W) Check for updates

Macromolecular Materials and Engineering ‘EM}WI e
Materials and Engineering
—_—

www.mame-journal.de

| RESEARCH ARTICLE ZEI1EEED

UV-Assisted Direct Ink Writing of Fully Bio-Derived
Photopolymer Composites With High Cellulose Loadings

Anda Gromova' | Davis Veidmanis' | Madara Veseta! | Sabine Greivule!

| Sergejs Gaidukovs'*

Maksims Jurinovs! |
Tobias Robert!?

| Krisjanis Smits? |

!Institute of Chemistry and Chemical Technology, Faculty of Natural Sciences and Technology, Riga Technical University, Riga, Latvia | 2Institute of
Biomaterials and Bioengineering, Faculty of Natural Sciences and Technology, Riga Technical University, Riga, Latvia | *Fraunhofer-Institute for Wood Research
- Wilhelm-Klauditz-Institut WKI, Braunschweig, Germany | *Department of Materials Science and Engineering, Korea University, Seoul, Republic of Korea

Correspondence: Sergejs Gaidukovs (Sergejs.Gaidukovs@rtu.lv)
Received: 17 March 2026 | Revised: 8 June 2026 | Accepted: 29 June 2026

Keywords: additive manufacturing | composites | highly loaded resins | lignocellulose | plant-based

ABSTRACT

This work presents a plant oil-derived acrylate resin system with high loadings of microcrystalline cellulose (MCC), enabling high-
viscosity, sustainable additive manufacturing via UV-assisted extrusion direct ink writing (DIW) 3D printing. In contrast to prior
bio-based vat photopolymerization AM systems, which typically rely on low-viscosity oligomers, the present approach combines
a bio-based carbon fraction with mechanical reinforcement and extrusion compatibility. The proposed resin exhibits shear-
thinning behavior, making it suitable for syringe-based extrusion, and cures rapidly under UV irradiation, ensuring dimensional
fidelity and layer integrity. The mechanical response of the printed composites is tunable through formulation and post-curing.
In the UV-cured state, the materials remain tough and flexible, with elastic moduli below 60 MPa and elongation at break
exceeding 50%. Thermal post-curing increases the elastic modulus to 594 MPa and raises the tensile strength to 15 MPa at the
optimized cellulose content. Thermogravimetric analysis shows that varying cellulose content does not significantly alter the
thermal stability, while thermal post-curing shifts the decomposition onset by 3°C-5°C to higher temperatures. Collectively, the
developed ink formulations and processing strategy establish a new path for green composite AM, advancing the state of the art
and positioning bio-based photopolymers as viable candidates for industrial AM applications.

1 | Introduction based photocuring methods enable the processing of high-

viscosity, particle-filled inks with greater material freedom, albeit

Additive manufacturing (AM) has emerged as a transformative
technology for industrial production, with global revenues for
AM products and services reaching $18 billion in 2022 and
continuing to grow at an annual rate of 18.3% [1]. Among additive
manufacturing technologies, UV-assisted 3D printing has gained
particular prominence due to its ability to fabricate complex
geometries without thermal processing. Vat photopolymerization
techniques, such as stereolithography (SLA) and digital light
processing (DLP), provide high spatial resolution through pixel-
or laser-defined UV curing [2, 3]. At the same time, extrusion-

atlower resolution [4]. UV-curable inkjet printing further extends
photopolymer AM toward high-resolution multi-material fab-
rication, but is restricted to low-viscosity formulations [5].
These techniques rely on the photopolymerization of liquid
resins, which must meet stringent requirements for viscosity,
cure kinetics, dimensional accuracy, and stability [6]. Despite
their advantages, conventional low-viscosity petrochemical pho-
topolymer resins commonly used in vat photopolymerization
suffer from volumetric shrinkage, warpage, and limited thermal
resistance, restricting the production of components with high
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heat deflection temperature (HDT) and long-term dimensional
stability [6, 7]. These limitations are even more pronounced in
extrusion-based UV-curing approaches, where materials must
simultaneously exhibit shear-thinning behavior for deposition,
structural integrity at rest, and rapid UV curing despite ele-
vated viscosity and high filler loadings [8]. Collectively, these
material challenges represent a critical bottleneck for advanc-
ing UV-assisted AM from prototyping toward the fabrication
of functional, load-bearing, and thermally robust components,
thereby motivating the development of new resin chemistries
that integrate enhanced performance with sustainability consi-
derations.

Consequently, there remains a significant gap in the development
of fiber-reinforced, fully bio-based resins suitable for UV-assisted
extrusion, e.g., direct ink writing (DIW). Addressing this chal-
lenge, UV-assisted direct ink writing (DIW) has emerged as a
promising route for depositing and in situ curing viscous, high-
renewable-content formulations, which motivates the present
work. Here we introduce a fully bio-based resin system composed
of acrylated rapeseed oil (ARO), bio-derived reactive diluents, and
cellulose reinforcement engineered specifically for UV-assisted
extrusion printing.

Bio-based photopolymers have emerged as promising candidates
for improving the sustainability of AM and reducing reliance on
petrochemical resins. Vegetable oils, most notably soybean and
rapeseed oils, have been widely functionalized through acrylation
or methacrylation to produce UV-curable oligomers suitable for
photopolymerization-based 3D printing [7, 9]. Acrylated epoxi-
dized soybean oil (AESO) and related systems have demonstrated
compatibility with stereolithography (SLA) and digital light
processing (DLP), including shape-memory behavior and bio-
based contents reaching up to ~85% [10, 11]. To further tailor
viscosity and network formation, bio-derived reactive diluents
such as itaconic acid derivatives and terpene-based monomers,
including isobornyl acrylate (IBOA), have been incorporated
to enhance cross-linking efficiency and printability [12, 13].
Despite these advances, most reported bio-based photopolymer
formulations remain optimized for vat photopolymerization,
where low viscosity is essential, and typically lack reinforcement
strategies to address deficiencies in mechanical strength, thermal
stability, and dimensional accuracy [11, 14]. This limitation is
particularly critical for extrusion-based UV-curing approaches,
which require highly viscous, shear-thinning materials that can
maintain structural integrity during deposition while curing
rapidly under UV exposure [8, 15].

Incorporating lignocellulosic fillers into bio-based photopolymer
resins represents a promising strategy to enhance mechanical
performance, including stiffness, toughness, and dimensional
stability, which are critical for industrial AM applications. Micro-
crystalline cellulose is a particularly attractive reinforcement
due to its abundance, renewability, and effectiveness in rein-
forcing polymer networks [16-18]. However, the inclusion of
these fillers significantly increases resin viscosity and induces
UV light scattering and attenuation, which can compromise
cure depth, printing resolution, and overall dimensional accuracy
[11, 19]. These rheological and optical constraints have histor-
ically restricted photocurable AM technologies, especially vat
photopolymerization, to low-viscosity formulations. In contrast,

emerging UV-assisted extrusion-based AM platforms, including
DIW, enable the processing of highly viscous, shear-thinning
pastes with yield stresses exceeding 1000 Pa and allow in situ
cross-linking during material deposition [20-22]. Recent stud-
ies demonstrate the feasibility of UV-assisted DIW printing of
fiber-filled, oligomer-rich formulations. In addition, successful
UV-assisted DIW printing of cellulose-based gel systems with
self-assembly behavior has also been reported [23]. However,
most reported systems remain limited to synthetic matrices or
exhibit relatively low filler or bio-based content [24-27].

Despite recent advances in photocurable DIW systems, the inte-
gration of fully bio-derived acrylate matrices with high renewable
filler loadings remains largely unexplored. This is particularly
challenging in extrusion-based additive manufacturing, where
inks must simultaneously exhibit shear-thinning during extru-
sion, rapid structural recovery after deposition, and sufficient
curing efficiency. To address these challenges, we demonstrate
the combination of a fully bio-sourced plant-based acrylate
matrix composite with microcrystalline cellulose fillers (MCC)
at high loadings (15-21 wt.%) in a UV-assisted extrusion-based
DIW process. The developed formulations achieve the dual
rheological requirements of shear-thinning during extrusion and
rapid viscosity recovery after deposition using exclusively bio-
derived matrix components. Furthermore, a dual-curing strategy
combining in situ UV fixation with thermal post-curing is
demonstrated as an effective route toward enhanced network
development and stiffness. The formulation of the proposed 3D
printing ink is based on acrylated rapeseed oil (ARO) synthe-
sized via BF;-OEt,-catalyzed acrylation of unrefined rapeseed
oil. ARO was combined with bio-derived reactive monomers —
isobornyl acrylate (IBOA), isobornyl methacrylate (IBOMA), and
tetrahydrofurfuryl acrylate (THFA), to adjust viscosity and fur-
ther polymer material performance. Reinforcement was achieved
through microcrystalline cellulose (15-21 wt%), while initiator
loadings were minimized (1 wt% TPO and 1 wt% AIBN), resulting
in an exceptional 76% bio-sourced carbon (BSC) content (98 wt%
renewable content by mass). These investigations expand the
design space for sustainable, reinforcement-rich photopolymer
composites and establish plant-derived acrylates as a versatile
platform for additive manufacturing of structural and func-
tional devices. We also highlight the potential of extrusion-
based DIW incorporating UV-curing to overcome the viscosity
and curing limitations inherent to conventional VAT-based
approaches.

2 | Experimental
2.1 | Materials

Unrefined rapeseed oil (“lecavnieks”, Latvia) was acrylated as
described previously to obtain acrylated rapeseed oil (ARO) [9].
Briefly, rapeseed oil, acrylic acid, and BF;-OEt, were reacted at
80°C for 5 h and then left overnight at room temperature. The
product was purified by hexane extraction, followed by washing
with NaHCO;, drying, filtration, and evaporation under reduced
pressure. BF;-OEt,, hexane, acrylic acid, NaHCOj;, NaCl, Na,SO,,
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) pho-
toinitiator, and 2,2’-azobisisobutyronitrile (AIBN) thermal ini-
tiator were purchased from Sigma-Aldrich. Tetrahydrofurfuryl
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acrylate (THFA) was purchased from Tokyo Chemical Indus-
try, Ltd. Isobornyl acrylate (IBOA) and isobornyl methacrylate
(IBOMA) were kindly provided by Arkema. Microcrystalline cel-
lulose (MCC, cellulose content 90%-95%, lignin content 2%-5%,
Hemicellulose content 1%-2%, ash content 1%-4%) was purchased
from Fibenol.

2.2 | Sample Preparation

The individual components were weighed according to the target
formulation and premixed with a small amount of acetone to
facilitate homogeneous dispersion. The mixture was subjected
to probe ultrasonication with magnetic mixing for 1 h 30 min
to promote effective deagglomeration and uniform distribution
of microcrystalline cellulose within the bio-based resin matrix.
Subsequently, the formulation was processed under high-shear
mixing at 7000 rpm for 5 min to further improve dispersion
uniformity. The resulting composite resins were cast into a Petri
dish and dried under vacuum until all residual acetone was
removed. After solvent evaporation, the highly viscous ink was
transferred into a syringe and homogenized by syringe-to-syringe
mixing for 100 cycles. The homogenized inks were used directly
for UV-assisted extrusion printing.

All samples were fabricated using a custom-modified delta-type
Massportal XD20 3D printer (Massportal, Latvia) equipped with
a syringe-based extrusion system. The printer was adapted to
accommodate a 10 mL syringe, while a UV-LED platform was
mounted directly beneath the nozzle to enable in situ, homo-
geneous irradiation during extrusion. A 1 mm inner-diameter
tapered nozzle was employed. Based on preliminary optimization
experiments, the printing speed was set to 20 mm. All structures
were printed using a constant layer height of 0.3 mm. UV curing
was performed using LEDs emitting at 405 nm with an irradiance
of 12.35 mW cm~2. The syringe-extrusion 3D printing process
and synchronized UV exposure were controlled using Repetier-
Host V2.2.2 in combination with PrusaSlicer slicing software.
After printing, all samples were carefully washed in isopropanol
for 5 min, dried, and post-cured for 30 min using a Prusa post-
curing and washing machine (CW1, PRUSA Research, Czech
Republic). CW1 has four UV-LED strips with a wavelength of
405nm and a maximum power of 52.8 W. The dimensions of the
printed specimens were adjusted according to the requirements
of the respective characterization techniques. Following printing,
a subset of the samples was subjected to thermal post-curing at
120°C for 30 min. All sample names were designated according to
their corresponding MCC loadings, while thermally post-cured
specimens were additionally marked with the letter T (MCC_T)
to indicate the applied thermal post-curing step.

2.3 | Characterization

23.1 | Rheological and Photorheological
Characterization

Rheological measurements were performed using a rotational
rheometer (Anton Paar MCR302, Graz, Austria) equipped with
a plate-plate geometry. A stainless-steel upper plate with a 25 mm
diameter was used in combination with a fixed lower plate, and

the measuring gap was set to 0.3 mm. All measurements were
conducted at 22°C.

The apparent viscosity was determined by applying a logarithmic
shear-rate sweep from 0.01 to 1000 s7!, followed by a reverse
sweep from 1000 to 0.01 s7!. The viscoelastic response of the
resins was evaluated by oscillatory shear measurements. Storage
modulus (G”) and loss modulus (G’’) were measured as a function
of oscillatory shear strain in the range from 0.01 to 100% at
a fixed frequency of 1 Hz. Time-dependent viscosity recovery
was assessed using a three-interval thixotropy test. In the first
interval, a low shear rate of 0.01 s was applied to probe the
viscosity at rest-like conditions. In the second interval, the shear
rate was increased to 200 s™! to simulate extrusion-relevant shear
conditions. In the third interval, the shear rate was returned
to 0.01 s to monitor structural recovery. Each interval lasted
180 s. Viscosity was continuously recorded throughout all three
intervals.

Photorheological measurements were carried out using an Anton
Paar MCR302 rheometer equipped with a plate-plate measuring
system, a Peltier-controlled temperature chamber, and a UV-
transparent glass lower plate with a 38 mm diameter. An 8
mm-diameter metal upper plate was used, with a 0.3 mm gap.
Experiments were conducted in dynamic oscillatory shear time
mode using an angular frequency of 5 rad s~* and an oscillatory
strain amplitude of 1% at 22°C. During UV exposure, the evolution
of the storage modulus (G’), the loss modulus (G’’), and the
complex viscosity was continuously monitored. UV irradiation
was provided by a UV/vis spot curing system (OmniCure S1500,
Excelitas Technologies Corp., USA). The light intensity was
set to 12.4 mW cm™2 to match the printer’s parameters, and
a 400 nm long-pass filter was used to control the irradiation
wavelength. UV exposure was initiated 60 s after the start of the
measurement.

2.3.2 | Fourier-Transform Infrared Spectroscopy (FTIR)
Characterization

FTIR in attenuated total reflectance mode (ATR). Nicolet 6700
(Thermo Scientific, Germany) FTIR-ATR; selected resolution was
4 cm™ in the region of 650-3750 cm™. The average spectrum of
16 scans for each specimen is shown.

Interactions between components were investigated using
Fourier-transform infrared spectroscopy in attenuated total
reflectance (FTIR-ATR). Nicolet 6700 (Thermo Scientific,
Germany) FTIR-ATR; selected resolution was 4 cm™ in the
region of 650-3750 cm™!. The average spectrum of 16 scans for
each specimen is shown. The double bond conversion rate was
calculated according to Equation 1:

DBC % =1 - 2= |«100% )

Arb

where A, un A, - C=C absorption intensities before and after
curing at 810 cm™; A, un A,, - C=0 absorption intensities before
and after curing at 1737 cm™.
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2.3.3 | Field Emission Scanning Electron Microscope

Sample fracture morphology was examined using a field-emission
scanning electron microscope (SEM/STEM, Verios 5 UC, Thermo
Fisher Scientific). Secondary electron images were acquired using
an ETD detector at an accelerating voltage of 5 kV. Prior to
imaging, the samples were coated with a 20 nm carbon layer
using a LEICA EM ACE 200 coater, with the coating thickness
calibrated on a Si wafer.

2.3.4 | Differential Scanning Calorimetry
Characterization

A DSC-1 (Mettler Toledo, USA) analyzer was used to characterize
the glass transition temperature (T,) and the melting temperature
(T,,). The samples, weighing about 10 mg, were sealed in
aluminum pans and heated from 20 to 200°C under nitrogen,
cooled to 20°C, then heated again to 200°C. The heating and
cooling rate was 3°C min~".

2.3.5 | Thermogravimetric (TGA) Characterization

The Mettler TG50 instrument was used to determine material
thermal stability. Measurements were performed on samples
weighing about 10 mg, with a heating rate of 10°C/min from room
temperature to 750°C under a nitrogen (N,) atmosphere.

2.3.6 | Tensile Characterization

For tensile tests, samples were 3D-printed in accordance with
ISO 527 as dog-bone specimens measuring 75 X 5 X 2 mm. A
25ST universal testing machine (Tinius Olsen, UK) was used to
perform five parallel measurements for each composition at 22°C.
The modulus was measured at 1 mm/min; while elongation at
break and strength were determined at 5 mm/min. To obtain
fully dense specimens, only contiguous perimeter walls were used
without internal infill. Specimens were printed parallel to the
deposition direction.

2.3.7 | Dynamic Mechanical Analysis (DMA)
Characterization

DMA was used to characterize the glass transition temperature
of the 3D-printed samples. Measurements were performed using
a Mettler SDTA86le dynamic mechanical analyzer (USA) in
tension mode, on thin-film samples with dimensions 8.5 X 4 X
0.9 mm. Frequency of 1 Hz, a force of 10 N, an elongation of 10
um, in the temperature range from —30 to 110°C, and a heating
rate of 3°C/min were set as experimental conditions.

2.3.8 | Sol-Gel Characterization

The sol fraction was determined using Soxhlet extraction. Seven
parallel samples were dried and weighed to obtain the initial
mass (W), then extracted with acetone for 48 h. After extraction,
the remaining insoluble fraction was dried to constant mass and

weighed (w,). The sol fraction was calculated from the mass loss
during extraction according to Equation 2:

Solfraction (%) = % x 100 2

o

2.3.9 | Density Characterization

Density was determined using a density measurement apparatus
(Sartorius YDK 01, Germany). Prior to measurements, the density
of ethanol was verified using a hydrometer. Each sample was first
weighed in air using the upper pan, then transferred to the lower
pan and fully immersed in ethanol to determine its apparent
weight in the liquid. The sample density was calculated based on
Archimedes’ principle using the measured weights in air and in
ethanol.

3 | Results and Discussion
3.1 | Shear-Thinning Resin Characterization

Cellulose-based fillers are increasingly explored in bio-based
photopolymer systems due to their renewability and strong
influence on rheology, curing, and mechanical properties [17, 28—
30]. In this work, we examined the microcrystalline cellulose
(MCC) in UV-assisted extrusion-based high-viscosity 3D printing,
where material formulation, processing, and performance are
closely coupled. A schematic overview in Figure la-c illustrates
the conceptual framework of the study, including the employed
3D printing setup and the chemical structures of the constituent
materials together with their respective bio-sourced carbon (BSC)
content. As shown, the developed formulations are fully bio-
derived and exhibit a total BSC content exceeding 75%. To enable
systematic evaluation, all composite formulations were prepared
using a fixed bio-based photocurable resin matrix, with only the
MCC content varying between 15 and 21 wt%, which significantly
affected the resin’s rheological parameters. The developed resin
matrix consists exclusively of bio-based acrylates: isobornyl acry-
late (IBOA), isobornyl methacrylate (IBOMA), tetrahydrofurfuryl
acrylate (THFA), and acrylated rapeseed oil (ARO), to balance
rigidity, reactivity, and network formation (Table 1). IBOA and
IBOMA contribute to stiffness, THFA balances rigidity intro-
duced by isobornyl groups, and ARO serves as a multifunctional
oligomeric cross-linker [31-35].

Since printed inks must simultaneously demonstrate excellent
resistance to deformation at rest and predictable flow during
extrusion-relevant shear conditions, rheological performance is
a defining feature for direct ink writing (DIW) [36]. This equilib-
rium in particle-reinforced systems depends on the reversibility
and stability of the underlying physical network, as well as the
magnitude of the viscosity [37]. The flow behavior, viscoelastic
response, and time-dependent structural recovery of MCC-
reinforced inks with increasing cellulose concentration were
systematically examined to determine these factors (Figure 1d,e
and Figure S1).

Across all formulations, the apparent viscosity (Figure S1)
decreases smoothly and continuously with increasing shear rate,
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FIGURE 1 | Printability and stability of bio-derived composite resins with increasing MCC loadings: (a) Schematic representation of the DIW setup

with in situ photopolymerization; (b) chemical formulas of used materials with their respective bio-sourced carbon (BSC) contents; (c) Images of 3D-
printed models, using 19%_MCC inks, with cross-cut SEM image, showing layered structure. (d) Storage modulus (squares) and loss modulus (circles)
versus shear stress, showing the thixotropic nature of developed inks and (e) resin stability test over time when alternatively applying the low (0.01 s71)
and high shear rates (200 s™); (f) Cryo-fracture surfaces of 3D printed samples.

TABLE 1 | Prepared formulations.

Bio-based acrylates, wt% Initiators, wt%* Filler, wt%?*

Sample name IBOA IBOMA THFA TPO AIBN MCC
15%_MCC 50 10 20 1 1 15
17%_MCC 17
19%_MCC 19
21%_MCC 21

2The contents of cellulose and initiators are calculated relative to the total ink mass.
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spanning nearly five orders of magnitude from low to high
shear (Figure la-d). At 0.01 s7!, viscosities lie in the range of
approximately 107 to 10® mPa-s, increasing monotonically with
MCC content, which reflects the formation of a progressively
denser percolated cellulose network. With increasing shear rate,
viscosity decreases steadily, reaching values of roughly 10?-10°
mPa-s at 1000 s~'. At shear rates above approximately 300 s,
the viscosity curves of all formulations progressively converge
toward similar values, indicating effective shear-induced dis-
ruption of the percolated MCC network. In this regime, the
flow response is no longer governed by a load-bearing cellulose
structure. It reflects a hydrodynamically dominated state in
which particle-polymer interactions, effective volume fraction,
and shear-induced particle rearrangements remain relevant [38].
A comparison of viscosity data obtained during increasing and
decreasing shear-rate sweeps reveals only a narrow hysteresis
loop for all formulations (Figure S1). Over most of the shear-rate
range, the two curves nearly overlap, even at the lowest MCC
loading. At low shear rates, the viscosity measured during the
decreasing ramp is only slightly lower than during the increasing
ramp, indicating rapid reformation of the MCC network during
applied shear. This near reversibility demonstrates that the inks
exhibit fast, strong thixotropy, which is advantageous for DIW
processes involving repeated acceleration, deceleration, and flow
interruptions [37].

The nonlinear viscoelastic response further supports the presence
of a physically cross-linked cellulose network that yields under
stress (Figure 1d). At low applied stresses, all inks exhibit a
dominant elastic response, with the storage modulus exceeding
the loss modulus. This confirms solid-like behavior prior to flow.
The storage modulus increases systematically with MCC loading,
rising approximately from 10* at 15 wt% MCC to 10° at 21 wt%
MCC, indicating progressive stiffening of the network. Under
increased stress, a well-defined yielding transition is observed,
characterized by a sharp decrease and crossing in the storage
and loss moduli. This transition marks the start of ink flow,
mimicking a process that occurs during DIW printing [39].
The stress required to induce this transition also increases with
MCC loading, from approximately 300 Pa at lower content to
values surpassing 1000 Pa at the highest loadings. While it was
possible to print formulations containing 21 wt% MCC, printing
difficulties were already observed. The prepared composite resins
caused step losses in the syringe extruder stepper motor during
prolonged extrusion. The ink exhibited a noticeably “drier”
appearance compared to previous formulations. At higher filler
loadings, the resin phase may no longer be sufficient to fully
wet and bind the MCC particles, leading to increased particle-
particle interactions and reduced lubrication ability. As shown
in the inset images in Figure S1 (with enlarged views in Figure
S2), manually sheared resins containing up to 19 wt% MCC
display a relatively uniform shearing pattern with smooth, well-
defined edges, indicative of good flow under applied stress. In
contrast, the 21 wt% MCC formulation exhibits a rougher surface
morphology and a diminished ability to flow smoothly during
manual shearing, reflecting the onset of flow heterogeneity
and localized resistance to deformation at high filler content.
While Similar behavior has been reported for PEDOT:PSS inks,
where higher concentrations (>7 wt%) led to nozzle clogging
due to particle agglomeration, disrupted patterns, and disrupted
extruded lines [40]. In the present case, no nozzle clogging was

observed, likely due to the relatively large nozzle diameter of 1
mm.

The three-interval thixotropy test provides further insight into
the structural reversibility of the inks under DIW-relevant shear
conditions (Figure 1e). During the initial low-shear interval at
0.01 s™', viscosities of all resins remain stable between 107 and
10® mPa-s, with a similar tendency for higher MCC loading to
yield higher values. Upon rapid increase of shear rates to 200 s,
viscosity decreases momentously by four to five orders of mag-
nitude, reaching values of 10° to 10* mPa-s. When the shear rate
is reduced again, viscosity rapidly recovers to almost its original
value for all formulations. The near-instantaneous recovery of the
polymer-MCC particle network to a high-viscosity equilibrium
state indicates that the formulation is well-suited for direct ink
writing processes [41]. The 3D-printed representative structures
in Figure 1c confirm this capability, demonstrating the fabrication
of volumetric objects with good resolution and clearly defined,
controlled-thickness layer lines. The 3D-printed vase in Figure 1c
with CAD dimensions of 30 X 33.04 x 33.03 mm was printed with
measured dimensions of 29.99 x 33.06 x 33.06 mm (Figure S3),
while the set layer height of 0.3 mm resulted in an actual layer
height of approximately 0.32 mm. In addition, the grid pattern
with finer features (window size 2 X 2 mm and line width 1 mm)
achieved dimensional deviations of +6.8% for the window size
and +6.4% for the line width. At the same time, SEM images
in Figure 1f provide initial insight into the potential mechanical
behavior of the printed parts. The fracture surfaces of the samples
containing 15 and 17 wt% MCC appear relatively similar and
comparatively smooth, indicating that fracture remains largely
matrix-dominated with limited resistance to crack propagation.
In contrast, the 19 wt% MCC sample exhibits a noticeably rougher,
more heterogeneous fracture surface, suggesting increased crack
deflection and improved stress transfer within the composite,
consistent with the higher tensile stress and modulus observed in
subsequent tests. When the MCC content is increased to 21 wt%,
the fracture morphology becomes more irregular, with localised
voids, indicating reduced structural homogeneity and the for-
mation of stress-concentration sites, which likely contribute to
the decline in mechanical performance at higher filler loading
(Figure S4).

3.2 | Macromolecular Network Formation,
Thermal Stability, and Mechanical Performance
Characterization

The curing efficiency and possible interactions between the
plant-based matrix and MCC filler were investigated by FTIR
spectroscopy before and after UV curing and subsequent thermal
post-curing. As shown in the magnified region of a representative
sample (19%_MCC), the absorbance band at 810 cm™, assigned
to the acrylate C—H out-of-plane vibration, decreased rapidly
after UV curing. Consequently, it is further diminished during
thermal post-curing, indicating thermally activated conver-
sion. A similar decrease in absorbance is observed for the C=C
stretching vibrations at 1618 and 1635 cm™', as well as for the
CH, deformation vibration of the CH,=C group at 1405 cm™,
further confirming effective double-bond conversion. In contrast,
the broad absorption band around 3340 cm™ increased with
increasing MCC content, attributed to cellulose hydroxyl groups
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FIGURE 2 | Curingkinetics; (a) FTIR spectra of resin (dotted lines), UV-cured (named MCC) and thermally post-cured (named MCC_T) composite
samples; (b) Photo-rheology showing evolution of storage (solid line) and loss (dashed line) modulus during UV-irradiation. (c) DSC curves showing
the thermal post-curing of UV-cured, 3D-printed samples; (d) Thermal stability of UV-cured and thermally post-cured composite samples.

(Figure 2a). No shifts were observed, indicating limited chemical
interaction between the cellulose filler and the plant-based
hydrophobic matrix [29].

The double bond conversion (DBC) in the filled materials was
quantified from changes in FTIR absorbance using Equation 1.
High conversion levels were achieved during the 3D printing
process, with DBC values ranging from 74%-84% and increas-
ing to 78%-85% after thermal post-curing (Figure S5). Unlike
lignin, cellulose does not exhibit significant UV absorption due
to the absence of aromatic chromophores and therefore does
not act as a UV blocker in photopolymerization systems [42].
The corresponding DBC values as a function of MCC content
are shown in Figure S5 and reveal only minor differences
among the formulations. Similar behavior has been reported
by Furtak-Wrona et al., who observed almost no difference in
polymerization rates between unfilled and cellulose-filled (1 wt%
CNC) acrylated nanocomposites [43]. Consistently, Barkane et al.
reported that CNC nanocomposite films reached 70% and 80%
DBC within the first 4 s of UV exposure at CNC loadings of 30
and 10 wt%, respectively, indicating rapid photopolymerization
and comparable DBC values even at high filler contents [29].

The evolution of the storage and loss moduli during UV irradi-
ation, as monitored by photorheology (Figure 1c), demonstrates

rapid network formation for all MCC-filled formulations. The
similar evolution of the moduli indicates that incorporating MCC
does not significantly affect the curing kinetics of the resins at a
layer thickness of 0.3 mm, corresponding to the slicing conditions
used during 3D printing. While these curing characteristics do
not directly translate into the final mechanical performance
of the printed composites, which is discussed separately, they
confirm comparable photopolymerization behavior across all
compositions. The storage modulus increases systematically with
increasing MCC content, and upon UV exposure at 60 s, all
formulations exhibit a sharp rise in G’. The inset in Figure 1c
shows that the induction time is nearly identical across all
compositions, indicating that MCC does not significantly hinder
UV light penetration or delay the onset of network formation
at this thickness. Within the first 10 s of UV irradiation, the
storage modulus of all samples increases to approximately 10° Pa,
reflecting rapid gelation. Continued irradiation leads to a gradual
increase in modulus, with a plateau reached at approximately
200 s, where final storage moduli on the order of 107 Pa are
obtained. The comparable rates of modulus buildup across all
MCC loadings further confirm that curing kinetics remain largely
unaffected by cellulose content.

Figure 2c presents DSC heat-flow curves of UV-cured, 3D-printed
samples recorded during the first and second heating cycles. Dur-
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ing the first heating, all formulations exhibit a broad exothermic
peak in the temperature range of approximately 100°C-140°C,
which is absent in the second heating. This confirms that a
thermally activated reaction occurs only during the first cycle and
is completed upon heating [13]. The position of the exothermic
peak remains similar for all MCC loadings, indicating that the
onset and temperature window of thermal post-curing are not
significantly affected by cellulose content. Based on this, some of
the UV-cured samples were thermally post-cured at 120°C for 20
min to enhance mechanical performance.

Thermogravimetric analysis shows trends consistent with the
rheological observations (Figure 2d and Figure S6a-d). Varying
the MCC loading from 15 to 21 wt% does not drastically alter
the thermal degradation profile of the UV-cured composites.
The DTG and mass-loss curves remain closely located, with
only minor variations in peak position and shape. Such a
tendency shows similar cross-linking across different systems;
a much higher or lower DBC% would lead to higher or lower
thermal stability, respectively [44]. In addition, this indicates that,
within the investigated composition range, MCC loading has a
limited influence on the degradation pathway, which is primarily
governed by the polymer matrix. For all formulations, the DTG
traces exhibit three degradation events, consistent with the
multi-component nature of the 3D-printed composites. The first
dominant degradation event centered near 310°C in the UV-cured
state attributes to the decomposition of IBOA- and IBOMA-
based segments [31, 45]. The thermal degradation of IBOA and
IBOMA moieties typically occurs in 300°C-320°C range and is
well established in the literature. Secondary DTG features are
observed at higher temperatures, including a contribution near
350°C assigned to MCC incorporated within the polymer matrix
[46]. MCC is typically reported to undergo depolymerization and
degradation in 330°C-370°C range under nitrogen atmosphere
[47, 48]. A broader degradation region spanning approximately
350°C-425°C is characteristic of ARO and THFA components
and was widely reported [9, 35, 49]. The similarity of these
higher-temperature features across all MCC contents further sup-
ports that degradation is mainly associated with matrix-related
components rather than cellulose loading. A similar observation
has been reported for highly loaded cellulose nanocrystal- and
cellulose nanofibril-filled composite films, where increasing the
CNC concentration in the matrix from 10 to 30 wt% resulted
in only minimal changes in the thermal stability of the com-
posites [50]. Thermal post-curing induces a small but consistent
stabilization, shifting the main DTG peak and the corresponding
mass-loss curves by about 3°C-5°C toward higher temperatures
(Figure S5). This shift reflects a modest increase in thermal
stability resulting from post-curing, without the appearance of
additional degradation steps or changes in the overall degradation
mechanism. The mass-loss degradation behavior follows limited
mass change up to approximately 270°C, rapid mass loss from
roughly 280°C to 360°C, and a slower tailing process toward
500°C, where total mass loss approaches approximately 90% for
all compositions.

Figure 3a,b summarize the tensile response of UV-cured and
thermally post-cured MCC-reinforced composites and reveal a
strong dependence on MCC loading. In the UV-cured state, all
materials exhibit a soft, highly deformable response, with elastic
moduli ranging from 17 to 59 MPa and elongations at break above

50%. The tensile strength increases from 3.1 MPa at 15 wt% MCC
to 5.8 MPa at 17 wt% MCC and reaches a maximum of 8 MPa at 19
wt% MCC, before decreasing again to 5 MPa at 21 wt% MCC.

Thermal post-curing induces a pronounced transition to a
stiffness-dominated mechanical response. The elastic modulus
increases by approximately one order of magnitude for all for-
mulations, reaching 228 MPa (15%_MCC_T), 337 (17%_MCC_T),
and a maximum of 594 (19%_MCC_T), followed by a decrease
to 249 MPa (21%_MCC_T). A corresponding increase in tensile
strength is observed, with maxima of 5.2, 8, and 15 MPa for
15, 17, and 19 wt% MCC_T, respectively. The 21 wt% MCC_T
sample again shows a reduced strength of 9 MPa. These trends
are consistent with DSC evidence of thermally activated post-
curing and photorheology results showing similar curing kinetics
across compositions. This tendency indicates that differences
in mechanical performance arise primarily from structural effi-
ciency rather than conversion.

The mechanical trends are further supported by the evolution of
the glass transition temperature (Figure 3c), determined from tan
§ curves (Figure S7). In the UV-cured state, the glass transition
temperature (T,) shows a moderate dependence on MCC loading,
increasing from approximately 39°C at 15 wt% MCC to 44°C
at 19 wt% MCC, then slightly decreasing to 41°C at 21 wt%
MCC. This tendency mirrors the evolution of tensile stiffness
and strength observed in the UV-cured samples and suggests
that cellulose addition already contributes to restricted segmental
mobility and partial network stiffening prior to thermal post-
curing. Thermal post-curing results in a systematic upward shift
in T, of approximately 13°C-14°C across all compositions, with
the highest T, again observed at 19 wt% MCC, consistent with
the maximum elastic modulus and tensile strength. This shift
reflects increased cross-link density and completion of residual
curing reactions rather than changes in the underlying curing
variations.

In parallel, sol fraction measurements (Figure 3d) show a modest
but consistent reduction of around 1% after thermal post-curing,
confirming additional network densification. Importantly, the sol
fraction remains within a narrow range of 2.5%-4% for both UV-
cured and post-cured samples and shows little dependence on
MCC content, confirming that the overall degree of conversion is
comparable across formulations. Together, these results support
the hypothesis that the observed differences in mechanical per-
formance are primarily governed by load-transfer effectiveness
and microstructural defects at higher loadings, rather than by
variations in overall network conversion.

The decrease in mechanical characteristics at 21%_MCC, despite
the higher filler content, is consistent with the rheological
observation of elevated viscosity and yield stress at high MCC
loadings. Combined, these effects can promote printing-induced
heterogeneities, such as extrusion defects, reduced adhesion,
local voids, and particle-rich domains that act as stress concen-
trations [51]. It should be pointed out that although SEM fracture
surface images (S4) reveal increased occurrence of localized voids
and heterogeneous fracture morphology at higher filler loading
(21 wt%), the bulk density remains stable (Table S1) and shows
a slight increase across all compositions. This suggests that the
observed defects are localized structural features rather than an
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FIGURE 3 | (a)Tensile stress—strain curves and (b) elastic modulus of UV-cured and thermally post-cured composite samples; (¢) Glass transition
temperatures and (b) Sol fraction of 3D-printed UV-Cured and thermally post-cured samples.

interconnected porosity network affecting overall material den-
sification. Similar observations were reported for nanofibrilated
cellulose (NFC) and AESO-based resin vat photopolymerisation
(VPP)- printed bio-based composites, where loadings above 1 wt%
led to rapid increases in viscosity, internal defects, and reduced
mechanical performance [52, 53]. Likewise, Kwon. et al. observed
a similar effect in an NFC-filled Bisphenol A epoxy diacrylate
composite resin. Loadings up to 0.75 wt% resulted in a gradual
increase in tensile and flexural stress of up to 20% [28]. After
that, a decrease in both parameters was observed due to increased
agglomeration of the NFC. In our case, at such high loading, the
polymer phase’s continuity might be insufficient to effectively
bridge and bind adjacent MCC particles, limiting stress transfer
and reinforcement efficiency. These features reduce effective
stress transfer and shift the mechanical response toward defect-
controlled behavior [51, 54]. Additionally, the higher elongation
at break retained by the 21%_MCC_T sample relative to other
thermally post-cured formulations supports this interpretation,
indicating more pronounced yielding and progressive damage
rather than brittle fracture.

4 | Conclusions

The results presented demonstrate that high-viscosity, fully bio-
based photocurable composite resins can be effectively processed
by UV-assisted direct ink writing when rheology, curing, and
formulation are designed together. The developed systems com-
bine pronounced shear-thinning behavior with rapid UV-induced
solidification, enabling stable extrusion and preserving printed
shape during deposition.

Cellulose loading plays a critical role in defining the balance
between processability and mechanical performance. While
increasing microcrystalline cellulose content enhances stiffness
after post-curing, the tensile data reveal a clear optimum at
intermediate filler concentrations. Maximum elastic moduli of
approximately 590 MPa and tensile strengths of 15 MPa are
achieved at 19 wt% MCC after thermal post-curing. At higher filler
loading (21 wt% MCC), mechanical and thermomechanical prop-
erties decrease, despite the higher cellulose content, indicating
reduced reinforcement efficiency. This behavior is accompanied
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by increased elongation at break, consistent with a transition
toward yielding-dominated deformation driven by limited matrix
continuity and printing-induced heterogeneities at high solid
fractions.

Thermal analysis confirms that cellulose incorporation does not
introduce additional degradation mechanisms or undesired ther-
mal transitions. The primary degradation event remains centered
near 310°C for all compositions. At the same time, thermal
post-curing shifts the decomposition onset by 3°C-5°C to higher
temperatures and completes residual curing reactions observed
as a broad exothermic event during the first DSC heating.

Together, these findings expand the current material space
of cellulose-based photocross-linkable inks by demonstrating a
highly bio-based plant-oil-derived resin platform that combines
printability, photo-cross-linking, and mechanical functionality.
Future efforts should focus on improving interactions between
the polymer and cellulose matrices to reduce microstructural
heterogeneity during printing. This will help to further extend
the achievable performance of fully bio-based photopolymer
composites.
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