POLITECNICO DI TORINO
Repository ISTITUZIONALE

Bio-based polymer composites obtained by vat photopolymerization of photocurable resins modified with
biochar as sustainable filler

Original

Bio-based polymer composites obtained by vat photopolymerization of photocurable resins modified with biochar as
sustainable filler / Colucci, G., Di Stefano, F., Sacchi, F., Licciardello, M., Tonda-Turo, C., Lavagna, L., Messori, M.. - In:
COMPOSITES. PART A, APPLIED SCIENCE AND MANUFACTURING. - ISSN 1878-5840. - ELETTRONICO. -
198:(2025), pp. 1-15. [10.1016/j.compositesa.2025.109102]

Availability:
This version is available at: 11583/3000779 since: 2025-06-12T08:55:38Z

Publisher:
Elsevier

Published
DOI:10.1016/j.compositesa.2025.109102

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

24 June 2026



Composites: Part A 198 (2025) 109102

Contents lists available at ScienceDirect

Composites Part A

o %

ELSEVIER journal homepage: www.elsevier.com/locate/compositesa

o

compossres

Bio-based polymer composites obtained by vat photopolymerization of
photocurable resins modified with biochar as sustainable filler

Giovanna Colucci > ®, Federica Di Stefano?, Francesca Sacchi ", Michela Licciardello €,
Chiara Tonda-Turo ¢, Luca Lavagna *"®, Massimo Messori **”
& Politecnico di Torino, Dipartimento di Scienza Applicata e Tecnologia (DISAT), Corso Duca degli Abruzzi 24, 10129 Torino, Italy

b National Interuniversity Consortium of Materials Science and Technology (INSTM), Via G. Giusti 9, 50121 Firenze, Italy
¢ Politecnico di Torino, Dipartimento di Ingegneria Meccanica e Aerospaziale (DIMEAS) and PolitoBIOMED Lab, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

HIGHLIGHTS GRAPHICAL ABSTRACT

e Biochar-based polymer composites were

prepared via LCD vat-
photopolymerization. ) ) - ) -
Preparation of photocurable formulations 3D printing & poste c methods. ‘Biomedical applications
e 3D printed parts with complex struc- \ ( \{ & N ( )
' m

tures and high level of definition were
realized by adding biochar to an AESO
resin.

e Thermal, morphological, and mechani-
cal properties were widely studied
together with cell viability and

FESEM ANALYSIS.

LED 3D PRINTING ]

~FOREARM BRACE CAD MODEL

cytocompatibility.
[
@ s
ARTICLE INFO ABSTRACT
Keywords: The present work focuses on the preparation and characterization of novel bio-based photocured composites realized
Biochar ) by vat photopolymerization (VP) 3D printing. Acrylate epoxidized soybean oil (AESO) resin was selected as the
l;glym.er ‘composites monomeric starting material and mixed with isobornyl methacrylate JBOMA), used as reactive diluent at 50 wt%, in
printing

Vat photopolymerization
Liquid crystal display (LCD)

the presence of phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), as radical photoinitiator. The poly-
merization process was carried out by using a VP technology as the liquid crystal display (LCD) 3D printing. Biochar

(BC), deriving from biomass pyrolysis, was added to the resin from 0.5 up to 2 wt% to obtain the final bio-based
composites formulations. Rheological measurements were firstly performed to evaluate the viscosity and the
printability of the photocurable formulations, and photo-DSC analysis was carried out to study the photo-curing

phenomenon and the effects of the BC presence on the curing process within the 3D printer.

After determining the optimal printing parameters, different geometries were printed, leading progressively to
the realization of more complex parts with a high number of layers and good dimensional accuracy, such as
alternative forearm splints prototypes for biomedical applications. The bio-based composites loaded with biochar
underwent several characterization measurements to investigate their thermal, morphological, and mechanical
properties. Finally, cell viability and cytocompatibility tests were carried out to study the real applications as bio-

based materials for prosthesis development.
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1. Introduction
1.1. Biochar

With the new Green Deal, the European Union has been trying to find
solutions to waste problems by targeting regulations and reinforcing
material reuse and recycling. Although the industries took it upon
themselves to try to solve this breach, it remains of high significance
within sectors like food, wood, and textile production where the
handling and disposal of the wastes remain very challenging. For
instance, nearly one-third of food produced for human consumption is
wasted, which would work out to about 1.3 billion tons per year [1]. In
the case of wood, around 50 million cubic meters of waste are generated
each year within the EU [2]. Similarly, a substantial portion of post-
consumer waste is neither recycled nor reused, but instead ends up in
landfills or undergoes thermochemical treatment for energy recovery
[3]. Pyrolysis, a thermochemical treatment method, offers a promising
solution for converting biomass waste into energy in the form of bio-fuel
(liquid) or syngas (gas) [4-6].

The solid residue produced during this process is biochar (BC), which
can vary in size, shape, and chemical properties depending on the
feedstock and production methods used [7]. The use of BC in polymer
composites has already been studied in the literature [8], primarily to
understand its enhancement of both mechanical and electrical proper-
ties [9].

Biochar is generally used as a carbon-based additive to enhance the
mechanical and electronic performance of polymer composites [10]. It
has shown strong potential as a strengthening agent in various polymer
matrices [9,11] and also contributes to give improved electrical con-
ductivity [12,13]. These benefits are largely attributed to its high degree
of tunability, which depends on the temperature used during its pro-
duction [14], and its ability to disperse well within polymer matrices
[15]. Additionally, biochar surface can be modified with organic or
inorganic substances to improve its compatibility and interaction with
the polymer matrix [16].

However, the application of BC as a filler in 3D printed polymer
composites remains relatively underexplored [17-19].

1.2. 3D printing

There are different 3D printing methods that permit the fabrication
of parts and construction of polymer components with very complex
structures [20,21]. Among the various additive manufacturing (AM)
technologies, vat photopolymerization (VP) is one of the most effective
in the production of objects with very high precision and geometrical
definition using liquid photopolymers. The light technology achieves
very good resolution in printing while accommodating complex shapes
[22,23]. In the VP process, a build platform is immersed into the liquid
resin, which is cured layer by layer into a solid material using UV light
and according to a CAD design. The process is repeated until the object is
fully formed [24]. VP technologies are categorized based on the light
source employed, including laser-based stereolithography (SLA), direct
light processing (DLP), and liquid crystal display (LCD), also known as
daylight polymer printing (DPP). The LCD process builds components
layer by layer starting from a liquid photocurable resin, selectively
curing the thermoset polymer [22,23,25]. In this bottom-up approach,
the platform is submerged in the resin, and light emitted from below
cures the resin on the platform’s surface using an LED lamp integrated
with an LCD screen. After each layer is completed, the platform is
incrementally raised, and the process continues until the object is
finished [26]. Besides, LCD technology provides further advantages,
amongst which is a broad range of thermosetting polymers and a plat-
form for the experimentation of other chemistries and reagents. Flexi-
bility makes it easy to customize the photopolymers and their material
properties or create new ones. The process makes very good use of cheap
raw materials and supports high resolution output in consonance with
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other sustainable alternatives [27]. However, the larger-scale applica-
tions are inhibited by the limited number of eco-friendly photo-
polymerizable resins [26]. The scientific community has tried to develop
sustainable alternatives for current photopolymer print resins that
reduce their environmental impact. Recent efforts have focused on
developing bio-based, biodegradable and recyclable materials for VP
applications e.g., vegetable oils, lignin and saccharides [23,28]. Vege-
table oils are the most employed resources for bio-based resins, being
characterized by C—=C bonds fatty acids, which can be chemically
modified with epoxides [29,30], acrylates [31,32], or methacrylates
[33], enabling the formation of a thermoset network by UV curing.
Moreover, many studies regarding the use of soybean oil in VP have
been published. Several research works report the development of soy-
bean oil-based composites obtained by adding a wide range of re-
inforcements, including calcium silicate, various forms of cellulose,
vanillin, as well as powders derived from coconut shells, olive pits, and
macadamia nutshells. Additional fillers include titanium dioxide (TiO»),
carbon-based materials, like carbon fibers, carbon nanotubes, and gra-
phene, inorganic compounds, such as silica and alumina, metal powders,
and biomass pyrolyzed. However, all the mentioned fillers were incor-
porated into the same soybean oil-based matrix, but they were processed
using VP technology based on Digital Light Processing (DLP)
[22,34-41].

Biochar has already been used in 3D printing through several other
technologies, including 3D printing of calcified clay concrete for con-
struction applications, extrusion of polypropylene (PP) and high-density
polyethylene (HDPE) filaments with biochar as filler, and fabrication of
PLA-based composite filaments for Fused Filament Fabrication (FFF)
process [19,35,42,43].

Although the literature presents a wide collection of papers on
polymer composites 3D printing, the incorporation of biochar as a filler
material to soybean oil resin for the realization of composites in VP
applications via LCD to the best of our knowledge has not been explored.

Biochar can offer distinct advantages such as high thermal stability
and tunable surface chemistry, due to its carbon-rich aromatic structure,
can resists to degradation under the heat exposure typical of the curing
during an LCD printing. Moreover, its porous structure can help to
enhance the dispersion and interfacial adhesion within the photocurable
resin. Additionally, BC can contribute to sustainability goals, serving as
a carbon-negative additive without compromising printing performance
[44].

The novelty of this work lies precisely in the combination between
the advantages of the use of biochar as sustainable filler for AESO-based
photocurable formulations with the use of LCD as 3D printing VP
technology.

This study seeks to merge the benefits of BC-based composites with
those of 3D printing. It emphasizes the use of the relatively new LCD
technology, which provides superior print quality and accuracy
compared to DLP printing [23].

LCD printers also offer larger build volumes assuring less costs than
DLP printers, and this makes them more attractive for users who need to
print larger and more complex objects without significantly increasing
the cost. Moreover, LCD printing process can achieve higher-quality
prints with better details due to the uniformity of the light source over
the screen, whereas DLP requires more sophisticated and expensive
digital projectors.

A glance at the above shows that improvements seem to be due to
higher pixel density of the LCD screens, which creates larger compo-
nents with consistent quality. It must be understood that the LCD 3D
printer is business-relatable and cost-effective rather than fast at the
expense of DLP printers, gives out a tremendous advantage for a wide
range of photocurable resins-spectrum availability and versatility while
manufacturing diverse application families, right from prototypes to
functional components. Resin viscosity is a critical factor in the LCD
process, requiring precise control to ensure optimal flow, layer forma-
tion, and curing during printing [45,46].
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The incorporation of a bio-derived filler into a 3D printed polymer
represents a paradigm event for improving the sustainability of the bio-
based polymer composites.

Wu et al. reported in their work the preparation of highly-customized
bio-based composites obtained by adding bamboo fibers within a palm
oil resin via LCD printing process [47], whereas Colucci et al. 3D printed
by LCD bio-based polymer composites filled with agricultural wastes to
photocurable acrylate epoxidized soybean oil (AESO) resin [23].

In the present work, novel bio-based composites were prepared by
adding spheroidal BC within a photocurable resin such as AESO. 3D
printed components were successfully realized by using LCD as VP
technology, including some prostheses for possible biomedical applica-
tions. The polymeric composites underwent different characterizations
from rheological, thermal, morphological, and mechanical point of
views. The results of this research reveal that BC can act as filler for the
3D printing of polymeric composite materials, representing effective
sustainable and eco-compatible alternatives to conventional ones and
fostering a more eco-friendly and environmentally respectful future.

2. Materials and methods
2.1. Materials

Several photocurable liquid formulations were prepared mixing
acrylate epoxidized soybean oil (AESO) resin, isobornyl methacryate
(IBOMA) as reactive diluent, and phenyl-bis-(2,4,6-trimethylbenzoyl)-
phosphine oxide (BAPO) as photoinitiator, all acquired from Merck.

The BC used as filler was provided by a research group from the
Politecnico di Torino, which produced it via pyrolysis of crystalline
nanocellulose (CNC) at a temperature of 400 °C in nitrogen atmosphere,
with a heating rate of 10 °C/min, maintained at the maximum tem-
perature for 30 min.

Human fibroblasts (HFF-1) and human keratinocyte (HaCaT) were
obtained from ATCC® and Antibody Research Corporation, respec-
tively. CellTiter-Blue® cell viability assay was purchased from Promega,
Milano, Italy. Dulbecco’s Modified Eagle’s Medium, fetal bovine serum,
L-glutamine, penicillin/streptomycin, sodium pyruvate and 4',6-dia-
midino-2-phenylindole (DAPI) were purchased from Life Technologies
Italy. CellQART® 12-Well transwell inserts were purchased from SABEU
GmbH & Co. KG. Paraformaldeide (PFA) was acquired from Alfa Aesar
while bovine serum albumin and Triton X-100 were obtained from
Merck. Alexa Fluor 488 phalloidin (FITC-labelled) was purchased from
BioLegend.

2.2. Photocurable formulations

Several series of photocurable formulations were prepared by mixing
IBOMA to an equal quantity of liquid resin (50:50) by magnetic stirring
for 2 h at room temperature, in the presence of 2 wt% of BAPO as radical
photoinitiator. To obtain a more homogeneous solution and to improve
the BAPO dispersion, the formulations were treated using an ultrasonic
bath for 15 min at 60 °C, yielding the AESO-based resin.

Among the different bio-based diluents available [24,30], IBOMA
was chosen as diluent to reduce the AESO viscosity because of its high
reactivity which, combined with the bio-based properties of AESO, of-
fers several key benefits. In fact, IBOMA guarantees superior reactivity,
lower viscosity, and better curing efficiency compared to other potential
candidates. While other bio-based diluents might provide sustainability,
IBOMA is particularly well-suited for photopolymerization process due
to its ability to effectively react under UV light, ensuring rapid and
complete curing, which is important for high-quality 3D printing.
Moreover, IBOMA can help to enhance the mechanical properties by
increasing the crosslink density after curing, giving rise to a final ma-
terial with higher strength crucial for structural applications. The pro-
posed formulation, AESO-IBOMA 50:50, was chosen as a result of a
series of experimental tests carried out by preparing mixtures of AESO
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and different percentages of the IBOMA from 20 up to 50 wt% by
analyzing their viscosity and flowability in the 3D printer vat. So that,
the bio-based composites were prepared by dispersing different amounts
of BC to the AESO-IBOMA formulations. The BC was previously dried in
an oven at 100 °C overnight to prevent moisture absorption and then
added to the liquid formulation up to 2 wt% using an Ultra-Turrax T 10
basic at 25,000 rpm for 3 min. This step was followed by additional
homogenization in an ultrasonic bath at 60 °C for 15 min. Once the BC
was homogeneously distributed, the photocurable formulations were
stored in a dark environment to prevent premature curing due to light
exposure until the printing process occurs.

Multiple sedimentation tests were carried out to assess whether the
AESO-filled mixtures can preserve their properties over time by exam-
ining the stability of the dispersed BC particles within the AESO-IBOMA
resin, which is an important parameter for the further printing process.
If the filler tends to precipitate or separates quickly, it indicates a poor
dispersion and distribution of BC within the photocurable resin. The
sedimentation tests were performed for each BC-filled formulation,
providing ongoing observations of the mixture’s behavior in the interval
range from 1 to 24 h. This can help to choose the geometry of the final
parts, which is strongly influenced by both the printing time and the
filler content. The black color of BC leads to very dark formulations
indicating an acceptable distribution of the filler within the AESO-
IBOMA resin up to 8 h, as visible from Fig. 1(a).

Only geometries with a complexity level corresponding to that
sedimentation time of the BC were selected for the printing process
within the LCD 3D printer. On the contrary, a deposit of BC was noticed
at the bottom of the test tube after 24 h of test, indicating a not homo-
geneous distribution of the BC within the AESO-IBOMA formulation in
the presence of concentrations of 1 and 2 wt% of filler, as represented in
Fig. 1(b).

2.3. 3D printing of bio-based composites

All the AESO-based formulations were polymerized by using a
Phrozen Sonic Mini 8 K VP LCD 3D printer. Exposure time, layer
thickness, and speed were set using the Chitubox Software. A compre-
hensive testing procedure was performed for each formulation to opti-
mize the printing parameters. Initially, the printability of the AESO-
based formulation was assessed, starting from printing parameters re-
ported in previous paper on similar resins [24]. Subsequently, a sys-
tematic optimization of the relevant settings for the preparation of the
photocurable composite formulations was carried out. After printing,
the parts were removed from the platform, washed with 2-propanol, left
to air-dry for 24 h, and finally post-cured for 1 h under UV light of 405
nm using an Anycubic Wash&Cure Plus machine.

2.4. Characterization methods

The microstructure was studied using a ZEISS Merlin field-emission
scanning electron microscope (FE-SEM) produced by Carl Zeiss Micro-
scopy GmbH (Jena, Germany) after metallization with platinum using a
Quorum Sputter Coater, model Q150T S (Laughton, East Sussex), for two
cycles of 30 s to enhance surface conductivity.

The particle size distribution (PSD) of BC powder was performed by
analyzing several thousands of particles using an automated analyzer
Morphology 4 (Malvern Panalytical, United Kingdom) to gain a statis-
tical evaluation of the particles size and shape of the filler. It employs a
sophisticated image processing software to capture high-resolution im-
ages of each particle and to analyze them based on shape features such
as diameter, aspect ratio, and circularity.

Thermal properties of the BC and the photocured samples were
evaluated by thermogravimetric analysis (TGA) using a Mettler-Toledo
TGA 851e Instrument (Columbus, OH, USA), from 25 to 900 °C in flux
of air (50 ml min~1) using a heating rate of 10 °C min L.

The viscosity of the AESO-based formulations was assessed at room
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Fig. 1. Sedimentation tests for AESO-IBOMA formulations containing 1 and 2 wt% of BC, after 8 h (a) and 24 h (b). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

temperature using an Anton Paar MCR 702e MultiDrive Rheometer
(Graz, Austria) in a parallel plate configuration with a shear range from
0.1 Hz to 1000 Hz.

The photo-curing process was studied using photo-DSC by using a
Mettler TOLEDO DSC-1 equipped with a Gas Controller GC100 and an
optical fibre characterized by a broad emission spectrum typical of the
mercury lamp, Hamamatsu LIGHTINGCURE LC8 (Hamamatsu Pho-
tonics. The emission of UV-light was set at 365 nm by using a filter,
while the intensity was set at around 100 mW/cm?. About 8 mg of
photocurable formulation was placed in an open aluminium pan (40 pL),
whereas an empty pan was used as a reference. The tests were performed
at room temperature and in a controlled atmosphere (N flow of 40 mL/
min). The samples were irradiated twice in 10 min to properly evaluate
the UV-curing reaction. The second run was done to confirm the com-
plete curing and create the baseline. The second curve was subtracted
from the first one to obtain the curve related to the curing only. The
integration of this curve gives then as result the final conversion (o) of
the curing process for each formulation by following Eq. (1):

1 dH
*= AHy [) (E)T M

where AH is the total enthalpy of the reaction at 100 % crosslinking
and dH/dt is the heat flow measured under isothermal condition at 25 °C
[48].

The insoluble fraction of the photocured specimens was estimated
following the ASTM D2765-84 standard, after 24 h of extraction in
chloroform and drying in oven at 80 °C overnight until the weight was
constant. The percentage of gel content (G%) reflects the degree of
crosslinking of the polymer.

Dynamo mechanical analysis (DMA) was carried out by using an
Anton Paar MCR 702e Multi Drive Rheometer (Graz, Austria) in tensile
configuration by analyzing printed rectangular specimens with 50 mm
of length, 10 mm of width, and 2 mm of thickness and applying uniaxial
sinusoidal stress with an amplitude of 1 N and a frequency of 1 Hz in the
range of temperature from 0 to 150 °C. Each experiment was terminated
once the material reached the rubbery plateau.

From DMA analysis, the crosslinking density of the specimens was
also estimated according to the classical rubber theory using Eq. (2):

E
3RT

) @

Ve = (

where v, is the number of crosslinks per volume of the polymeric
crosslinked network, E' is the storage modulus in the rubbery plateau

(Tg + 30 °C), R is the universal gas constant, and T is the temperature in
Kelvin [49-51].

Tensile properties were also determined on printed dog-bone speci-
mens (type 5A) according to the standard ISO 527-2, using an Instron
5966 with a 2 kN load cell using pneumatic grips, with a deformation
rate of 2 mm min .

The cytocompatibility of the AESO-IBOMA reference sample and the
composites filled with 0.5, 1, and 2 wt% of BC was evaluated through
indirect cytotoxicity test. According to ISO10933-5 guidelines, 0.1f of all
samples were incubated in 1 mL of complete HFF-1fibroblasts growth
medium (Dulbecco’s Modified Eagle’s Medium, 15 % fetal bovine
serum, 2 % L-glutamine, 1 % penicillin streptomycin) at 37 °C for 24 h,
obtaining conditioned medium. HFF1fibroblasts were seeded on 96-well
plate at 20 x 10° cells/well (n = 6 samples for each condition) and
cultured for 24 h in complete medium. The conditioned medium was
filtered through a 0.22 pm filter and used to treat HFF-1fibroblasts while
control samples (coded as TCP) were obtained by replacing the medium
with HFF-1fresh medium. After 24 h, cytotoxicity was evaluated using
the CellTiter-Blue® cell viability assay. Briefly, the cell culture medium
was removed from each sample and substituted with 100 pL of medium
containing CellTiter-Blue® reagent. After 1 h of incubation at 37 °C, 100
pL were placed in a black 96-well plate and cell viability of cells was
measured by recording the fluorescent signal using SYNERGYTM HTX
multimode plate reader (BioTeK, Winooski, VM, USA) at 530 nm exci-
tation wavelength and 590 nm emission wavelength.

Cell viability was calculated as a percent of the control (TCP). Direct
cells contact test was performed to confirm the absence of cytotoxic
events when in contact with human skin of AESO-IBOMA sample and the
composite loaded with 1 wt% of BC (AESO-IBOMA + 1 % BC), selected
as formulation which gave the best results. To this end, human kerati-
nocytes (HaCaT) were seeded on the apical compartment of CellQART®
12-Well transwell inserts at 30 x 10° cells/cm?. The cells were cultured
4 days at liquid-liquid interface, filling apical and basolateral
compartment with 0.5 mL and 1 mL, respectively, with complete HaCaT
medium (Dulbecco’s Modified Eagle’s Medium, 15 % fetal bovine
serum, 2 % L-glutamine, 1 % penicillin-streptomycin, and 1 % sodium
pyruvate). After 4 days, the medium in the apical compartment was
removed establishing the culture at air-liquid interface (ALI), to better
replicate the properties of human epidermis. AESO-IBOMA and AESO-
IBOMA + 1 % BC were punched in circular specimens (0.6 cm in
diameter), sterilized with 70 % of ethanol and placed atop the cell layer.
Control (CNTR) samples were obtained by leaving the apical compart-
ment just in contact with air. The culture was maintained for additional
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7 days.

The viability of HaCaT cells were evaluated by CellTiter-Blue® assay,
as previously described. Moreover, the staining of cell nuclei and cyto-
skeletons was performed to investigate any changes in HaCaT cell
morphology resulting from contact with samples. The cellularized
transwell inserts were rinsed in phosphate-buffered saline (PBS) and
fixed using paraformaldeide 4 % in PBS for 40 min. Then, cells were
permeabilized using 0.5 % v/v Triton X-100 for 10 min and blocked in 1
% Bovine Serum Albumin (BSA) for 40 min. The cell cytoskeleton was
stained with a solution of Alexa Fluor 488 phalloidin (FITC-labelled)
(1:60 dilution in 1 % v/v BSA), while nuclei were stained with DAPI
(1:1000 dilution in PBS). After staining, the cells were imaged using
Eclipse Ti2 Nikon confocal microscope.

A micro-CT scanner, model Phoenix v|tome|x S240 (GE Baker
Hughes-Waygate Technologies, Wunstorf, Germany) was used to inspect
one of the 3D printed specimens. The X-ray scanning parameters for the
selected 3D printed object were set to a voxel size of 110 pm, 180 kV
voltage, 70 pA current, 100 ms exposure time, and 1500 images. The
reconstruction of the X-ray image into 3D model was performed using
datos|reconstruction software, while VG Studio Max (version 3.4, Vol-
ume Graphics, Hexagon Metrology-Volume Graphics, Heidelberg, Ger-
many) was employed for visualization and analysis. Prior to dimensional
analysis, surface determination was carried out using the Advanced
(classic) approach. This process began with contour identification from
the histogram, employing an Automatic material definition at an iso-
value threshold of 50 %. Based on the results of the surface determi-
nation, the nominal/actual comparison analysis module within VG
Studio software was applied to evaluate the accuracy of the 3D printed
specimen.

3. Results and discussion
3.1. Characterization of biochar

The morphology of the BC powder was evaluated by means of FE-
SEM analysis. Fig. 2 shows micrographs of BC at different magnifica-
tions: 1 kx (a), 5 kx (b), and 15 kx (c), respectively. The image of Fig. 2
(a) displays the presence of BC spheroidal particles together with few
surface defects probably due to the release of volatile organic com-
pounds during pyrolysis. In fact, during the early stages of the thermal
degradation for obtaining BC, the surface of the spheres underwent
pyrolysis while high-boiling compounds, like levoglucosan, glucose di-
mers, and trimers, were released from the cores of the particles [52]. As
these compounds reached the surface of the powder, they simulta-
neously started to boil, leading to the formation of small bubbles, clearly
visible from Fig. 2(b) at 5 kx, and Fig. 2(c) at 15 kx, respectively.
Additionally, the FE-SEM images provide to estimate the BC particles
size, which appears in the range from 2 to approximately 6 pym.

Additionally, to better investigate the particle size distribution of BC,
a granulometric analysis was carried out by examining thousands of BC
particles. Table 1 summarizes the values of the particles size distribu-
tion, aspect ratio, and circularity of the spheroidal BC evaluated by
morphological imaging.

The results suggest that the BC filler particles have an average
diameter of 5.5 pm and circularity close to 0.97 confirming the indica-
tion of the previous FESEM analysis.

Fig. 3 reports the TG curve and the first derivative curve of the
spheroidal BC powder. The initial weight loss can be seen in the region
of 100-120 °C and it is attributed to the evaporation of the moisture
absorbed on the BC particles surface. The experimental results indicate
that there is a weight loss of 5 % at around 323 °C.

The BC thermal degradation occurs in three main steps, with the first
degradation peak at 378 °C, followed by a second peak at 421 °C where
the sample has lost half of its weight, and a final peak at 523 °C, sug-
gesting that BC has lost 90 % of its weight. This significant volatile
release can be assigned to the thermal decomposition of the three main
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Fig. 2. FE-SEM micrographs of spheroidal BC at different magnifications: 1 kx
(a), 5 kx (b), and 15 kx (c). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
BC diameter, aspect ratio, and circularity evaluated by morphological analysis.
Sample code Diameter (pm) Aspect ratio Circularity
BC D [n, 0.1]: 1.9 D [n, 0.1]: 0.52 D [n, 0.1]: 0.76
D [n, 0.5]: 4.4 D [n, 0.5]: 0.74 D [n, 0.5]: 0.91
D [n, 0.9]: 10.3 D [n, 0.9]: 0.90 D [n, 0.9]: 0.97
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Fig. 3. TG curve (black) performed in air and DTG (red) curve of the BC powder. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

BC constituents, namely: hemicellulose, cellulose, and lignin [53]. No
ash remains at the end of the analysis performed in air at 900 °C, indi-
cating the absence of inorganic residues. This result can be explained
considering that the cellulose employed to prepare the BC did not
contain inorganic components in its own chemical composition.
Furthermore, this result also highlights that the pyrolysis process was
optimally conducted, and no impurities were present in the final syn-
thesized BC powder.

3.2. Rheological assessment of AESO-based photocurable formulations

In the context of VP process, including LCD-based 3D printing, the
viscosity plays a crucial role in the success of printing process, affecting
the flow characteristics. The addition of a reactive diluent to the
photopolymer resin help to significantly reduce viscosity and ultimately
impact its printability. For this reason, IBOMA was added as reactive
diluent within the photocurable resin. To identify a suitable base
formulation, several photocurable mixtures were prepared by mixing
AESO with different weight ratios of IBOMA in a range between 20 and
50 wt%, in the presence of BAPO as photoinitiator for each formulation.
Then, their viscosities were measured at 25 °C and a shear rate of 10 s 1.
The results obtained show that the formulations containing lower
amounts of diluent have values of zero-shear viscosity of 2784 cP for
AESO-IBOMA 80:20 and 1158 cP for AESO-IBOMA 70:30, respectively.
These viscosities are significantly higher than the limit of 1000 cP for
ideal 3D printing processes via VP, as reported in literature [24,54]. On
the contrary, the formulations AESO-IBOMA 60:40 and AESO-IBOMA
50:50 meet the viscosity requirement showing values in the acceptable
range, 554 cP and 365 cP, respectively. However, considering that the
addition of biochar as filler was expected to further increase the resin
viscosity, AESO-based mixtures containing 50 wt% of AESO and 50 wt%
of IBOMA were selected as the best formulation in terms of viscosity and
processability even after biochar incorporation and employed as refer-
ence system. So therefore, BC was dispersed within the liquid formula-
tions at different concentrations, from 0.5 up to 2 wt%. The effect of the
BC addition on the resin viscosity and flowability was studied consid-
ering their key role for a VP 3D printing process [24]. This is because

during a printing process via LCD high viscosity values lead to longer
printing times and lower rates [26].

Table 2 shows the viscosity values at room temperature of the AESO-
IBOMA reference system, and the values of the bio-based composites
obtained by adding different amounts of BC.

It is noteworthy that, although viscosity values increase with the BC
content, the optimization of the formulation’s composition ensures that
the viscosity remains below the ideal range for VP technologies, as re-
ported in literature [24,54,55]. This indicates that higher filler content
can be still feasible.

Photo-DSC were also performed on the photocurable formulations to
study the photo-curing process behavior. Photo-DSC analysis allows for
the evaluation of the influence of BC on the reactivity of the AESO-
IBOMA photopolymerizable system, through three main parameters:
hpeak, AHexp, and tpeak. The hpeax parameter represents the maximum
heat release rate during the photoinduced reaction and it is proportional
to the maximum polymerization rate. AHey, indicates the total enthalpy
released during the process, reflecting the overall conversion degree.
The tyeax parameter, instead, indicates the moment at which the
maximum peak of the exothermic reaction occurs [48,51].

Fig. 4 reports the photo-DSC curves of the AESO-based photocurable
formulations unfilled and filled with BC. The measured heat flow is
assumed to occur solely due to one reaction, the crosslinking of the

Table 2
Rheological properties and kinetics conversion of AESO-based photocurable
formulations.

Sample code BC content (wt. Viscosity” (mPa Conversion”
%) s) (%)
AESO-IBOMA 0 365 100
AESO-IBOMA + 0.5 412 99
BCO0.5
AESO-IBOMA + BC1 1.0 433 98
AESO-IBOMA + BC2 2.0 461 95

@ Zero-shear viscosity (1) evaluated at 25 °C at a shear rate of 10 1/s.
b Kinetics conversion of the photocurable formulations obtained following Eq.
(1) after 120 s.
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acrylate groups present in the AESO matrix structure.

From Fig. 4(a), it can be observed that the increase in BC content
determines a progressive reduction of both the reaction rate hyea and
the total enthalpy released AHeyp, suggesting that BC has an inhibitory
effect on the photopolymerization process, limiting both the intensity
and the overall effectiveness of the reaction. This behavior can be due to
the absorption or reflection of part of the UV light due to the black
coloration of the filler, which inhibits and reduces the photo-
polymerization through a physical barrier effect that limits the molec-
ular chains’ mobility and the diffusion of radicals in the matrix [48].

Another interesting finding concerns tpeax, Which tends to slightly
anticipate by increasing the biochar content. This could indicate a
greater initial activation of the material surface, due to local optical
phenomena such as light diffusion, but does not imply greater efficiency
of the reaction. On the contrary, the anticipation of the peak is followed
by a decrease in the overall reaction, as confirmed by the reduction of
hpeak and AHpeak.

The addition of BC has a negative effect on the kinetics of the reac-
tion and extent of photoinduced crosslinking, significantly reducing the
maximum reaction rate and the conversion, as visible from Fig. 4(b). The
degree of conversion shifts from 100 % for the unfilled AESO-IBOMA
formulation up to 95 % of conversion for the biochar-based compos-
ites, as evidenced by the data reported in Table 2. This effect is evident at
all concentrations of BC, but it is much more marked in the presence of 2
wt% of BC, where there is a reduction in the released enthalpy of about
30 % compared to the reference unfilled sample. The kinetics of con-
version as a function of time of the photocuring process for the AESO-
based formulations filled with BC decrease from 99 % up to 95 %.
This result suggests that the use of BC in photopolymerizable systems
requires careful optimization of the formulations preparation and the
optimization of the printing parameters.

3.3. 3D printing process of complex structures

Based on the photo-DSC results, different printing tests were first
carried out to assess the effective printing parameters and the print-
ability of the AESO-based resins by LCD. The best printing parameters
for each formulation were listed in detail in Table 3.

In addition to the simple geometries, rectangular and dog bone-
shape necessary for the characterization tests, a variety of complex ob-
jects were successfully 3D printed, showing an excellent resolution and
dimensional accuracy with both reference AESO-IBOMA system and the
composite formulations containing increasing BC content, as shown
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from the pictures of Fig. 5. Firstly, a small vase composed of 350 layers,
and standing at 35 mm in height, was printed using the unfilled pho-
tocurable AESO-based formulation, as visible in Fig. 5(a). This part
features a complex diagonal grid-like structure, characterized by a series
of intersecting lines that create a dynamic pattern of openings
throughout its surface. Notably, the part exhibits a variable diameter
that changes with the whole height.

Moreover, a helicoidal complex of 450 layers and 45 mm in height
was printed showing an intricate curvatures and smooth, continuous
spirals, demonstrating the printer’s capability to realize complex ge-
ometries with high level of definition, as visible from the picture of Fig. 5
(b).

The same vase objects were then printed via LCD using the AESO-
based formulations containing different amounts of BC to ensure the
replicability of the filled resin, even in different size and with different
internal patterns, as shown in Fig. 5(c) for a composite containing 1 wt%
of BC. The component, illustrated in Fig. 5(d), is like the previous one
but it presents a different structural complexity, very challenging to
print. Although, it maintains the same external shape, it shows a

Table 3
LCD printing parameters for AESO-based photocurable formulations.
AESO- AESO-IBOMA AESO- AESO-
IBOMA + BCO0.5 IBOMA + IBOMA +
BC1 BC2
Layer height 0.1 0.1 0.1 0.1
(mm)
Exposure time 15 18 22 40
(s
Bottom exposure 18 20 30 45
time (s)
Rest time before 0 0 0 0
lift (s)
Rest time after 0 0 0 0
lift (s)
Rest time after 4 4 4 4
retract (s)
Lifting distance 4 4 4 4
(mm)
Retract distance 6 8 8 8
(mm)
Lifting speed 80 80 80 80
(mm/min)
Retract speed 80 80 160 160
(mm/min)
(b)
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Fig. 4. Photo-DSC (a) and kinetics (b) curves of the photocurable formulations unfilled and filled with BC. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. 3D printed AESO-based objects unfilled (a,b) and filled with different amounts of BC (c,d,e). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

distinctive texture. Instead of a diagonal grid pattern, it evidences a
continuous mesh with holes of varying sizes, depending on the height
position. These last two designs resemble the patterns found in literature
for 3D printed splints for forearms, which can represent valid alterna-
tives to the traditional casts for biomedical applications.

Overall, all the printed structures reveal an optimal print quality,
confirming the effectiveness of the composite materials in achieving
precise geometric fidelity even in the presence of the filler. The helical
complex maintains its intricate geometry across the different formula-
tions, underlining the ability of the BC-loaded formulations to realize
complex structures ensuring the structural integrity up to composites
filled with 2 wt% of BC, as shown in the pictures of Fig. 5(e).

The parameters set for the printing process of the AESO-based for-
mulations are optimally chosen, resulting in good dimensional accuracy,
even with the inclusion of a dark filler, like BC, which could strictly
influence the success of the printing process.

3.4. Gel content
The gel content of the printed AESO-based samples shows values

higher than 99 % for all the systems investigated, as reported in Table 4.
The results put in evidence that the addition of the filler does not

Table 4
Gel content, thermal, and viscoelastic properties of bio-based samples.

substantially affect the material’s crosslinking degree despite the black
color of the BC interferes with the photopolymerization process by
absorbing UV light.

Moreover, the values reveal that the printing parameters were
optimized for ensuring high conversion of the monomers into the 3D
printer.

3.5. Morphology of bio-based composites

A morphological analysis was carried out by FE-SEM on the fracture
surfaces of the unfilled AESO-IBOMA specimens, used as reference, and
on those of the bio-based composites filled with different percentages of
BC, as reported in Fig. 6.

From the images of Fig. 6(a) acquired at 5 kx of magnification, it is
possible to see how the fracture surface of the unfilled photocured sys-
tem appears smooth and homogeneous since no filler has been incor-
porated within the resin. In fact, no signs of irregularities or defects are
visible.

The fracture surface of the sample containing 1 wt% of BC, observed
at a magnification of 5 kx, shows that the filler is uniformly distributed
throughout the polymer matrix.

The sample exhibits the presence of nearly spherical particles

Sample code G* (%) Tonser” (°C) Tmax deg” (°C) E (MPa) E" (MPa) Teansmax (°C) v° (mol/m?)
AESO-IBOMA 99.7 279 317/401/558 1140 117 93 1,03E+03
AESO-IBOMA + BC0.5 99.6 264 318/404/557 1186 133 92 1,36E+03
AESO-IBOMA + BC1 99.6 261 319/405/554 1315 113 86 1,26E+03
AESO-IBOMA -+ BC2 99.7 251 320/408/550 984 104 81 1,09E+03

# Gel content percentage (G%) determined after 24 h in chloroform.

b Onset temperature (Topse) determined by TGA.

¢ Maximum degradation temperature determined by DTG curves.

4 Storage modulus (E'), loss modulus (E), and maximum of tan delta curves (Tiansmax) determined by DMA.
¢ Crosslinking density determined by DMA analysis in the rubbery region (303 K) by using Eq. (2).
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Fig. 6. FE-SEM images of the fracture surface of 3D printed AESO-THFA unfilled (a) and filled with 1 wt% (b) and 2 wt% (c) of BC. Micrograph showing the layer-by-
layer structure formed during the printing process (d).
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Fig. 7. TG and DTG curves of 3D printed samples unfilled or filled with BC. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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embedded within the matrix, which is no longer smooth and homoge-
neous, due to the spherical-like geometry of the BC, as visible from Fig. 6
(b).

A completely different morphology was observed in Fig. 6(c) for the
specimen with the highest amount of BC powder (2 wt%). The FE-SEM
micrograph at 5 kx evidence that BC is not well-dispersed within the
polymer matrix. It appears to be clustered around the fracture surface of
the sample. This behavior lets to conclude that further analyses are
necessary for better dispersing the BC within the resin and assessing the
final mechanical properties of the composites.

Furthermore, Fig. 6(d) illustrates the good layer-by-layer deposition
of the AESO-based formulation filled with 1 wt% of BC occurring during
the printing process within the vat. This finding underlines that the
selected printing parameters are useful for ideal LCD processing.

3.6. Thermal and viscoelastic properties of bio-based composites

The thermal stability of the bio-based 3D printed samples was
evaluated by means of TGA.

The TG and DTG curves of the AESO-IBOMA reference sample and of
the composites loaded with 0.5, 1, and 2 wt% of BC are shown in Fig. 7.

By analysing the thermograms, it is noticeable that, compared to the
unfilled reference specimens, those containing BC powder show a slight
decrease of the onset temperatures as the BC content increases, shifting
from 279 °C for the AESO-IBOMA resin to 251 °C for the specimens
containing 2 wt% of BC, as summarized from the data of Table 4.

This trend can be explained considering that the initial weight loss is
usually due to the elimination of moisture or the release of volatile
compounds. Since the BC filler comes from cellulose pyrolysis, it in-
troduces a certain internal porosity into the resin which can retain more
moisture, leading to greater weight loss at lower temperature stages
[14].

At higher temperatures, the maximum degradation peaks occur
almost at the same temperature, indicating that once moisture is
removed from the samples, the presence of different amounts of BC does
not affect the final thermal stability of the photocured systems.

Furthermore, the ash content values at the end of each analysis, at
900 °C, are zero for all specimens since both the BC and the resin for-
mulations are organic materials without any other inorganic residues.
This also confirms that no inorganic contamination occurred during the
formulation’s preparation nor during the printing process.

DMA tests were also performed for each formulation to evaluate the
viscoelastic properties of the 3D printed unfilled and filled samples.
Fig. 8 displays the storage modulus (a), the loss modulus (b) and the
extensional loss factor values (c), respectively.

Looking at the comparison between the curves of the storage and loss
moduli, a clear trend can be observed. In fact, the storage and loss
modulus values decrease with increasing temperature, indicating a
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reduction in both energy dissipation and elastic energy storage, as
evident in Fig. 8(a) and (b). This is a specific characteristic of the ther-
mosetting polymers as they shift from a glassy to a rubber state
depending on the temperature. The temperature at which this transition
occurs, marked by the maximum of the tan delta curve as a function of
the temperature, corresponds to the glass transition temperature (Tg).
The representative values from the analysis detected at 25 °C are sum-
marized in Table 4. The data shows that the storage modulus (E’) in-
creases by adding the BC from 1140 MPa for the unfilled system to 1315
MPa for the composites containing 1 wt% of BC powder. By increasing
the amount of BC up to 2 wt%, it is evident a significant decrease of the
modulus to suggest that if the BC initially improves the mechanical
performance of the system, at higher concentrations the effect declines,
probably due to the clustering of BC particles, as already observed in the
FESEM analysis at this concentration. These clusters can disrupt the
effective dispersion of the filler within the polymeric resin resulting in a
reduction in overall mechanical performance. At the same time, the loss
moduli slight increase in the presence of lower amount of BC (0.5 wt%)
from 117 to 133 MPa, but the values decrease by increasing the BC
content up to 2 wt% reaching a value of 104 MPa.

The DMA results show that the storage modulus is consistently
higher than the loss modulus across all the specimens, leading to a tan
delta value of less than one, which indicates a predominantly elastic
behavior of the materials. The T, values slightly decrease by increasing
the BC content from 93 °C for the unfilled system to 81 °C for the
composites loaded with 2 wt% of BC. The tan delta curves profiles, re-
ported in Fig. 8(c), suggest that the tested samples show transitions more
readily from the glassy state to the rubbery state as more filler is
incorporated. This result can be explained by considering a slight in-
crease of the polymeric chains’ mobility induced to the BC particles
within the polymer matrix.

From DMA analysis was also possible to estimate the crosslinking
density of the AESO-based composites following Eq. (2) by measuring
the storage modulus in the rubbery plateau, well above the Tg of the
polymer, according to the classical rubber theory equation [50].

Here the crosslinking density was calculated at 30 °C (303 K), well
above the glass transition temperature of the unfilled and filled AESO-
based samples. It is interesting to note that there is a slight increase of
the crosslinking density in the presence of increasing amount of BC up to
1 wt%. However, for higher BC content (2 wt%) the crosslinking density
decreases following the same trend of the storage modulus confirming
that the BC particles tend to form aggregates negatively affecting the
curing process and, therefore, the mechanical performance, as already
discussed. These observations are further supported by the results of
tensile testing.
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e AESO-IBOMA+BC1 93
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Fig. 8. DMA curves of printed samples unfilled and filled with BC corresponding to the storage modulus (a), loss modulus (b) and the tan delta values (c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5
Tensile properties of AESO-based samples unfilled and filled with BC.

Sample code Young’s modulus  Ultimate tensile Elongation at

(MPa) strength (MPa) break (%)
AESO-IBOMA 634 + 42 29 +1 7.5+ 1.0
AESO-IBOMA 643 + 39 24 +1 7.0 + 1.0
+ BC0.5
AESO-IBOMA 679 + 40 22+1 7.0+ 1.0
+ BC1
AESO-IBOMA 517 £ 18 19+1 7.0+ 1.5
+ BC2

3.7. Tensile testing of bio-based composites

Tensile measurements were carried out to highlight the main trends
in the mechanical properties of the different formulations, focusing on
the elastic modulus, the ultimate tensile strength, and the elongation at
break percentage. The key data of tensile tests are listed in Table 5.

The introduction of BC slightly increases the stiffness of the polymer.
The Young’s modulus rises from 634 MPa for the unfilled resin to 679
MPa for the formulation with 1 wt% of BC, indicating that small
amounts of powder can enhance the rigidity of the AESO-IBOMA
material.

However, when the BC content reaches 2 wt%, the elastic modulus
value significantly decreases to 517 MPa. This result suggests once again
that a higher filler amount can lead to a reduction of the stiffness of the
AESO-based polymeric system, surely caused by the BC particles ag-
gregation, as already seen from FE-SEM analysis, or by their inadequate
dispersion in line with the earlier DMA findings. Tensile strength also
decreases as the filler content increases. For the unfilled printed speci-
mens, the ultimate tensile strength is 29 MPa, which drops up to 19 MPa
by increasing the BC content. Similarly, the elongation at break also
slightly decreases by increasing the amount of BC powder. This suggests
that the addition of filler reduces the polymer’s ductility. To conclude,
the addition of BC up to 2 wt% enhances the stiffness of the material, as
indicated by the increased elastic modulus. However, this enhancement
is accompanied by a decrease in both the ultimate tensile strength. The
elongation at break percentage remains almost the same. As the BC

Composites Part A 198 (2025) 109102

content increases a significant decline in mechanical properties occurs,
revealing a decrease in the elastic modulus and the tensile strength. This
finding suggests that there is a clear threshold for BC incorporation,
beyond which its presence can negatively impact the material final
mechanical performances.

Based on the collected data, the formulation with 1 wt% of BC is
considered optimal as it ensures a good balance between improved
stiffness, acceptable tensile strength, and proper filler dispersion, as
already confirmed by FESEM analysis. At this concentration, the mate-
rial maintains good printability and avoids the aggregation issues
observed at higher loadings. For these reasons, this concentration was
selected to characterize the material with in vitro cell tests to evaluate its
cytocompatibility.

3.8. In vitro cell tests

The cytocompatibility of the samples was evaluated through indirect
cytotoxicity tests by culturing HFF-1 fibroblasts with complete medium
previously conditioned with the different formulations for 24 h [56].
The result of cytotoxicity tests was reported in Fig. 9. No statistical
differences in cell viability were detected in the case of unfilled and
filled BC-based composites compared to control (TCP) demonstrating
the cytocompatibility of specimens.

Finally, direct cell contact tests were performed to confirm the po-
tential use of AESO-IBOMA sample and AESO-IBOMA + BC1 as bio-
materials to produce prosthesis such as forearm splints. To this end, the
viability (Fig. 9) and morphology (Fig. 10) of HaCaT keratinocyte
cultured in contact with AESO-IBOMA sample and AESO-IBOMA + BC1
was evaluated and compared to cells cultured in the apical side of
transwell insert without any sample in contact (CNTR). As shown in
Fig. 9, a high cell viability was recorded in all the samples confirming
the biocompatibility of specimens.

Moreover, the fluorescence staining (Fig. 10), showed the presence
of a uniform layer of spread HaCaT keratinocyte which maintained their
typical polygonal shape in all the samples.

These results demonstrate that the presence of unfilled and filled BC-
based samples does not affect the cell viability and morphology.

Considering the good results of the cell viability and
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Fig. 9. Evaluation of cell viability through CellTiter-Blue® assay after 24 h of HFF-1 fibroblast culture with sample extracts (a) and of HaCaT keratinocyte cultured in

contact with AESO-IBOMA and AESO-IBOMA + BC1 specimens for 7 days (b).
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Fig. 10. Representative fluorescence images of HaCaT keratinocyte cultured on the membrane of the traswell insert (CNTR), in contact with AESO-IBOMA and
AESO-IBOMA + 1 % BC specimens for 7 days. Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

cytocompatibility tests, two different complex structures were 3D
printed for applications in the biomedical sector, such as bio-based al-
ternatives forearm splints realized using the best formulation, contain-
ing 1 wt% of BC.

Fig. 11 presents some pictures relative to the unfilled (a) and BC-
based (b) specimens obtained by VP LCD. Two different arm brace
prototypes were successfully 3D printed as innovative alternatives to the
traditional plaster braces for patients with a broken forearm. The first
unfilled prototype can fully cover the forearm of the patient and was
produced by the deposition of 1100 layers of AESO-based formulation as
visible from Fig. 11(a). The second model consisting of 1400 layers (14
cm) was realized by adding 1 wt% of BC within the photocurable
formulation and represents a prototype which covers only the upper part
of the human forearm as reported in Fig. 11(b), providing more flexi-
bility based on the severity and location of the injury. The same objects
were reported from different points of view in the other pictures of
Fig. 10: top view (c), bottom view (d), and side view (e). Both models
feature an aesthetic and functional perforated design, more challenging

to print, that enhance the ventilation, reducing the risk of sweating,
allergic reactions, and skin irritation [57]. The holes in the texture of the
two different architectures also allow the affected area to be washed,
promoting better hygiene during the recovery process, as clearly shown
from the different angles in Fig. 11(c), (d), and (e).

An opening for the patient’s thumb is incorporated in both models,
ensuring stability and a proper positioning, keeping the brace securely in
situ during use. Moreover, the open structure permits for visual moni-
toring of the injured area, enabling doctors to inspect the injury without
removing the brace, thus aiding in accurate diagnoses during follow-up
visits [58].

Additionally, both the 3D printed forearm splints are significantly
lighter than traditional plaster casts, improving comfort and mobility for
the patient. These innovative prototypes demonstrate the potential of 3D
printing to provide personalized, breathable, and hygienic solutions that
can help to enhance the recovery experience of the patient.

To conclude the study, the 3D printing accuracy of the most complex
specimen filled with BC, the forearm splint model was assessed using
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Fig. 11. 3D printed AESO-based objects unfilled (a) and filled (b) with 1 wt% of BC representing two different kinds of human forearm splints from different views
(c), (d) and (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. CAD model (a), real geometry (b) and colored map (c) of the AESO-
based object realized via LCD representing the forearm splint. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

micro-CT scanning. The scan was aligned to the original CAD model via
the best-fit registration function in VG Studio software, which ensures a
precise overlay for comparison. Following alignment, deviations be-
tween the nominal design and the complex 3D printed geometry were
calculated, as visible in Fig. 12(a) and Fig. 12(b), respectively. The re-
sults are clearly visible in Fig. 12(c), as a chromatic representation
providing a visual and quantitative understanding of the accuracy of the
selected printed part.

The creation of a coloured map for the analysis of the printing de-
viations is an easy way to have direct graphical feedback of the quality
and accuracy of the printed part with respect to the original CAD model
(Fig. 12a). The coloured map shows an almost entirely green-coloured
deviation map, as reported in Fig. 12(c), confirming a high level of ac-
curacy and consistency of the real printed piece of Fig. 12(b). This visual
confirmation also evidences minimal deviations between the printed
part and the scanned reference model. In fact, more than the 95 % of the
printed object perfectly fits with the reference CAD model with a devi-
ation less of 0.365 mm. Minor discrepancies can be ascribed to the
resolution limits of the LCD printing process that can give rise to po-
tential distortions. However, the overall green map for the printed part
very challenging to realize via LCD supports the conclusion that the 3D
printed forearm splint prototype closely reproduces the expected com-
plex geometry showing high resolution and dimensional accuracy.
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4. Conclusions

The work focused on the exploration of new photopolymer formu-
lations consisting of bio-based materials, demonstrating their potential
use in 3D printing via LCD technology. This approach is more cost-
effective than other VP technologies achieving excellent results in
terms of final resolution and printing speed.

The formulations printability via LCD was first studied by identifying
the best printing parameters to optimize the printing process consid-
ering their viscosity under the selected curing conditions.

Several 3D printed parts with increasing complex architectures were
realized by using LCD as VP technology by dispersing BC up to 2 wt%
within an AESO photocurable resin to develop novel bio-based
composites.

Thermal analyses, performed by TGA, viscoelastic properties by
DMA, and tensile testing were carried out to study the BC-based com-
posites behaviour.

Investigations into the characteristics of the printed samples revealed
that the incorporation of BC at concentrations up to 1 wt% led to a good
dispersion of the BC within the AESO-IBOMA matrix, thereby enhancing
the rigidity of the resulting bio-based composites materials. However,
higher concentrations, such as 2 wt% of filler, exhibited negative effects,
surely due to the formation of BC clusters within the photocured
network, as highlighted by FESEM, contributing to increase the material
fragility, as also confirmed by tensile tests.

The results also revealed that the photocuring process within the LCD
3D printer does not have significant effects on the thermal properties of
the composites in the presence of increasing amount of BC. However, the
addition of the filler leads to a significant increase of the mechanical
properties up to 1 wt% of BC.

Cell viability and cytocompatibility tests were also conducted on the
unfilled and BC-based composites to evaluate their possible applications
into the biomedical field. The results obtained evidence that the pres-
ence of BC does not influence the cell viability and cytocompatibility of
the printed systems.

The choice of 1 wt% as the best BC concentration for the preparation
of the AESO-based composites is based on a careful evaluation of mul-
tiple key factors resulting from the different characterization tech-
niques. At this concentration, the material achieves an ideal balance
between printability, mechanical performance, and biocompatibility.
Higher concentrations lead to difficulties in processing due to the
presence of clusters of BC particles that reduce the flowability within the
vat. Moreover, in the presence of higher amount of BC, its tendence to
absorb the UV radiation negatively affects the curing process and the
layer adhesion, compromising the final printability. Furthermore, con-
centrations higher than 1 wt% result in insufficient mechanical perfor-
mance of the specimens. Conversely, the AESO-based samples filled with
BC at 1 wt% maintain a good level of mechanical properties and reveal
good biocompatibility, ensuring that the final printed parts are safe for
biomedical applications. Thus, 1 wt% represents the optimal compro-
mise, providing a material with suitable properties for reliable printing,
adequate mechanical properties, and safe interaction with biological
systems.

As aresult, two different prototypes for biomedical applications were
successfully 3D printed using the formulation which has given the best
results (with 1 wt% of BC), such as sustainable alternatives to the clas-
sical forearm splints. The prototypes realized via LCD show very high
level of complexity and dimensional accuracy, as also confirmed by the
green colored map coming from the micro-CT scan measurement, which
suggests an almost complete consistency of the real printed piece with
the CAD model. These findings represent an advance in the development
of innovative solutions capable of meeting performance requirements
and more sustainable manufacturing technologies. This can open the
way to the adoption of these innovative composite materials in the
biomedical sector by using LCD as useful 3D printing technology,
contributing to the creation of eco-friendly products by reducing the
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