally, the initial slope of G’ versus time
was used to estimate the curing rate (AG'/At) [22], allowing
quantitative comparison of formulation reactivity (Table S1,
Supporting Information).

Figure 1 shows the evolution of G’ for SPOT-E and AESO
composites as a function of time for different filler types and
contents. Both neat matrices exhibit a nearly instantaneous
onset of curing upon irradiation, characterized by a sharp
increase in G’ and a rapid attainment of the plateau modulus,
which reflects efficient crosslinking. The gelation time (ty)
for pristine SPOT-E and AESO resins was 0.7+0.3 s and
0.5£0.1 s, respectively, confirming their high photoreactiv-
ity [10, 23].

The incorporation of nanocarbon fillers markedly influ-
enced the curing behavior, as observed by the reduction in
the slope of the G’ evolution curves and the decrease in final
G’ values with increasing filler content, independently of the
filler type and the matrix used. For CNT-based composites,

increasing nanotube content significantly decreased AG'/
At and extended t,;, a behavior attributed to the strong UV
absorption and light-scattering capability of CNT, which
reduces the photon flux available for photoinitiator activa-
tion and subsequently hinders radical generation [17, 24].
As summarized in Table S1, the curing rate for SPOT-E
decreased from 16.3 kPa/s for the neat resin to 0.088 kPa/s
at 0.6 wt.% CNT, while t, increased from 0.7 s to 41.2 s.
AESO-based materials exhibited a similar trend, with AG'/
At decreasing from 15.9 kPa/s to 0.15 kPa/s and t; increas-
ing from 0.5 s to 43 s over the same range of CNT load-
ing. These observations are consistent with previous reports
demonstrating that even small amount of CNT addition can
dramatically inhibit UV curing due to optical shielding and
radical quenching effects [10]. Furthermore, it is worth to
mention that AG'/At decreases nearly of 185-fold in SPOT-
E compared to 106-fold in AESO, suggesting that SPOT-E
is more strongly affected by CNT in terms of curing rate
inhibition. However, gelation delays are comparable in
both systems (up to~41-43 s), reflecting the similar optical
screening effect of CNT at equivalent concentrations.

An even stronger impact on photopolymerization is
observed for rGO-filled formulations, especially at the
highest concentrations, as shown by the significantly low
slopes of G’ curves in Fig. 1. SPOT-E shows a strong reduc-
tion in curing rate to 0.017 kPa/s at 5 wt.% rGO (959-fold
decrease), whereas AESO decreases to 0.075 kPa/s (212-
fold decrease) for the same filler content. At first glance,
this suggests that SPOT-E is more sensitive to rGO in terms
of curing rate, probably due to differences in photoinitiator
concentration and light penetration in the commercial poly-
urethane acrylate matrix. However, it must be emphasized
that rGO was incorporated at much higher concentrations
(up to 5 wt.%), whereas CNTs could only be added up to
0.6 wt.% because higher loadings made complete curing
impossible. Therefore, the more severe inhibition observed
for rGO systems is partly a consequence of the larger filler
content needed to approach electrical percolation. In con-
trast, gelation time is more affected in AESO-based materi-
als, reaching 118 s at 5 wt.% rGO compared to 43 s for the
SPOT-E-based sample, suggesting that the AESO/IBOMA
blend experiences stronger network formation delays at
high rGO loadings. This behavior can be attributed to the
higher filler content required for rGO in AESO and possible
strong interactions between rGO sheets and the bio-based
matrix, which increase viscosity and hinder segmental
mobility before gelation [11].

To further assess curing efficiency and complement the
photorheology analysis, the degree of double-bond conver-
sion was evaluated by transmission FTIR, as explained in
the experimental section of Supporting Information. As
shown in Table S1, the neat resins show high conversion
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Fig. 1 Characterization of photocurable formulations: photorheology
plots for the evolution of the storage modulus (G’) of SPOT-E and
AESO formulations containing CNT (a and ¢, respectively) and rGO
(b and d, respectively). QENS spectra of uncured SPOT-E, AESO

values around 80%, confirming efficient photopolymeriza-
tion under the selected irradiation conditions. Upon incorpo-
ration of carbonaceous fillers, the conversion progressively
decreases with increasing filler content in both matrices.
This trend is particularly evident for CNT-containing for-
mulations, where the presence of CNT networks reduces
curing efficiency due to light attenuation, radical quench-
ing, and restricted chain mobility. Conversions of samples

@ Springer
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and SPOT-E+0.6 wt.%CNT composite sample (e), cured AESO,
AESO+0.1wt.%CNT and AESO+0.6wt.%CNT (f), and cured AESO,
AESO+ 1wt.%rGO and AESO+5 wt.%rGO (g)

with 0.1 wt.% CNT content are around 78% and 72% for
SPOT-E and AESO-based materials, respectively, while for
0.3 wt.% CNT samples decrease to values of 70% and 63%
being even less for the highest CNT content of 0.6 wt.%
with minimal values of 55% and 47%, respectively. rGO-
filled systems exhibit a similar but less pronounced decrease
at intermediate concentrations, followed by a stronger
reduction at high loadings (77%, 68% and 54% for 1, 3 and
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5 wt.% SPOT-E/rGO samples, and 68%, 67% and 51% for
the same rGO contents in AESO/rGO composites). These
observations are consistent with the photorheology results,
where increasing filler concentration leads to delayed gela-
tion and reduced polymerization rate.

Overall, these findings confirm that both CNT and rGO
act as inhibitors of photopolymerization, but their effects
depend on the combination of filler type and resin matrix.
CNT, with its tubular morphology and strong UV absorp-
tion, primarily reduces the polymerization rate at relatively
low loadings, whereas rGO, despite requiring higher con-
centrations to achieve percolation, exerts a stronger effect
on gelation delay in AESO-based systems. These trends are
consistent with previous reports highlighting the dual role
of nanocarbon fillers as optical screens and physical barriers
that restrict chain dynamics during network formation [17,
25]. However, and in order to gain deeper understanding on
the differences between both fillers and matrices in the pho-
topolymerization process, QENS, a neutron scattering tech-
nique used to study the dynamics of materials at the atomic
and molecular level, were performed and the results will be
presented later in this section.

The rheological behavior of the uncured formulations
was assessed through complex viscosity (1) measurements,
providing critical information about their flowability, dis-
persion state, and suitability for UV-curable processing.
Unlike steady-shear viscosity, complex viscosity determined
under oscillatory conditions accounts for both viscous and
elastic contributions to the response of the material, mak-
ing it highly relevant for photopolymer systems intended
for advanced manufacturing [26]. In particular, viscosity
strongly influences light penetration and photoinitiator effi-
ciency, as high viscosities can limit radical diffusion and
restrict chain mobility during polymerization [27]. This
aspect is especially critical in nanocomposite formulations
containing carbonaceous fillers, since the addition of CNT
or rGO typically increases viscosity due to their high aspect
ratio and strong tendency to form interconnected networks
[25]. Therefore, analyzing 1 as a function of filler type and
concentration allows to understand how these nanofillers
modify the processability of SPOT-E and AESO-based sys-
tems and anticipate their impact on curing kinetics and final
material properties. Figure S1 and Table S1 (Supporting
Information) summarizes the obtained 1 values.

For CNT-filled formulations, both SPOT-E and AESO
matrices exhibited an evident viscosity increase with filler
loading, but the magnitude of this effect is strongly matrix-
dependent. The neat SPOT-E resin displayed a low n of
approximately 0.28 Pa-s, confirming excellent flowability
for coating and photopolymer applications. Incorporating
CNT led to a moderate rise in viscosity at low contents,
reaching 7.57 Pa-s at 0.3 wt.%, followed by a sharp increase

for higher concentrations, ending at 90.4 Pa-s for 0.6 wt.%
CNT filler content. AESO-based formulations showed
a similar trend but started from a slightly higher baseline
(1.06 Pa-s) and reached 114 Pa‘'s at the same maximum
CNT content. This pronounced increase is attributed to the
high aspect ratio (highly anisotropic shape) and strong van
der Waals interactions of CNT, which promote early net-
work formation and significant flow resistance even at sub-
percent loadings [25]. Beyond a simple filler-loading effect,
this progressive viscosity build-up reflects the develop-
ment of an increasingly interconnected nanotube network
within the resin, acting as an indirect rheological signature
of network connectivity and structural organization. The
more abrupt rise observed for SPOT-E suggests a stronger
sensitivity of this commercial polyurethane acrylate resin
to nanotube-induced structuring, possibly due to its lower
initial viscosity and higher polarity compared to the AESO/
IBOMA blend.

For rGO-filled systems, viscosity changes were even
stronger, though it should be emphasized that rGO was incor-
porated at much higher loadings (up to 5 wt.%) compared
to CNT. In SPOT-E, 7 increased progressively at intermedi-
ate concentrations but reached extremely high values at the
highest rGO content (~441 Pa‘s at 5 wt.%), representing
a near-solid-like behavior that would severely compromise
printability. AESO-based formulations followed a more
gradual increase, remaining close to 60 Pa‘s up to 3 wt.%
and reaching 131 Pa-s at 5 wt.% rGO. The delayed viscosity
buildup in AESO can be ascribed to the presence of IBOMA
as reactive diluent, which lowers the effective concentration
of rGO per unit volume and enhances dispersion at lower
loadings [28]. Nonetheless, the substantial increase at 5
wt.% reflects the two-dimensional geometry of rGO and
its ability to form extended sheet—sheet contacts, leading to
significant microstructural hindrance of flow [29]. In con-
trast to the entangled CNT networks, the sharper viscosity
rise at high rGO contents is consistent with the formation of
contact-dominated platelet aggregates, indicating a different
network architecture that can be correlated with the struc-
tural features observed by SEM and SANS.

Comparing both filler types, SPOT-E consistently exhib-
ited greater sensitivity to viscosity rise than AESO, particu-
larly at the highest rGO concentrations, where 1 values were
more than three times higher for SPOT-E than for AESO
under similar conditions. This outcome reinforces the
stronger network-forming ability of CNTs and the higher
structuring tendency of SPOT-E compared to the bio-based
AESO/IBOMA system. However, when interpreting these
results, it is crucial to consider that rGO was introduced
at concentrations one order of magnitude higher than
CNT, which naturally amplifies its impact on flow resis-
tance. Taken together, these rheological signatures provide

@ Springer
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indirect but valuable insight into filler network develop-
ment and connectivity, complementing the nanoscale struc-
tural information obtained from SANS and the dynamic
heterogeneity revealed by QENS. These findings empha-
size the inherent trade-off between achieving electrical per-
colation and preserving acceptable rheological properties
for UV-curable processing, as excessive viscosity not only
compromises dispersion and coating uniformity but also
hinders light penetration and radical mobility during pho-
topolymerization [30].

Finally, correlating these trends with the photorheology
results highlights a clear interplay between initial viscosity
and curing behavior. Formulations with higher n exhibited
more pronounced reductions in polymerization rate and sig-
nificant delays in gelation, confirming that restricted chain
mobility and increased optical attenuation in highly viscous
dispersions aggravate the inhibitory effects of carbonaceous
fillers. This relationship underscores the need for optimiz-
ing filler concentration and dispersion strategies to balance
functional performance with processability.

In order to better understand the relationship between
photopolymerization, molecular dynamics, and filler addi-
tion in SPOT-E and AESO systems, QENS experiments
were conducted on both liquid and UV-cured states (Fig. 1).
Since the neutron scattering signal is dominated by the inco-
herent component of the hydrogen atoms, QENS preferen-
tially probes hydrogen dynamics and thus polymer matrix
motions, providing insight into their underlying segmen-
tal mobility at picosecond-to-nanosecond timescales [31].
Unlike rheological or mechanical measurements, which
provide macroscopic or mesoscale information, QENS
enables the direct assessment of local chain dynamics and
network heterogeneity arising from incomplete curing or
filler-induced confinement effects. Therefore, QENS pro-
vides unique insight into how nanofillers modify polymer
mobility at the molecular scale, complementing photorheol-
ogy results and enabling a direct link between curing kinet-
ics and nanoscale dynamic behavior.

In the uncured state, both SPOT-E and AESO exhibit
pronounced quasielastic broadening, reflecting active trans-
lational and rotational motions [32, 33]. SPOT-E shows
slightly faster dynamics than AESO, evidenced by an addi-
tional broadening near the elastic peak (—0.5 meV), consis-
tent with its lower viscosity and higher segmental mobility
prior to gelation. The incorporation of CNT or rGO does
not significantly affect these liquid-state dynamics, as con-
firmed by the nearly overlapping spectra of SPOT-E and
SPOT-E+0.6 wt.% CNT in Fig. le. This observation sug-
gests that in the absence of crosslinks, nanofillers exert min-
imal restrictions on short-range motions.

Upon UV curing, a substantial reduction in quasielas-
tic broadening is observed for all samples, confirming the

@ Springer

transition from mobile monomers to rigid crosslinked net-
works as it has been reported for related materials [34]. In
SPOT-E-based systems, the cured state exhibits extremely
restricted dynamics, and the addition of CNT or rGO does
not noticeably alter this behavior, even at high filler con-
tents, which aligns with the strong network rigidity inferred
from rheological data. In contrast, AESO-based composites
display a more complex scenario. While the neat AESO
matrix becomes highly rigid after curing, the introduction
of fillers modulates its dynamics depending on the filler
type and concentration. At low CNT content, the QENS
response remains comparable to that of neat AESO, indicat-
ing negligible changes in segmental mobility. However, at
0.6 wt.% CNT, a significant increase in mobility is detected,
with the quasielastic intensity increasing to an intermediate
level between fully cured and liquid AESO (Fig. 1f).This
dynamics activation correlates with the extended gelation
time and reduced curing rate observed in photorheology,
suggesting that dense filler aggregates locally disrupt the
network, generating regions of incomplete conversion and
higher residual mobility.

rGO presents an even more pronounced effect on AESO
dynamics (Fig. 1g). At 1 wt.% rGO, a slight increase in
mobility is already detected and at higher loadings (5 wt.%),
the effect becomes even more pronounced. Thus, prob-
ably the rigid, platelet-like nature of rGO, could favours
filler stacking and induces stress concentration, hindering
homogeneous network formation and leaving highly mobile
domains.

Overall, QENS reveals that polymer segmental dynam-
ics after curing are governed primarily by matrix chemistry,
while being selectively modulated by filler-induced network
heterogeneity. SPOT-E retains its rigid dynamic character
regardless of filler type, ensuring mechanical robustness,
whereas AESO exhibits partial recovery of mobility at high
filler contents, consistent with its lower effective crosslink
density and heterogeneous network structure. Importantly,
these nanoscale mobility variations, directly captured by
QENS, complement rheological observations and provide
molecular-level evidence of curing inhibition and hetero-
geneity that cannot be resolved by macroscopic techniques
alone, helping to rationalize the observed differences in
mechanical and electromechanical performance.

2.2 Photocured materials

2.2.1 Physico-chemical and morphological characteristics
The chemical structure of the photocured composites was
analyzed by FTIR-ATR spectroscopy to evaluate possible

physicochemical interactions between nanofillers and the
polymer matrix and to detect residual functional groups
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after UV curing. FTIR is a suitable technique for identify-
ing characteristic vibrational bands associated with acry-
late networks and potential filler-induced effects. For both
SPOT-E- and AESO-based materials, the spectra (Fig. 2) are
dominated by the typical polymer backbone vibrations. In
the case of SPOT-E (a polyurethane acrylate resin), the main
absorption bands appear at 3330-3400 cm™' (N-H stretch-
ing), 2855-2955 cm™! (CH: and CHs stretching), 1725 cm™!
(C=0 stretching), 1550 cm™' (combined N-H and C-N
stretching), 1360 cm™' (C-N stretching), and 1110 cm™!
(C-O—Cstretching)[10]. For AESO-based systems, the spec-
tra exhibit bands at 3460 cm™!' (-OH stretching), 1730 cm ™!
(C=0 stretching of ester groups), and 1160 cm™!' (C-O-C
vibrations), together with peaks associated with the triglyc-
eride backbone at 2920, 2850, and 1450 cm™!' (C—H stretch-
ing and deformation). Additionally, the acrylic double bond
functionality is represented by absorptions near 1635 cm™!
and 810 cm™' [11].

The incorporation of CNT or rGO introduces two
clear features: (i) increased noise in the carbonyl region
(=1700 cm ™), likely associated with scattering effects from
nanofillers[35, 36], and (ii) the appearance or intensification
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of the band at~810 cm™', attributed to out-of-plane bend-
ing of residual vinyl groups (C=C), which becomes more
evident as the filler content increases, regardless of the filler
type or matrix. This observation suggests that at high nano-
filler loadings, a fraction of acrylate double bonds remains
unreacted, most likely due to reduced UV penetration and
restricted mobility during network formation [37]. These
results are consistent with the curing inhibition trends previ-
ously identified by photorheology and viscosity analyses.
The presence of residual C=C signals is more pro-
nounced in composites with higher filler loadings, which
correlates with the optical shielding and increased viscosity
discussed earlier. For CNT-containing systems, the effect
is observed at relatively low concentrations (>0.3 wt.%),
whereas in rGO-based composites, noticeable residual
unsaturation appears primarily at 1 wt.%. This difference
can be attributed to the distinct morphologies and percola-
tion behaviors of the fillers: the 1D structure of CNT creates
strong light attenuation and network constraints even at low
loadings, while 2D rGO requires higher contents to pro-
duce comparable effects. Moreover, AESO-based formula-
tions tend to show slightly more evident vinyl-related bands
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Fig.2 FTIR plots for SPOT-E and AESO photocured materials containing CNT (a and ¢, respectively) and rGO (b and d, respectively)
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than SPOT-E at equivalent filler conditions, suggesting that
the bio-based matrix, despite being diluted with IBOMA,
is more susceptible to incomplete double bond conversion
under high filler contents. These observations reinforce the
relationship between filler concentration, viscosity increase,
and limited UV curing efficiency, in agreement with the
rheological findings.

Filler dispersion and wettability between the CNT and
rGO, and the SPOT-E and AESO polymer matrices were
evaluated by SEM images analysis of thin film samples
with different filler contents. Figure 3 shows representative
SEM images of pristine and reinforced composites at differ-
ent magnifications revealing significant differences in filler
dispersion and microstructural organization as a function
of filler type, concentration, and polymer matrix. Pristine
AESO and SPOT-E films exhibit smooth, homogeneous
fracture surfaces without voids or irregularities, indicative
of fully crosslinked and defect-free matrices. Upon incorpo-
ration of nanocarbonaceous fillers, the morphology changes
markedly.

I Increasing filler content (wt.%) ‘

For CNT-based composites, both AESO and SPOT-E
matrices display an overall good distribution of nanotubes
at low concentrations (0.1 wt.%), with no evidence of large
aggregates or interfacial gaps. The polymer appears to
wet the nanotubes efficiently, forming a continuous phase
without microvoids. At higher contents (0.4 and 0.6 wt.%),
localized clusters of CNT become evident. Based on SEM
observations, these agglomerates are estimated to fall pre-
dominantly within the~1-20 pm range, with occasional
clusters approaching~30 pm. These clusters are homoge-
neously distributed throughout the matrix, which is benefi-
cial for electrical percolation but could affect mechanical
properties by creating local stress concentrations. This mor-
phology correlates with rheological behavior, as CNT entan-
glements enhance viscosity and contribute to curing delays
(Sect. 3.1). Similar trends were reported for UV-curable
polyurethane acrylate/CNT systems, where effective disper-
sion combined with some clustering was associated with
enhanced electrical conductivity at the expense of tough-
ness [10]. Consistent with this morphology, CNT-based

Y 5 um

Fig.3 SEM images of pristine and doped samples containing rGO and CNT for AESO (top) and SPOT-E (bottom) composites. Magnification for
neat polymers and CNT containing sample is 5000 x and for rGO-based materials is 1000 x
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systems reach electrical percolation at relatively low load-
ings (~0.28-0.30 wt.%) as it will be shown later, indicat-
ing that interconnected nanotube clusters provide efficient
conductive pathways even at limited filler concentrations.

For rGO-based composites, the presence of graphene
platelets is clearly observed as bright, flake-like struc-
tures embedded within the polymer matrix. At 1 wt.%
rGO, the AESO and SPOT-E films show well-dispersed
small clusters, but as the filler content increases to 3 and
5 wt.%, larger agglomerates dominate the morphology,
forming stacked structures with irregular shapes and lim-
ited polymer penetration. From SEM micrographs, the
characteristic lateral size of these rGO aggregates is esti-
mated to increase from roughly~10-20 pm at low load-
ings to approximately~30-80 um for the highest filler
concentrations. Despite this aggregation, the fillers remain
relatively well distributed at the microscale, with no exten-
sive phase separation. However, samples containing 5 wt%
rGO exhibit microvoids and interfacial gaps, particularly in
AESO, likely due to the increased viscosity and restricted
flow during processing, as previously noted in photorheol-
ogy and viscosity analyses. These voids could negatively
impact mechanical integrity while promoting pathways for
electrical conduction. Across both filler types, AESO gen-
erally shows slightly larger, more compact agglomerates
and occasional microvoids at the highest loadings (notably
5 wt% rGO) than SPOT-E, whose fracture surfaces remain
more uniformly wetted with fewer interfacial gaps. This
microstructural organization is consistent with the higher
filler concentrations required for electrical percolation in
rGO systems, where conductive pathways are primarily
established through platelet stacking and inter-aggregate
contacts.

A suitable distribution of small agglomerates, rather than
isolated particles, is considered advantageous for build-
ing conductive networks in nanocomposites [38], although
excessive clustering and void formation can compromise
toughness and optical quality. Electrically, the presence of
well-distributed micro-sized clusters in both matrices is
favorable for forming percolated pathways, with rGO stacks
facilitating conduction at higher contents and CNT entangle-
ments enabling pathways at lower contents. Mechanically,
the cleaner interfaces and lower void density in SPOT-E
should better preserve toughness and elongation, while the
voids and sharper rGO stacks observed in AESO at 5 wt%
are likely to act as stress concentrators, contributing to ear-
lier damage onset and a steeper decline in ductility (trends
consistent with the photorheology-indicated network devel-
opment and the viscosity-limited flow during curing). These
SEM findings will be correlated with mechanical character-
istics and electrical conductivity, later explained, to provide
a comprehensive structure—property analysis.

While SEM provides valuable information on micron-
scale dispersion and fracture morphology, it cannot resolve
the nanoscale organization and connectivity of conductive
filler networks that govern electrical percolation and poly-
mer—filler interfacial interactions. Therefore, small-angle
neutron scattering (SANS) was employed to quantitatively
investigate the nanostructural organization of CNT and rGO
within SPOT-E and AESO matrices. Due to the strong scat-
tering length density contrast between carbonaceous fillers
and hydrogen-rich polymer matrices, SANS enables the
extraction of aggregate fractal descriptors, filler character-
istic dimensions, and packing density, providing quantita-
tive information on network architecture that is inaccessible
through microscopy alone.

Figure 4 displays the SANS profiles of SPOT-E and
AESO composites as a function of filler type and content,
plotted as scattering intensity, I, versus scattering vector,
g. In these nanocomposites, the main scattering contribu-
tion arises from the carbonaceous fillers due to the strong
scattering length density (SLD) contrast between carbon
materials and the surrounding hydrogen containing polymer
matrix [39]. All filled samples exhibit one power-law decay
(in the low g-region for CNT filler and in almost all g-region
studied for rGO), confirming the formation of fractal-like
aggregates [40], whereas the neat polymers show almost
negligible scattering, confirming homogeneity of the matrix
without nanoscale inhomogeneity in pure polymer films.

For CNT-based systems, an additional scattering signal is
observed for high q values, corresponding well to cylinder
form-factor in the scattering objects. This agrees with the
samples measured, as CNT are characterized by a cylindric
shape. For all samples, independently of the CNT content
and the matrix studied, the scattering cylinders can be well
fitted with a radius of 60 A (diameter ~12 nm), what is in
agreement with the technical data given by the supplier
for the CNT. The slopes observed for CNT-filled samples
correspond to power exponents values below 3 in all cases
regardless the filler content and polymer matrix used, sug-
gesting that all CNT-based composites exhibit mass frac-
tal-like aggregations [41]. While for both SPOT-E and
AESO-samples at low CNT contents the power exponent
is similar and~2.4, the addition of CNT induces different
behaviour for each polymer matrix. On the one hand, for the
elastic polyurethane acrylate SPOT-E matrix, the q expo-
nent is maintained almost constant for all contents studied,
indicating that the addition of CNT increases the number of
aggregates, but their characteristic size and type of aggre-
gation are constant. On the other hand, the bio-based and
more rigid AESO matrix presents an increase of power
exponent when CNT content increases reaching a maximum
of~2.7 for 0.6wt.% sample, which indicates some structural
reorganization of the CNTs aggregates, namely a denser
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a) 1000

100 -

Fig. 4 Experimental SANS plots for pristine and SPOT-E and AESO
composites containing CNT (a and ¢, respectively) and rGO (b and d,
respectively). Inset figures of (a—d) plot the SANS curves normalized

packing of the aggregates when CNTs are added [40, 42].
These higher exponents observed in AESO-based materi-
als suggest stronger inter-filler interactions and less poly-
mer penetration compared to SPOT-E-based composites,
in agreement with SEM evidence of compact agglomerates
and occasional voids at high loadings.

For rGO composites, both matrices display a single
dominant slope close to~2.8 across the measured q range,
indicative of mass fractal aggregates denser than the ones of
CNT-based composites and significant packing density [43—
45]. These trends reflect the intrinsic differences in filler
geometry (rigid platelets vs entangled nanotubes) and the
influence of matrix chemistry on aggregation mechanisms,
also mentioned and discussed in relation to the SEM results.

Furthermore, these nanoscale features explain the differ-
ences observed in rheology and curing behavior: in AESO,
the presence of denser and more compact aggregates (espe-
cially for CNT at high contents and for rGO stacks) tends
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to restrict local mobility and contributes to longer gela-
tion times. In contrast, SPOT-E develops more open and
branched structures, which allow better polymer penetration
and promote faster network formation despite still achiev-
ing electrical percolation at relatively low filler contents (see
electrical results). However, and as previously mentioned,
when considering the relative increase with respect to the
neat resin, SPOT-E shows greater sensitivity to viscosity
rise than AESO, particularly at the highest rGO concentra-
tions, where 1 values become more than three times higher
for SPOT-E. This is attributed to SPOT-E’s much lower ini-
tial viscosity, making the same filler-induced network for-
mation more impactful on flow resistance compared to the
inherently more viscous AESO system. From a mechani-
cal standpoint (results show in the following), the tightly
packed rGO stacks and occasional voids observed in AESO
are likely to act as stress concentrators, reducing toughness.
SPOT-E, on the other hand, benefits from better wetting of
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CNTs and less compact aggregates, which should help pre-
serve ductility and mitigate premature failure.

Overall, SANS confirms that the fractal organization of
carbon nanofillers depends strongly on both filler type and
matrix polarity, complementing SEM observations and pro-
viding a nanoscale rationale for the differences in curing
kinetics and viscosity response analyzed in previous sec-
tions but also for mechanical and electrical performance, as
it will be show in the following.

2.3 Mechanical and electrical properties

The influence of filler addition and dispersion on the
mechanical properties was evaluated by strain—stress mea-
surements of thin film samples with different filler contents.
Figure 5 shows representative stress—strain curves of the
investigated samples, and Table S2 (Supporting Informa-
tion) summarized the Young modulus (E), stress at break
(oy,) and strain at break (g,,) values.

For SPOT-E-based composites, the neat matrix exhibited
a soft and highly extensible behavior (E = 6.8 MPa, g, =
35.7%), typical of flexible polyurethane acrylates. Incor-
poration of CNT led to a progressive decrease in ductility,
with g, dropping below 20% for 0.3 wt.% CNT composites,
accompanied by a reduction in o, to 0.98 MPa. Interest-
ingly, Young modulus (E) remained relatively stable up to
0.2 wt.% CNT but decreased at higher loadings, reflecting
the detrimental effect of microsize agglomerates observed
in SEM, which act as stress concentrators and promote pre-
mature failure[46]. The presence of rGO further accentuated
this trend: while 1 wt.% rGO maintained moderate extensi-
bility (g, = 26.6%), higher concentrations resulted in severe
embrittlement, with g, falling to 5.4% and o}, to 0.04 MPa at
5 wt.% filler content. These mechanical degradations align
with photorheology results, where high rGO content signifi-
cantly delayed gelation and reduced curing efficiency, likely
leading to a lower crosslink density and weak interfacial
adhesion [11, 47].

AESO-based systems, inherently stiffer (E = 230 MPa),
displayed an opposite initial trend: the addition of 0.1 wt.%
CNT slightly increased o, from 8.9 MPa to 10.1 MPa and
enhanced ductility to 11% starting from 7.6%, suggesting
improved stress transfer at low filler contents due to bet-
ter dispersion of the filler and thus easy incorporation into
the polymer matrix. However, for samples with higher CNT
contents, all mechanical parameters deteriorated sharply,
with E dropping below 12 MPa and o, to 0.75 MPa at 0.4
wt.% CNT, correlating with CNT clustering and viscosity-
driven processing issues explained before. For rGO-filled
AESO composites, 1 wt.% preserved stiffness and strength
close to the neat resin, but concentrations equal or larger
than 2 wt.% caused a drastic decrease in E (=19 MPa) and

oy, and at 5 wt.% rGO the material exhibited the lowest
elongation (g, = 3.3%), consistent with void formation and
stacked platelet aggregates observed in SEM.

Comparing both matrices, SPOT-E maintains flexibility
even at moderate filler contents, whereas AESO suffers a
more pronounced stiffness decrease and embrittlement at
high loadings. This contrast reflects their different network
architectures and curing behavior: AESO, being highly
crosslinked in the pristine state, is more sensitive to curing
inhibition and morphological defects introduced by fillers.
These mechanical trends also parallel electrical and rheo-
logical observations: while clustering favors conductive
network formation, it compromises mechanical integrity
[48], particularly in AESO with rGO at 5 wt.%, where poor
wetting and sharp aggregates act as crack initiation sites.
Further nanostructural insights from SANS confirm that the
nanoscale organization of fillers largely governs this bal-
ance between conductivity and mechanical robustness. It is
worth noting that, even at the highest filler concentrations
where elongation is reduced, the strain levels remain suf-
ficient for piezoresistive sensing applications, where only
small deformations (typically below 5%) are required to
achieve a measurable electrical response variation [49].
Although high filler loadings, particularly in AESO-based
systems, lead to marked reductions in tensile strength and
modulus, the absolute mechanical values remain compat-
ible with low-strain sensing applications within the intended
operating window [49]. Nevertheless, the mechanical dete-
rioration observed at elevated CNT and rGO contents high-
lights the need for formulation optimization.

The electrical characteristics of the composites were
evaluated by measuring the DC electrical conductivity as
a function of nanofiller content. Figure 5¢ and f shows the
variation of electrical conductivity (o) for the photocured
films, while the corresponding values are summarized in
Table S2. To account for the intrinsic differences in percola-
tion thresholds and processing windows between CNT and
rGO systems, structure—property relationships are inter-
preted relative to the development of conductive networks,
i.e., at loadings close to or above the respective percola-
tion thresholds, rather than at identical filler contents. This
approach enables a more meaningful comparison of elec-
trical and electromechanical behavior across different filler
types and polymer matrices.

In case of CNT-based composites, both matrices exhibit
a percolation-type behavior, with conductivity remaining
close to that of the insulating polymer at very low nanotube
concentrations and then increasing dramatically upon reach-
ing the critical threshold. For SPOT-E composites, electrical
conductivity rises from 1.2 x 10-'" S/m for the neat matrix to
2.9x1077 S/m at only 0.1 wt.% CNT, marking the onset of
electrical percolation. A sharp growth follows between 0.2
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Fig.5 Mechanical and electrical characterizations: stress—strain curves
of solid photocured specimens for SPOT-E and AESO composites with
CNT (a and c, respectively) and rGO (b and d, respectively). Electri-

wt.% and 0.4 wt.% (1.3x107 to 4.9x 10> S/m), reaching
1.4x1072 S/m at 0.6 wt.%, where an interconnected CNT
network is fully developed. In contrast, AESO-based com-
posites require higher filler contents to achieve significant
conductivity gains. Up to 0.2 wt.% CNT, the conductiv-
ity remains below 4.9x 107 S/m, and only at 0.3 wt.% a
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noticeable increase appears (5.4x107¢ S/m), continuing to
rise more gradually than in SPOT-E and reaching 6.9 x 104
S/m at 0.6 wt.%. This difference in percolation dynamics
correlates with the morphological features observed by
SEM and SANS: the more open and branched CNT net-
works formed in SPOT-E facilitate early percolation, while
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AESO’s denser and less interconnected clusters, combined
with high viscosity, hinder network continuity at low load-
ings. These trends are consistent with previous reports on
UV-curable nanocomposites where CNT dispersion quality
and matrix polarity strongly influence percolation thresholds
[10, 50, 51]. In these works, similar tendency of increas-
ing conductivity with CNT incorporation is obtained with
a final value of 7.1x 102 S/m for the same 0.6 wt.% CNT
content reported in the present study.

Regarding rGO-based composites, ¢ evolution for gra-
phene-filled systems differs markedly from that of CNT
composites. For SPOT-E, rGO begins to significantly influ-
ence conductivity only at contents>2 wt.%, where values
rise from the baseline (1.2x10°'" S/m) to 7.3x 107 S/m,
and then sharply increase to 1.3x10* S/m at 3 wt.% and
3.5x1072 S/m at 5 wt.%. AESO follows a similar pattern but
with slightly lower conductivity across the range, reaching
7.5x107° S/m at 5 wt.%. The delayed percolation and lower
conductivity compared to CNT-based systems stem from
the different filler morphology: rGO platelets show lower
aspect ratio than CNT and tend to stack and form compact
aggregates, as shown in SEM and SANS analyses, requir-
ing higher contents to achieve continuous conductive paths
[52]. Additionally, rGO’s optical absorption and influence
on curing may further restrict the formation of well-inte-
grated conductive networks within AESO [11, 53], which
is more susceptible to photopolymerization inhibition than
SPOT-E as previously explained.

Comparing both filler types and matrices reveals that
CNT systems outperform rGO systems in achieving high
conductivity at lower loadings, particularly in SPOT-E,
where percolation occurs at low filler contents (=0.2/0.3
wt.%) and o surpasses 10~ S/m at 0.6 wt.%. For rGO, even
at 5 wt.%, conductivity remains lower than SPOT-E+0.6
wt.% CNT, confirming that entangled CNT networks pro-
vide superior connectivity per unit of weight compared to
stacked graphene platelets, as reported in literature [54, 55].
These electrical trends align with rheological and mechani-
cal observations. Furthermore, the reduced conductivity of
AESO-based samples at equivalent filler contents is consis-
tent with its higher tendency toward dense filler packing and
interfacial defects, which also negatively affect mechanical
characteristics. These interrelations underscore the inher-
ent trade-off between achieving electrical functionality and
maintaining processability and structural integrity.

A quantitative percolation analysis was performed to
further evaluate conductive network formation. The corre-
sponding log—log percolation fits and fitting ranges are pro-
vided in Figure S2 (Supporting Information). CNT-based
systems exhibit low percolation thresholds, with filler con-
centration at the percolation threshold (¢,) =~ 0.28 wt.% for
SPOT-E and = 0.30 wt.% for AESO, confirming the efficient

network-forming capability of high-aspect-ratio nanotubes
at sub-percent loadings. In contrast, rGO-based composites
require significantly higher filler contents to achieve electri-
cal continuity, with ¢, = 2.18 wt.% for SPOT-E and ¢.>3
wt.% for AESO within the investigated range, reflecting the
platelet morphology and stacking tendency of rGO. The
extracted critical exponents (t) range from 1.24 for SPOT-E/
CNT to higher values for AESO/CNT and rGO-based sys-
tems, indicating sharper percolation behavior in CNT net-
works and broader, more contact-dominated transitions in
platelet-based rGO composites [5, 56]. Overall, these perco-
lation parameters are fully consistent with the conductivity
evolution, rheological response, and morphological features
discussed above.

2.3.1 Piezoresistive response

Considering the combined overall properties of composites,
two representative samples were selected for electrome-
chanical evaluation: SPOT-E with 0.6 wt.% CNT, offering
high conductivity and suitable flexibility, and AESO with 5
wt.% rGO, corresponding to the maximum achievable con-
ductivity for graphene-based composites under the process-
ing constraints of these formulations. Both systems were
selected above their respective percolation thresholds to
ensure stable conductive pathways under mechanical stimu-
lus, to evaluate their piezoresistive sensitivity. As commonly
reported for nanocarbon-filled polymers [57, 58], compos-
ites near or slightly above percolation exhibit the highest
sensitivity due to tunneling and microcrack-induced modu-
lation of conductive networks, although large strains may
cause irreversible network disruption [59]. Accordingly, a
deformation range of 0.5-5% was adopted to evaluate sen-
sor-relevant performance under controlled cyclic loading.
Thus, the electromechanical response of these materials was
characterized under uniaxial tensile loading while simulta-
neously monitoring electrical resistance. Figure 6 shows the
relative resistance change (AR/R,) as a function of applied
strain (€) for both composites, together with the linear gauge
factor (GF) calculation and the corresponding GF values.
In the case of SPOT-E+0.6 wt.% CNT, the relative
resistance variations follow the applied strain cycles with
high repeatability and small baseline drift, confirming the
mechanical stability of the conductive network [60]. The
response remains monotonic with applied strain, mainly in
load cycles. However, the GF remains below unity across
the tested strain range, exhibiting an increase from approxi-
mately GF = 0.4 at 0.5% strain to GF = 0.9 at 5% strain. GF
values below | are characteristic of robust percolated CNT
networks with moderate variations compared to percola-
tion near the threshold. This behavior aligns with the good
interfacial bonding and flexible nature of SPOT-E, which
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limit microcrack formation and large tunneling gap varia-
tions under strain, thereby favoring durability over extreme
sensitivity [61].

In contrast, AESO/rGO composite exhibits AR/Ro
responses up to two orders of magnitude higher than SPOT-
E/CNT for similar strains, with GF around 50 at 3% strain
and despite its lower electrical conductivity. This is a conse-
quence of their weaker and more brittle conductive network
formed by stacked rGO platelets, exhibiting large variations
under applied strain. Even though the AESO matrix is more
rigid, composite present higher sensitivity to deforma-
tion-induced separation (stacked rGO platelets undergoes
pronounced disruption under tensile loading, increasing
interparticle distances and reducing contact points) [62, 63].
The nearly linear relationship between AR/Ro and strain
suggests that GF remains relatively stable across the strain
range, though local voids and microcracks (previously evi-
denced by SEM) likely contribute to higher noise and irre-
versible changes during prolonged cycling [64].

To evaluate long-term electromechanical stability, cyclic
piezoresistive tests were performed at 1% strain and 1 mm/min
for approximately 700 loading—unloading cycles (Fig. 6e).
SPOT-E/CNT composites exhibit highly stable resistance
responses, with only a slight progressive decrease in baseline
resistance and nearly constant minimum and maximum resis-
tance values per cycle, confirming good signal repeatability
and mechanical durability. In contrast, AESO/rGO compos-
ites show an initial decrease in electrical resistance during
the first~50-60 cycles, followed by stabilization over the
remaining cycles. This initial conditioning effect is attributed
to microstructural rearrangement of the conductive network
under repeated strain. After stabilization, the piezoresistive
response remains reproducible, indicating that despite the
higher sensitivity of AESO/rGO systems, acceptable cyclic
stability can be achieved. Nevertheless, AESO/rGO com-
posites exhibit slightly higher hysteresis and baseline drift
compared to SPOT-E/CNT, consistent with microstructural
rearrangement and limited interfacial debonding within the
stiffer matrix and more compact platelet aggregates. These
results confirm the distinct stability-sensitivity trade-off iden-
tified for the two matrix—filler combinations.

The electrical conductivity and piezoresistive perfor-
mance obtained in this study are consistent with previously
reported UV-curable CNT- and graphene-based composites
[65, 66]. UV-cured CNT/polyurethane acrylate systems typ-
ically exhibit gauge factors in the range of 1-5 under small
strains, associated with early percolation at sub-percent
loadings, whereas graphene- or rGO-based photocurable
composites often require higher filler concentrations and
can reach gauge factors in the tens depending on network
compactness and matrix rigidity. The GF = 50 achieved for
AESO/rGO falls within the upper range reported for rigid

graphene-filled systems [67], while the moderate GF and
superior cyclic stability observed for SPOT-E/CNT are
characteristic of flexible CNT-based networks [19, 68].
Importantly, the present work extends beyond performance
benchmarking by quantitatively correlating percolation
behavior, nanoscale organization, segmental dynamics, and
cyclic durability within a unified multiscale framework.

In summary, the two composites illustrate distinct sens-
ing behaviors: SPOT-E/CNT composites provide moderate
sensitivity with superior stability and mechanical compli-
ance, whereas AESO/rGO composites deliver higher signal
amplitude at the expense of structural robustness. These
differences stem from the nanostructural organization dis-
cussed in the SANS section and the dispersion character-
istics observed by SEM, with entangled CNT networks
supporting more adaptable conductive pathways than the
loosely stacked rGO aggregates. These contrasting behav-
iors also underscore the role of polymer matrix mechanical
properties in determining piezoresistive response. SPOT-E,
being softer and more ductile, accommodates strain with-
out large network disruption, yielding low-to-moderate GF
values ideal for stable and low-noise sensors. AESO, with
its inherently higher stiffness, restricts deformation of the
polymer chains and induces filler debonding under strain,
amplifying resistance changes but reducing cycling stabil-
ity. Literature reports similar performance for softer and
rigid thermoplastic elastomers, where flexible matrices
present lower mechanical hysteresis as well as lower GF,
mainly for larger strains [69]. Consequently, the two sys-
tems address different application spaces: SPOT-E/CNT for
robust and repeatable measurements in wearable or flexible
electronics, and AESO/rGO for high-sensitivity detection in
applications where small strain ranges and single-use sens-
ing are required. Overall, this trade-off highlights the design
space between sensitivity and durability in piezoresistive
photocurable composites for sensor applications.

While individual trends observed in this work are con-
sistent with previous reports on carbonaceous-filled photo-
curable systems, the conceptual advancement of the present
study lies in the integration of multiscale experimental
observations into a unified structure—processing—property
framework. By directly correlating photopolymerization
kinetics, nanoscale aggregation descriptors (SANS), poly-
mer segmental dynamics (QENS), and macroscopic electri-
cal and electromechanical behavior, this work demonstrates
how curing inhibition and network heterogeneity propagate
across length scales to govern functional performance. This
integrated approach moves beyond validating isolated struc-
ture—property relationships and enables the identification of
design-relevant trade-offs—such as sensitivity versus dura-
bility or curing efficiency versus percolation—that cannot
be resolved using single-technique studies.
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Overall, the quantitative descriptors extracted in this
work further enable direct cross-scale correlations between
processing, structure, and functional response. The lower
percolation thresholds measured for CNT-based systems (¢,
~0.28-0.30 wt.%) agree with their earlier viscosity increase
and rapid formation of interconnected nanotube networks,
while rGO composites require significantly higher loadings
(p, = 2.18 wt.% and>3 wt.% in AESO). This is consistent
with larger aggregate dimensions and contact-dominated
platelet stacking observed by SEM and SANS for rGO-
based composites. The broader percolation transitions
reflected by higher critical exponents (t up to~5 for rGO
systems) correlate with more heterogeneous network devel-
opment and increased sensitivity to structural rearrangement
under strain. In parallel, QENS results reveal increased seg-
mental mobility in highly loaded AESO composites, what is
in concordance with extended gelation times and the initial
resistance drift observed during cyclic piezoresistive test-
ing. Moreover, the lower mobility and sharper percolation
behavior in SPOT-E/CNT systems are consistent with stable
gauge factors (GF<1) and minimal drift over around 700
cycles. These quantitative correlations reinforce the pro-
posed multiscale structure—processing—property framework.

3 Conclusions

This work reports on the development of UV-curable
nanocomposites reinforced with carbonaceous fillers by
combining two photocurable matrices, SPOT-E (poly-
urethane acrylate flexible resin) and AESO (soybean oil-
based rigid material), with carbon nanotubes (CNTs) and
reduced graphene oxide (rGO) to investigate the interplay
between matrix chemistry, filler dispersion, and multifunc-
tional characteristics. CNTs inhibit photopolymerization
above 0.6 wt%, whereas 1GO allows complete curing up
to 5 wt%, evidencing distinct filler—matrix interactions that
govern curing and rheology. Structural analyses reveal bet-
ter filler wetting and lower void density in SPOT-E, while
AESO shows more compact aggregates and microvoids at
high loadings, as confirmed by SEM and SANS, ultimately
determining network formation and percolation behavior.
Electrical conductivity increases by several orders of mag-
nitude with filler content, reaching 0.014 S/m for SPOT-E/
CNT and 7.4x10° S/m for AESO/rGO, while mechani-
cal properties remain adequate for strain ranges relevant to
sensing. Electromechanical measurements evidence distinct
responses: SPOT-E/CNT composites exhibit stable, repeat-
able signals (GF <1) suitable for durable, low-noise sensing,
whereas AESO/rGO composites reach GF = 50, offering
high sensitivity for low-strain detection.

@ Springer

Overall, this work moves beyond a purely descriptive
comparison of photocurable carbonaceous composites and
establishes a multiscale structure—processing—property per-
spective by directly correlating photopolymerization behav-
ior, nanoscale aggregate organization, polymer segmental
dynamics, and macroscopic electromechanical performance.
Importantly, CNT and rGO are not compared as equivalent
fillers at identical concentrations, but are treated as distinct
conductive network archetypes (1D CNT versus 2D rGO),
and structure—property relationships are interpreted in terms
of relative network development rather than absolute filler
loading. By analyzing two matrices with fundamentally dif-
ferent mechanical nature and two representative filler network
archetypes (1D CNT versus 2D rGO), the present study com-
plements and extends previous reports on CNT- or graphene-
filled UV-curable systems. Compared to earlier studies on
individual CNT- or rGO-based UV-curable composites, the
present work advances the field by providing a direct parallel
analysis of 1D and 2D conductive network archetypes across
matrices with distinct mechanical characteristics, integrat-
ing quantitative percolation analysis, nanoscale segmental
dynamics (QENS), and cyclic electromechanical durability
within a unified multiscale framework.

The results demonstrate that similar levels of electri-
cal conductivity or piezoresistive sensitivity can originate
from distinct network configurations, leading to different
trade-offs between curing efficiency, mechanical integrity,
sensitivity, and durability. These insights provide design-
relevant guidance for tailoring photocurable composites
toward specific functional requirements rather than rely-
ing on empirical filler optimization alone. In particular, the
results indicate that elastic matrices combined with CNT-
based conductive networks are preferable when long-term
signal stability, mechanical compliance, and repeatabil-
ity are required, such as in durable strain or deformation
sensors. Conversely, rigid matrices combined with rGO
networks are better suited for applications requiring high
sensitivity at low strain levels, where limited durability
and narrower operating windows can be tolerated. These
explicit structure—processing—property relationships enable
informed material selection and design depending on the
targeted sensing performance and application constraints.
Strategies such as improving filler dispersion through sur-
face functionalization or compatibilizing agents, adjust-
ing photoinitiator concentration to compensate for optical
attenuation, and optimizing curing conditions to enhance
crosslink uniformity could mitigate network heterogeneity
and interfacial defects. Such approaches may enable higher
conductive loadings while preserving mechanical integrity,
representing a relevant direction for future development of
UV-curable multifunctional composites.
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