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ABSTRACT
The research aims to develop innovative bio-based polymer composites through vat photopolymerization (VPP) 3D printing 
(3DP) and to test their use in creating a joint for furniture design, thereby constituting a proof of concept for the project “Made in 
Italy Circolare e Sostenibile-MICS.” Formulation composed of 50 wt% acrylate epoxidized soybean oil (AESO) resin and 50 wt% 
isobornyl methacrylate (IBOMA) as a reactive diluent is prepared with 2 phr phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide 
(BAPO) as a radical photoinitiator. The photopolymerization is conducted using liquid crystal display (LCD) 3DP technology. 
Two different poplar wood powders (namely, PI and PIV), obtained from waste materials of the plywood manufacturing process, 
are incorporated into the resin at concentrations of 3 phr to produce the final bio-based composites. Sedimentation and rheo-
logical tests are carried out on the photocurable resins to assess their viscosity and 3D printability. Once the optimal printing 
parameters are established, specimens for mechanical characterization and different structures, gradually evolving into more 
intricate designs, are 3D-printed. The results show that the bio-composites represent a promising alternative for producing joints, 
connections, nuts, and screws for various design applications, exhibiting high dimensional accuracy, high resolution, and well-
defined geometries.

1   |   Introduction

Polymeric materials have become increasingly important due 
to their remarkable performance and cost-effectiveness. Their 
wide-ranging characteristics make them essential in vari-
ous fields, attracting strong attention from scientists in both 
academia and industry. Moreover, polymers are crucial in 
additive manufacturing (AM), enabling the creation of tailor-
made components suitable for specific applications, such as 
automotive, building, coatings, microelectronics, and medical 
industries [1, 2]. AM includes various technologies that build 

physical items by depositing material layer upon layer, mod-
eled by computer-aided design (CAD) software. This digital 
model is then converted and saved in the standard tessellation 
language (STL) file format. Specialized software processes 
the STL file by dividing the model into a sequence of parallel 
2D layers, defining each layer's shape for the printing process 
[2]. At present, AM technologies based on polymeric materi-
als are used in various application fields, including engineer-
ing, medicine, education, architecture, cartography, toys, and 
entertainment [3]. The ISO/ASTM 52900:2015(E) standard 
defines AM as “a process of joining materials to create parts 
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from 3D model data, typically layer by layer, in contrast to 
subtractive manufacturing techniques.”

This definition emphasizes the key difference between AM, 
which builds objects layer by layer from a digital model [4, 5]. 
AM technologies offer numerous advantages over traditional 
manufacturing methods, like greater design flexibility, reduced 
material waste, shorter production times, and the ability to cre-
ate complex geometries that would be difficult or impossible to 
achieve using conventional technologies [6–8].

Among the various AM technologies for polymer processing, 
vat photopolymerization (VPP) stands out for its capability 
to fabricate 3D printed objects with intricate and hierarchical 
geometries, utilizing thermosetting photocurable resins. This 
technology cures the liquid resin layer by layer into solid struc-
tures through a photopolymerization reaction triggered by UV 
radiation, working in two different configurations: bottom–up 
and top–down [9, 10].

Liquid crystal display (LCD) represents a recent innovation 
in VPP technology where light is emitted directly through 
an LCD screen onto the uncured resin, preventing light from 
scattering and minimizing pixel distortion compared to the 
conventional digital light processing (DLP) printing [11, 12]. 
The process offers several advantages, including the ability to 
work with a wide range of thermoset polymers and the flexi-
bility to experiment with various polymeric resins and com-
posites. This allows for customization of photopolymers by 
altering their material properties or even developing entirely 
new types of materials.

The resolution of the printing process depends on several fac-
tors, as the resolution of the LCD screen itself (in pixels) is one 
key factor; the physical size of the screen also plays a role, larger 
screens will have larger pixels, which results in lower spatial 
resolution.

Therefore, the XY resolution, which refers to the size of a sin-
gle pixel projected onto the printing plane, is a crucial factor. 
Whereas the Z resolution, or the thickness of each printed 
layer, is determined by the vertical movement precision of the 
build platform [13]. The process efficiently uses inexpensive 
raw materials and supports high-resolution output, aligning 
well with other sustainable alternatives. However, the lack 
of eco-friendly photopolymerizable resins limits their use in 
large-scale applications [6, 14].

Furthermore, unlike thermal polymerization, which usually 
requires high temperatures, photopolymerization can occur at 
room temperature. This eliminates the need for heat and often 
reduces or completely avoids the release of volatile organic 
compounds (VOCs).

To facilitate the transition to a circular economy, in addition to 
the use of greener and more eco-friendly technologies, like AM, 
the development of innovative bio-based resins for 3DP could 
play a crucial role [6]. In this context, vegetable oils (VOs) are 
among the most used materials due to their abundance, re-
newability, low cost, biodegradability, and desirable structural 

features, which make them highly attractive for a wide variety 
of applications.

VOs contain unsaturated fatty chains that can be chemically 
modified to produce epoxidized and acrylated derivatives, which 
are photopolymerizable under UV–Vis radiation. After chem-
ical modification reactions, like epoxidation and acrylation, 
they become photopolymerizable by using UV–Vis radiation 
[15]. They are a viable and sustainable alternative to traditional 
petrochemical-based resins. Although the literature provides a 
wealth of studies on 3D printed polymer composites, the use of 
bio-based monomers and fillers derived from industrial wastes, 
such as soybean oil resin, for creating composites via LCD has 
been underexplored compared to other technologies, like DLP 
[16–18]. Moreover, bio-fillers can be incorporated into VOs to 
enhance mechanical properties and expand the range of applica-
tions for 3D printed components [13, 18–29]. Among the differ-
ent bio-fillers used, poplar wood powders derived from plywood 
manufacturing wastes can represent a valid alternative [30].

Poplars include species such as trembling aspen, bigtooth aspen, 
balsam poplar, eastern cottonwood, and black cottonwood. 
They are fast-growing, moisture-loving, shade-intolerant trees 
with relatively short lifespans. The wood is lightweight, with 
a diffuse-porous structure and moderate strength, exhibit-
ing bending and stiffness properties like those of spruce, pine, 
and fir. It is composed mainly of fibers (53%–60%), vessel ele-
ments (28%–34%), and ray cells (11%–14%), with minimal axial 
parenchyma.

Chemically, poplar wood is rich in polysaccharides (almost 
80% holocellulose: 40%–50% cellulose, 15%–30% hemicellulose) 
and has low lignin content (20%–30%). It is widely used in pulp 
and paper, lumber, plywood, composites, furniture, packaging, 
and various utility products, with composites capitalizing on 
the combined strengths of constituent materials [31, 32]. The 
principal wood-based product manufactured from polar wood 
is plywood [33]. Plywood is a lightweight, versatile building 
material made by bonding at least three thin wood veneers 
(1–5 mm thick) with adhesive, each layer oriented orthogonally. 
Commonly used in furniture, it is valued for its strength and 
adaptability [34].

This research work uses poplar wood powder waste from the 
plywood industry due to two main reasons: its widespread use 
in furniture and construction, and the prominence of poplar 
cultivation in Italy's agro-industrial sector [33]. In 2019, Italy 
dedicated approximately 58,000 ha to poplar cultivation, yield-
ing around 1 million cubic meters of roundwood annually, 
mainly in the northern regions [35]. The paper aims to establish 
a framework for reusing fibrous waste from traditional Italian 
agro-industrial supply chains, promoting the development of in-
novative materials and products with minimal environmental 
impact. In plywood production, poplar logs are first transported 
to the facility, debarked, and peeled into thin veneer sheets. 
These sheets are dried and undergo an initial quality check, 
with substandard sheets discarded. The remaining sheets are 
stacked orthogonally and glued, then pressed into a single panel. 
A squaring and sanding process follows, refining dimensions 
and surface quality. After a final quality inspection, panels are 
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stored or packaged for distribution [33]. The process described is 
schematically illustrated as a flowchart in Figure 1.

The main by-product of plywood panel production is round-
wood, a cylindrical wooden residue approximately 10 cm in 
diameter and 2 m in length, left after the peeling stage, used 
to produce veneers. This residue is typically downcycled as 
biomass for energy recovery, but it can also undergo thermo-
treatment for reuse in pallet and packaging production [36].

In the final stages of panel manufacturing, squaring and sanding 
processes are performed to regularize the geometry and thick-
ness of the panels. These operations generate dust and small 
wood flakes, which are commonly used as biomass. Depending 
on the extraction and storage method, these residues may ap-
pear in loose form or as briquettes.

The goal of this research is to develop innovative bio-based 
polymer composites by incorporating poplar wood waste pow-
ders into a bio-based photocurable resin for design applications. 
Using LCD-based VPP, a series of components were successfully 
printed in 3D, including objects with considerable potential 
applications in interior design, such as joints and connections, 
screws, bolts and nuts, plates and covers, highlighting the suit-
ability of producing customized, sustainable elements for inte-
rior and design-oriented applications.

The resulting photocurable formulations and composites were 
thoroughly characterized in terms of their thermal, morpholog-
ical, rheological, viscoelastic, and mechanical properties. This 
work also aims to combine the advantages of bio-based compos-
ites, produced by valorizing bio-fillers derived from industrial 
waste of plywood production, one of the industrial processes 
that represents one of the most widespread and efficient forms 
of wood used globally, with the potential of AM technologies.

2   |   Materials Characterizations

2.1   |   Characterization of the Poplar Powders

Thermogravimetric (TGA) analysis was conducted with a Mettler-
Toledo TGA 851e instrument (Columbus, OH, USA). Samples of 
approximately 10 mg were heated from 25°C to 900°C at a rate of 
10°C min−1 in air (50 mL min−1). TGA curves were normalized 
to each powder mass, and derivative thermogravimetric (DTG) 
curves were generated from their respective thermograms.

Morphology and energy-dispersive x-ray spectroscopy (EDS) 
of the powders were examined using a Phenom XL Scanning 
Electron Microscope (Thermo Fisher Scientific, Waltham, MA, 
USA) operating at 15 kV. Before analysis, samples were coated 
with platinum for 20 s using a Quorum Sputter Coater Q150T S 
(Laughton, East Sussex, UK).

The shape properties of poplar powders, including diame-
ter, aspect ratio, circularity, and size, were analyzed using the 
Morphology 4 automated system (Malvern Panalytical, UK). A 
3 mm3 volume of dry powder was spread onto a glass plate for 
testing, with dispersion conducted under a high pressure of 4 bar 
and an injection time of 10 ms.

The powder density was determined using a helium pycnometer 
(Ultrapyc 5000, Anton Paar GmbH, Graz, Austria) at a tempera-
ture of 20°C. Measurements were conducted using a small cell 
volume, and the analysis was performed in pulse preparation 
mode and repeated for 15 cycles. The results allowed the volume 
fraction (Φ) of the powders in the liquid formulation, by follow-
ing Equation (1):

where mf is the mass of filler, ρf is the density of filler, mm is the 
mass of monomer, ρm is the density of AESO.

2.2   |   Characterization of the Photocurable 
Formulations

The viscosity of the formulations was measured at 25°C 
using an Anton Paar MCR 702e MultiDrive rheometer (Graz, 
Austria), equipped with a 25 mm parallel plate setup and a gap 
of 0.200 mm. For each formulation, three independent mea-
surements were performed over a shear rate range from 0.01 
to 100 s−1, yielding consistent results across replicates and con-
firming the reliability of the data.

(1)Φ =

(

mf

�f

)

[

mf∗�f

mm∗�m

]

FIGURE 1    |    Flowchart of the main stages of plywood production, 
with waste in red, by-products in yellow, and processes that reuse it 
most highlighted in blue.
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The photo-curing process was analyzed using photo-DSC 
(p-DSC) with a Mettler-Toledo DSC-1 system equipped with a 
GC100 Gas Controller. The DSC features an optical fiber con-
nected to a mercury lamp source (Hamamatsu LIGHTINGCURE 
LC8 from Hamamatsu Photonics) emitting a broad spectrum of 
light. A filter centered the UV emission at 365 nm, with an in-
tensity of approximately 100 mW cm−2. Around 8 mg of the for-
mulation was placed in an open 40 μL aluminum pan, while an 
empty pan served as the reference. Experiments were conducted 
at 25°C under a controlled nitrogen atmosphere (flow rate of 
40 mL min−1). The samples underwent two 10-min irradiation 
cycles to thoroughly assess the UV-curing behavior. The second 
irradiation run verified the completion of curing and established 
the baseline.

2.3   |   Characterization of the Photocured 3D 
Samples

The insoluble fraction, or gel content, was evaluated by measur-
ing the weight loss after 24 h of chloroform extraction at 25°C, 
following the ASTM D2765-84 standard.

TGA analysis was conducted with a Mettler-Toledo TGA 851e 
instrument (Columbus, OH, USA) in the same conditions 
used for the poplar powders testing around 10 mg of compos-
ite sample.

The specimen morphology was examined using a Phenom 
XL Scanning Electron Microscope (Thermo Fisher Scientific, 
Waltham, MA, USA) operating at 15 kV. Before analysis, sam-
ples were coated with platinum for 20 s using a Quorum Sputter 
Coater Q150T S (Laughton, East Sussex, UK). Each specimen 
was fractured in liquid nitrogen, and the fracture surfaces were 
analyzed.

Dynamic mechanical thermal analysis (DMTA) was per-
formed over a temperature range of −5°C to 140°C using an 
Anton Paar MCR 702e Multi Drive Rheometer (Graz, Austria) 
at a frequency of 1 Hz in tensile mode. The tested samples were 
rectangular, measuring 35 mm in length, 10 mm in width, and 
2 mm in thickness. By assessing the storage modulus at tem-
peratures well above the polymer glass transition temperature 
(Tg), where Tg is obtained from DMTA analysis by analyzing 
the maximum peak of TanDelta curves as a function of tem-
perature. Moreover, the volumetric crosslinking density of the 
cross-linked network (νe) of the polymer network was calcu-
lated using the classical rubber elasticity theory, as described 
in Equation (2):

where T is the absolute temperature (in Kelvin), E′ is the storage 
modulus in the rubbery plateau (Tg + 50°C), and R represents the 
universal gas constant [37, 38].

Mechanical properties were assessed via tensile tests follow-
ing the ISO 527-2 standard. The tests were carried out using 
an Instron 5966 machine equipped with a 2 kN load cell and 
pneumatic grips. A deformation rate of 2 mm min−1 and a grip 

separation of 50 mm were employed. Deformation was deter-
mined using a displacement transducer. The specimens 5A had 
dog bone shapes with gauge lengths of 26 mm, widths of 4 mm, 
and thicknesses of 2 mm.

3   |   Results and Discussion

3.1   |   Poplar Powder Characterizations

To achieve a more comprehensive understanding of the role 
of the filler addition in the developed 3D-printed composites 
and their final properties, the two poplar powders were thor-
oughly characterized from thermal and morphological points 
of view.

Figure 2 reports TG (a) and the derivative DTG (b) curves per-
formed on PI and PIV powders, respectively.

Figure  2a shows the percentage mass variation as a function 
of temperature of the two poplar wood powders. Both show a 
significant mass loss between 200°C and 450°C, the range in 
which the thermal degradation of the main biomass components 
occurs, such as hemicellulose, cellulose, and lignin [32]. PI starts 
to lose mass at slightly lower temperatures with respect to PIV. 
Above 400°C, the residual mass tends to stabilize, indicating 
that most of the filler degradation is complete.

Figure  2b, relating to DTG curves, shows the mass loss rate 
versus temperature. Both powders exhibit very similar profiles, 
characterized by three distinct peaks: one at around 290°C, as-
sociated with the hemicellulose degradation; a second peak at 
around 310°C–320°C related to cellulose decomposition; and a 
third degradation peak at temperature above 400°C, attributable 
to lignin fraction [31, 32], the last component to degrade, due to 
its aromatic structure [39, 40].

Furthermore, both poplar powders show an ash content of 5 
and 6 wt% for PI and PIV, respectively, resulting from the in-
organic elements present in the poplar wood powders, like 
phosphorus (P), potassium (K), calcium (Ca), and magnesium 
(Mg), which are their macronutrients and give information 
about the main nutrients present in the soil [32]. The presence 
of these inorganic elements was confirmed by EDS analysis, 
revealing an average percentage by mass in the powders equal 
to: Ca 2.19% ± 0.17%, K 0.52% ± 0.11%, P 0.14% ± 0.05% and Mg 
0.12% ± 0.04%. PIV shows slightly higher ash content, prob-
ably due to the different starting feedstock. All the thermal 
data obtained for the two poplar powders are summarized in 
Table 1.

SEM images were also acquired to examine the morphology 
of the PI (a–b) and PIV (c–d), as reported in Figure 3. The mor-
phology of PI presents an irregular and fragmented structure. 
At higher magnifications, PI shows fractured and broken frag-
ments with irregular surfaces, as visible from Figure 3a,b. The 
lack of structural cohesion is evident, with a disordered and 
poorly integrated arrangement. On the contrary, the PIV struc-
ture appears denser and more compact from the first magnifi-
cation, with particles with a lamellar morphology and a more 
regular structure. PIV maintains the lamellar microstructure 

(2)ve =

(

E�

3RT

)
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at higher magnifications, as shown in Figure 3c,d, with par-
ticles that fold and overlap like thin sheets. The surfaces ap-
pear more uniform. For both powders, the particles tend to 
aggregate in compact structures, as results obtained from PSD 
characterization.

To better investigate the particle size distribution of poplar 
powders, a granulometric analysis was performed by exam-
ining many poplar powder particles. The values of the particle 
size distribution, aspect ratio, and circularity of the two pop-
lar powders evaluated by morphological imaging are listed in 
Table 2.

The results indicate that PI particles have an average diameter 
of 2 μm, an average aspect ratio of 0.7, and an average circularity 
close to 0.80. PIV particles, on the other hand, show an average 
diameter of 6 μm, an average aspect ratio of 0.7, and an average 
circularity close to 0.8. Therefore, PIV particles are larger and 
more heterogeneous, characterized by greater variability in size, 
some of which are very large and likely clusters. The aspect ratio 
indicates how elongated the particles are; a value of 1 means a 
perfect circle; values lower than 1 indicate more elongated par-
ticles. From the results obtained, both powders have moderately 
elongated particles, with PI slightly rounder in the median but 
more variable. Regarding circularity, values close to 1 indi-
cate rounder particles. Circularity is very similar between the 
two powders. Both have good average roundness, but PI shows 

greater variability, with some particles less circular. SEM analy-
sis had already highlighted these differences, which were quan-
tified by morphological analysis.

3.2   |   Photocurable Formulations Characterization

The viscosity results of the photocurable formulations are 
shown in Figure  4 and summarized in Table  3. All formula-
tions exhibit a decrease in viscosity as the shear rate increases. 
At higher shear rates, the formulations display a plateau region 
where viscosity becomes nearly constant. The viscosity of the 
unfilled formulation increases with the addition of poplar wood 
powders, but the viscosity remains below the instrumental vis-
cosity required for VPP [41, 42].

The shear rate was selected at 100 s−1 because it is a value 
commonly used to represent processing conditions relevant to 
VPP technologies, where the resin experiences moderate shear 
during recoating and flow. Therefore, this value was chosen 
to provide a representative and comparable assessment of the 
viscosity of the different formulations. Continuous lines repre-
sent the corresponding Carreau model, which provides a fit to 
the data, enabling interpolation across the measured shear rate 
range and a clear visualization of the overall rheological behav-
ior. Comparison between the experimental data and the Carreau 
fits shows excellent agreement across all shear rates, with 
R2 ≥ 0.9986 for all systems. At high shear rates, the fit reproduces 
almost exactly the measured viscosities. For example, at 100 s−1, 
the experimental viscosities are 170, 185, and 272 mPa s for A-IB, 
A-IB + 3PI, and A-IB + 3PIV, respectively, while the correspond-
ing Carreau fit values are 175, 194, and 288 mPa s, demonstrat-
ing that the model converges with the experimental data.

Overall, the Carreau fits allow interpolation between the discrete 
experimental measurements, providing a quantitative descrip-
tion of the shear-thinning behavior and enabling direct compar-
ison of the rheological properties of the formulations. Figure 4 

FIGURE 2    |    TGA (a) and DTG curves (b) of the two poplar wood powders.

TABLE 1    |    Main thermal properties of the two poplar wood powders.

Sample 
code

T5%
a 

(°C) Tmaxdegr
b (°C) Ash contentc (%)

PI 249 288–311–405 5

PIV 256 294–323–426 6
aT5% represents the temperature at which 5% of the mass is lost.
bTmaxdegr is the temperature at which the degradation rate is maximum.
cAsh content was evaluated at 900°C.
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clearly presents both the individual experimental data points 
and the fitted curves, accurately representing the influence of 
poplar powder addition on the viscosity across the entire shear 
rate range. The Carreau model was selected because it accu-
rately describes the shear-thinning behavior of non-Newtonian 

fluids, as expressed in Equation (3). This allows a realistic esti-
mation of the viscosity and facilitates direct comparison of the 
effects of powder addition on the rheological properties of the 
systems [43]. The excellent agreement with the experimental 

FIGURE 3    |    SEM micrographs at different magnifications, 300× and 1500×, of PI (a, b) and PIV (c, d).

TABLE 2    |    Poplar powders diameter, aspect ratio, and circularity 
evaluated by PSD analysis.

Sample 
code

Diameter 
(μm) Aspect ratio Circularity

PI D [n, 0.1]: 0.3 D [n, 0.1]: 0.4 D [n, 0.1]: 
0.5

D [n, 0.5]: 0.9 D [n, 0.5]: 0.8 D [n, 0.5]: 
0.9

D [n, 0.9]: 3.8 D [n, 0.9]: 0.9 D [n, 0.9]: 
0.9

PIV D [n, 0.1]: 1.5 D [n, 0.1]: 0.4 D [n, 0.1]: 
0.6

D [n, 0.5]: 2.2 D [n, 0.5]: 0.7 D [n, 0.5]: 
0.9

D [n, 0.9]: 14.8 D [n, 0.9]: 0.9 D [n, 0.9]: 
0.9

FIGURE 4    |    Viscosity as a function of shear rate for the three sys-
tems: A-IB, A-IB + 3PI, and A-IB + 3PIV. Experimental data are shown 
as discrete points, while continuous lines represent the corresponding 
Carreau model fits.
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data, indicated by R2 ≥ 0.9986, further supports the suitability of 
this model for representing the flow behavior of all three studied 
formulations.

where �0 is the viscosity at zero shear rate; �∞ is the infinite 
shear rate viscosity; � is the time constant; ȳ is the shear rate; 
a is the parameter that defines the shape of the transition; n is 
the flow index. If n < 1, as happens in these studied systems, it 
means that they are pseudoplastic fluids, which exhibit shear-
thinning behavior, that is, the viscosity decreases as the shear 
rate increases. This means that at low shear rates, the viscosity 
remains extremely high, corresponding to the zero-shear viscos-
ity �0, while even a small increase in shear rate leads to a rapid 
decrease of the viscosity toward the high-shear plateau �∞, as 
clearly visible in Figure 4. The results, summarized in Table 3, 
indicate that the nature of the fillers can affect the system's vis-
cosity differently depending on the type of poplar wood powder, 
presumably due to variations in their origin, chemical composi-
tion, and surface morphology.

Notably, the densities of the two poplar powders, measured with 
the pycnometer, are 1.516 g cm−3 for PI and 1.517 g cm−3 for PIV, 
indicating that the volume fraction of the two powders in the 
mixtures is approximately the same (2.01% as calculated using 
Equation  1) and thus is irrelevant to the different viscosity 
[31, 32]. Photo-DSC analysis allowed for assessment of the influ-
ence of poplar powders on the reactivity of the system, as shown 
in Figure 5.

ΔHexp, which indirectly reflects the overall conversion degree 
[37] obtained by performing the integral of each curve, is very 
similar among the samples, with a slight decrease observed in 
the A-IB + 3PI sample. hpeak, which corresponds to the maxi-
mum heat flux recorded during the thermal event [37], shows a 
reduction from A-IB to filled samples. tpeak represents the time 
at which the exothermic reaction reaches its peak [37] and is 
around 5.5 s for A-IB and tends to slightly increase in the sam-
ples containing poplar powders.

In summary, the addition of 3 phr of PI and PIV seems to primarily 
influence the kinetics and intensity of the thermal events, resulting 
in a slight delay in peak time and a reduction in peak power, while 
leaving the transition enthalpy largely unchanged. Therefore, the 
observed trends indicate that both PI and PIV have a minimal in-
hibitory effect on photopolymerization, reducing the reaction's 
intensity and overall efficiency. To effectively use poplar wood 
powders in photopolymerizable systems, it is essential to carefully 
optimize the formulation, production processes, and printing pa-
rameters to ensure a high degree of monomer conversion.

3.3   |   3D Printing of AESO-Based Samples by LCD

To ensure the best print quality and dimensional accuracy, the 
printing parameters were carefully optimized. The optimization 

(3)𝜇 = 𝜇∞ +
𝜇0 − 𝜇∞

[

1+(𝜆ȳ)a
]
1−n

a

TABLE 3    |    Viscosity of photocurable formulations evaluated at 25°C 
and 100 s−1 shear rate.

Sample code Viscosity (mPa s)

A-IB 170

A-IB + 3PI 185

A-IB + 3PIV 266

FIGURE 5    |    Comparison among p-DSC curves of AESO-based pho-
tocurable formulations.

TABLE 4    |    Printing parameters of AESO-based photocurable 
formulations.

Parameter A-IB A-IB + 3PI A-IB + 3PIV

Layer height (mm) 0.100 0.100 0.100

Exposure time (s) 20 22 25

Bottom exposure time 
(s)

25 32 35

Rest time before lift (s) 1 1 1

Rest time after lift (s) 5 5 5

Rest time after retract 
(s)

3 3 3

Bottom lift distance 
(mm)

6 6 6

Lifting distance (mm) 6 6 6

Bottom retract 
distance (mm)

6 6 6

Retract distance (mm) 6 6 6

Bottom lift speed 
(mm min−1)

90 70 70

Lifting speed 
(mm min−1)

90 70 70

Bottom retract speed 
(mm min−1)

170 150 150

Retract speed 
(mm min−1)

170 150 150
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of exposure parameters was performed using the validation ma-
trix provided by Phrozen. This approach allowed a systematic 
characterization of the printing conditions, aimed at defining 
the optimal values to ensure uniform polymerization, high de-
tail resolution, and dimensional reproducibility consistent with 
the CAD model. The optimized printing parameters for the real-
ization of the samples are summarized in Table 4.

Layer height was kept constant at 0.100 mm for all formula-
tions to ensure good printing resolution. The irradiation times 
for the filled samples (A-IB + 3PI and A-IB + 3PIV) were slightly 
increased from those used for A-IB; this elevation reflected the 
need to provide more energy to effectively photopolymerize in 
the presence of lignocellulosic particles. Bottom exposure time 
was also slightly increased with the addition of powders, thus 
ensuring good adhesion to the metal platform. Rest times and 
lift and retraction distances were kept equal for all formulations, 
to avoid mechanical distortions during vertical movement and 
to minimize interlayer defects. Meanwhile, the lifting and re-
traction speeds were set to be slower for the filled formulations, 
due to the increased viscosity. As previously mentioned, all pho-
tocured samples underwent posttreatment to complete the pho-
topolymerization process.

After determining the appropriate printing parameters for each 
photocurable formulation, rectangular and dog bone-shaped 
specimens were realized via LCD for the characterization tests, 
and then different AESO-based photocured complex objects 
were successfully 3D printed, as shown in Figure 6.

Figure 6a presents high-density cubic lattices with fine spatial res-
olution, fabricated with the three tested formulations. Figure 6b 
shows two complex structures with a hierarchical design and in-
ternal voids. A visual inspection of the printed components reveals 
that the poplar-based composite samples exhibit high resolution 
and accuracy, strong layer adhesion, and well-defined edges, with 
minimal defects. Moreover, the complex structures maintain their 
geometry across all formulations, demonstrating that poplar-filled 
composites are capable of producing complex structures while 
maintaining structural integrity.

3.4   |   Photocured Samples Characterizations

After printing the specimens for characterization tests, the mor-
phological, thermal, viscoelastic, and mechanical properties of 
the AESO-based photocured samples and related composites 
were evaluated using different assays. The gel content represents 
the percentage by weight of the polymer network that remains 
insoluble in chloroform after undergoing extraction under de-
fined conditions. All samples prepared were tested and showed 
satisfactory results, with gel content percentages exceeding 99% 
as reported in Table 5.

Table 5 provides a comparison of thermogravimetric data for all 
photocured samples, highlighting values related to thermal deg-
radation and ash content. The results show a slight difference 
between the composites and poplar wood powders in the deg-
radation starting temperature (T5%) and maximum degradation 
temperatures (Tdegrmax).

Figure 7 presents the TGA (a) and DTG curves (b) of the printed 
poplar-filled samples.

The curves show that the presence of the powders does not 
substantially alter the thermal stability of the resin, as evi-
denced by the overlap of the first two peaks in the DTGs and 
the minimal variation in the last peak, which shows a slight 
increase (almost 10°C) only in the sample containing PIV. The 
ash content is zero in the samples without filler, confirm-
ing the absence of inorganic components in the resin alone. 
Conversely, in the samples containing powders, an ash con-
tent of 2% was observed for A-IB + 3PI and 3% for A-IB + 3PIV, 
likely due to the presence of inorganic materials in the pow-
ders that did not completely decompose during thermogravi-
metric analysis.

FIGURE 6    |    High-density cubic lattice structures (a) and hierarchical 3D printed samples of (b).

TABLE 5    |    Thermogravimetric properties and gel content of the 
AESO-based samples.

Sample 
code

Gel 
content 

(%)
T5%

a 
(°C)

Tmaxdegr
b 

(°C)

Ash 
contentc 

(%)

A-IB 99.7 260 317–401–
558

0

A-IB + 3PI 99.3 290 317–401–
560

2

A-
IB + 3PIV

99.3 291 317–398-
568

3

aT5% represents the temperature at which 5% of the mass is lost.
bTmaxdegr is the temperature at which the degradation rate is maximum.
cAsh content was evaluated at 900°C.
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Figure  8 presents the SEM images acquired to examine the 
morphology of the unfilled and filled photocured specimens. 
Figure 8a,b shows the SEM micrographs of the fracture surface 
of the 3D printed A-IB sample without filler, at two different 
magnifications, which highlights a homogeneous and compact 

morphology, with well-adherent layers and no visible disconti-
nuities or inclusions.

Figure 8c–f shows the SEM micrographs of the samples filled 
with poplar powders; both cases present a uniform distribution 

FIGURE 7    |    TG (a) and DTG curves (b) of AESO-based samples.

FIGURE 8    |    SEM micrographs at different magnifications of AESO-based samples, 300× and 1500× of A-IB (a, b), A-IB + 3PI (c, d), and A-
IB + 3PIV (e, f).
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and good dispersion of the particles inside the AESO matrix. 
Furthermore, good adhesion between the fillers and the matrix 
is highlighted, since they are well integrated within the cross-
linked polymer matrix.

Figure  9 presents a comparison of the DMTA curves for 3D 
printed samples. The A-IB sample exhibited a value of E′ of 
1.1 GPa. The incorporation of PI and PIV bio-fillers into the A-IB 
photocurable formulations significantly enhanced the storage 
modulus. This improvement is likely attributable to the stiffen-
ing effect induced on the filler particles, which restricts poly-
mer chain mobility. In line with these findings, the inclusion 
of bio-fillers appears to increase the stiffness of the material in 
the glassy region, confirming their potential reinforcing role, al-
though the differences are not substantial.

Table 6 summarizes the viscoelastic properties of the photocured 
samples, measured at 25°C. The storage modulus (E′) indicates 

the elastic component of the material, while the loss modulus 
(E″) represents the viscous or dissipative component. Finally, 
the TanDelta value is the ratio between the E″ and the E′.

All formulations exhibit a similar reduction in E′ as temperature 
increases, corresponding to the Tg, which is evident as a maxi-
mum of the peak of the TanDelta curves.

Furthermore, the TanDelta curves of A-IB + 3PI and A-IB + 3PIV 
show a broader profile compared to the unfilled A-IB sample, 
which reflects a wider distribution of segmental relaxation pro-
cesses and implies increased structural heterogeneity, likely due 
to the presence of microdomains with variable polymer–filler 
interactions.

Thus, the addition of poplar wood powders not only modifies 
stiffness but also introduces more complex molecular dynamics 
within the polymer matrix.

FIGURE 9    |    DMTA curves of AESO-based samples, E′ (a), and TanDelta (b).

TABLE 6    |    Viscoelastic properties of AESO-based samples.

Sample code E′@25°C (GPa) E″@25°C (GPa) TTanDeltamax (°C) ve (mol m−3)

A-IB 1.1 0.1 92 9,5E+02

A-IB + 3PI 1.6 0.1 94 1,6E+03

A-IB + 3PIV 1.7 0.1 95 1,7E+03

TABLE 7    |    Tensile properties of AESO-based samples.

Sample code Young's modulus (MPa) Ultimate tensile strength (MPa) Elongation at break (%)

A-IB 634 ± 42 7 ± 1 29 ± 1

A-IB + 3PI 674 ± 16 33 ± 2 8 ± 1

A-IB + 3PIV 679 ± 11 31 ± 0 7.1 ± 0.1
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From the comparison of the crosslink density values ve, also re-
ported in Table 7, the addition of PI and PIV gives a significant 
increase in ve compared to that obtained for A-IB.

In conclusion, the incorporation of poplar powders within the 
thermoset matrix enhances crosslinking, improving the struc-
tural properties of the photocured polymer and promoting the 
formation of a denser, more robust 3D network. This behavior 
indicates good filler–matrix interaction and a positive effect of 
the poplar powders on the cross-linked structure.

Sample A-IB, considered as a reference, shows a Young's mod-
ulus of 634 MPa, an ultimate tensile strength (UTS) of 7 MPa, 
and an elongation at break of 29%. This indicates a material 
with good stiffness, fair mechanical strength, but poor defor-
mation capacity.

With the addition of the PI filler, the Young's modulus increases, 
a sign of greater stiffness of the material. While the elongation 
decreases dramatically by adding poplar powder, highlighting a 
much more ductile behavior.

Similar behavior is also observed in the sample filled with 
PIV. The Young's modulus and UTS further increase, and the 
elongation at break decreases. Therefore, both PI and PIV in-
crease  the stiffness (Young's modulus) and the UTS of the 
material, but with a consequent reduction in deformability 
(elongation).

4   |   Design of a Joint for Furniture

The furniture joints described in this paragraph represent one 
of the proofs of concept within the MICS program, which fo-
cuses on identifying, processing, and developing solutions to 
enhance the circularity of material resources in key Italian in-
dustrial sectors associated with the Made in Italy brand. The 
design and production of the joint represent the final stages 
of a research process that began with studying a specific pro-
duction process, followed by a qualitative assessment of the 
potential for reusing the primary waste associated with it.

This effort culminated in experiments exploring the incorporation 
of such wastes into AM processes. The decision to focus on the de-
sign of joints for wood panels and components enables the project 
to seamlessly combine two of Italy's most iconic industries: wood 
products and furniture design. In research on designing furniture, 
particular attention is paid to the study of connecting elements 
between two-dimensional elements, such as panels, but also one-
dimensional elements, such as laths [44, 45].

In the present paper, the bio-based composite formulations 
tested were used to produce via LCD 3DP joints for connect-
ing two-dimensional panels and elements to be integrated into 
window frames. A survey of the main types of connections 
between flat panels was conducted as a preliminary step for 
designing the elements.

One of the most straightforward solutions for joining flat com-
ponents is the Plywood connection. It utilizes plastic elements 

made from polyamide 6 and achieves secure fastening through 
a metal nut and bolt mechanism. This adjustable tightening sys-
tem enables the connection of panels with varying thicknesses.

Additionally, the components are designed to accommodate 
multiple angle configurations, including 90°, 105°, and 150°. 
Other types of connections, like the joint designed by Ollè 
Gellèret [46], guarantee a secure hold through the friction gener-
ated with the panel. These joints are produced from nylon using 
two AM methods: one set via Fused Filament Fabrication (FFF) 
and the other through Selective Laser Sintering (SLS). The joint 
is designed to connect panels with an exact thickness of 8 mm 
and can accommodate angles of 45°, 90°, and 120°, depending 
on the available configurations.

Drawing inspiration from the connection systems developed 
by Plywood and designer Ollè, custom-sized joints suitable 
for 3DP were designed. The various configurations were mod-
eled using the 3D software SketchUp, which was also used to 
generate the corresponding STL files. These files were then 
imported into CHITUBOX software to create print-ready files 
compatible with the 3D printer. The support structures were 
used during the printing process to ensure the best possible 
quality of the final object. Initial testing of the complex struc-
tures provided important feedback that guided refinements 
to the 3D model, enabling geometric modifications that im-
proved both the functionality and overall efficiency of the 
project.

A series of objects was successfully printed as shown in 
Figure 10, including fasteners such as screws, nuts, bolts, and 
anchors with varying numbers of layers depending on the cho-
sen model (a), components with relatively simple geometries, 
such as covers and square elements (b), and screw and fixed 
connections (c) and (d).

The corner plates, reported in Figure  10b, were designed and 
produced to act as connectors between panels in a window 
frame assembly. These components were installed in a wooden 
frame made entirely of poplar wood, where their primary func-
tion is to join the laths and panels, ensuring the structural sta-
bility of the entire frame. The connections were subsequently 
combined with 12 mm-thick plywood panels to explore various 
assembly configurations.

Figure 11 presents the first setup made, demonstrating how pan-
els can be connected while remaining spaced apart, using both a 
screw-tight connection, as visible in Figure 11a,b, and a snap-fit 
connection, as illustrated in Figure 11c,d. The second configura-
tion involves the use of plates and screws to create an interlocking 
connection between the two panels, as shown in Figure 11e,f.

5   |   Conclusion

Incorporating poplar wood powders as bio-fillers into AESO-
based photocurable resins enhances the mechanical and vis-
coelastic properties of the resulting materials. The thermal 
properties do not undergo major changes with the inclusion of 
powder dust in the A-IB systems.
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The characterization of the powders through morphologi-
cal analysis (SEM) shows that they do not show the presence 
of clusters or agglomerates that can lead to printing criticality. 
Thermal analysis shows that the major decomposition peaks 
are almost 300°C, which means that poplar powders show good 
thermal stability.

Rheological analyses on photocurable formulations demon-
strate an increase in viscosity by adding the two poplar wood 
powders; however, the values remain within the optimal range 
for processing with M-SLA technology.

p-DSC analysis on liquid photosensitive formulations showed 
that the addition of poplar powders to the A-IB formulation re-
duces the intensity of the thermal peak (hpeak) and slightly slows 
down the reaction kinetics (tpeak), while maintaining the tran-
sition enthalpy (ΔHexp) almost unchanged. These results indi-
cate a slight inhibitory effect on photopolymerization by the PI 
and PIV powders, which led to the need to carefully optimize the 
formulation and the 3DP parameters to ensure high monomer 
conversions and resolutions of the final printed parts.

Additionally, the photo-cross–linked specimens were charac-
terized by gel content, thermal, morphological, and mechanical 
properties, all of which provided insights into the structural 
integrity and performance of the composites. From a thermal 
perspective, adding poplar wood powders did not negatively 
impact the thermal stability. The characterization of the photo-
cured material through SEM shows good adhesion between the 
bio-fillers and the cross-linked polymer matrix, with a uniform 
distribution of the powders.

The DMTA results show an increase in the E′ and Tg values, 
indicating a stiffer structure. Furthermore, tensile tests reveal 
that the composites containing fillers exhibit a higher Young's 
modulus and greater UTS values, whereas the deformation ca-
pacity before breaking significantly decreases compared to the 
unmodified sample.

The collaboration between the Department of Applied Science 
and Technology and the Department of Architecture at the 

Politecnico di Torino has played a crucial role in achieving 
these results. On one hand, it has enabled the development and 
optimization of sustainable bio-based materials tailored for 
architectural and internal design uses. Moreover, these exper-
imental materials have been successfully translated into real, 
functional components via AM, bridging the gap between scien-
tific research and industrial design applications. This synergy 
has fostered innovation in both construction methods and pre-
fabrication technologies: 3DP with bio-based composites opens 
new possibilities for low-impact construction systems.

Alternative assembly strategies, including modular connectors, 
window frames, and compact urban or household furnish-
ings, were explored, demonstrating how the integration of ad-
vanced materials research with architectural experimentation 
can lead to more sustainable and creative solutions in the built 
environment.

Findings demonstrate that poplar wood powder waste can serve 
effectively as a bio-based filler in polymer composites, offering 
a sustainable and environmentally friendly alternative to tra-
ditional materials and supporting the advancement of greener 
manufacturing practices, with particular attention to the furni-
ture sector.

Using AM processes increases the circularity of industrial 
production by enabling the reuse of waste and by-products in 
new or related supply chains. For instance, new synergies and 
business models could emerge between the wood panel and 
furniture production chains, fostering greater collaboration 
between the economic actors of the two sectors from an in-
dustrial symbiosis perspective. The use of bio-composites in 
construction and design fields can be expanded to include the 
production of additional cover plates and even frame sections 
for window frames. The results indicate that further devel-
opment of components for the furniture sector using LCD-
printed composites with poplar wood powders is possible. 
The specifics of 3DP technology have enabled the creation of 
objects with complex geometry, allowing the design and print-
ing of connections for interior design applications. Due to the 
favorable mechanical properties of these composite materials, 

FIGURE 10    |    Screws, nuts, bolts, and dowels (a), simple components such as covers and square elements (b), and screw and fixed connections (c, 
d).
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further studies can be conducted to develop connections be-
tween elements subjected to compressive and tensile forces 
greater than those presented in this article.

6   |   Materials and Methods

6.1   |   Materials

AESO, a bio-based photopolymerizable resin, was chosen as 
a bio-based starting photocurable resin for the formulation. It 
has a density of 1.04 g mL−1 and a viscosity ranging from 15 

to 38 Pa s at 25°C. However, to meet the requirements of VPP 
technology, which requires viscosities lower than 1 Pa s [41]. 
It was necessary to add a reactive diluent; for this purpose, 
isobornyl methacrylate (IBOMA), a bio-based monomer de-
rived from pine, was used. This compound, with a density of 
0.983 g mL−1 at 25°C, has low viscosity and reduced shrinkage 
potential. It actively participates in polymerization, becoming 
part of the final polymer network, as well as reducing the vis-
cosity of the mixture, improving its printability both in pure 
and in loaded with poplar wood powders forms [47]. Phenyl 
bis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) was 
chosen as a radical photoinitiator. BAPO is a type I radical 

FIGURE 11    |    Screw-tightening joint element based on A-IB + 3PIV (a), A-IB + 3PI (b), snap-fit connection element based on A-IB + 3PIV (c), and A-
IB + 3PI (d). Plates between plywood panels based on A-IB + 3PIV (e) and A-IB + 3PI (f).

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20251237 by G

iovanna C
olucci - Politecnico D

i T
orino Sist. B

ibl D
el Polit D

i T
orino , W

iley O
nline L

ibrary on [15/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 Journal of Polymer Science, 2026

photoinitiator that undergoes a homolytic bond cleavage upon 
irradiation to yield free radicals. BAPO offers several advan-
tages, including a short triplet lifetime resulting in high photo-
activity and blue-shifted absorption, making it suitable for use 
in visible light. It also undergoes photobleaching, a process in 
which it loses optical absorbance during radical formation, re-
sulting in the formation of uncolored photoproducts, enabling 
the production of colorless photocured samples [48].

AESO, IBOMA, and BAPO for the preparation of photocur-
able formulations were purchased from Merck (Darmstadt, 
Germany). Two different bio-filler powders, poplar wood pow-
ders type I (PI) and type IV (PIV), were incorporated within 
the AESO-based photocurable formulations to prepare the 
final composites, each added at 3 phr (per hundred parts of 
resin).

6.2   |   Poplar Powders Preparation

The feedstocks used to produce the PI and PIV poplar powders 
were roundwood and wood dust, respectively, as shown in 
Figure 12.

PI was prepared by milling flakes and fragments of raw poplar 
round wood in an electric powder machine (blade mill) for 
20 min. The resulting powder was sieved manually using a 
sieve with a mesh size of less than 100 μm for about 30 min. 
Whereas PIV was prepared by grinding plywood production 
waste as briquettes in an electric powder machine (blade mill) 
for 2 min. The resulting powder was then sieved manually 
using a sieve with a mesh size of less than 100 μm for approxi-
mately 45 min. The corresponding acronyms for reagents and 

the two poplar powders used in this research project are listed 
in Table 8.

6.3   |   Preparation of Photocurable Formulations

Photocurable formulations were prepared by mixing AESO 
and IBOMA in a 50:50 weight ratio. This ratio was selected 
after several rheological tests varying the AESO and IBOMA 
content from 100 to 0 wt%, as it resulted in a viscosity close to 
the optimal value required for VPP [41], thus ensuring good 
printability [13].

Formulations were prepared by mixing AESO and IBOMA with 
magnetic stirring for 3 h at 25°C. Then, Ultra-Turrax T10 Basic 
S1 (UT) was used at around 25,000 rpm for 5 min, followed by 
10 min of ultrasonic bath (UB) at room temperature. Then, 3 
phr of bio-fillers were added to the formulation by using UT 
for 5 min at 25000 rpm. Subsequently, the 10-min step of UB at 
room temperature was repeated. Finally, 2 phr of BAPO was 
added within the formulation by mixing it for 5 min with UT at 
25,000 rpm, and 10 min in an UB at 60°C, with a degassing tool, 
was performed.

A series of sedimentation tests was first performed to assess 
whether the formulation components tend to separate over 
time and settle at the container bottom. Monitoring sediment 
formation is crucial for the 3DP process, as material depo-
sition can lead to printing errors and result in components 
with variable mechanical behavior. Each formulation incor-
porating powders underwent sedimentation evaluation, with 
observations recorded continuously over a 1 to 24-h period. 
These findings also contributed to identifying the most suit-
able geometry for printed parts, which depends significantly 
on both print duration and filler concentration. The stabil-
ity of the A-IB formulations filled with 3 phr of powder over 
time is shown sequentially in Figure 13. At time zero, both PI 
and PIV dispersions appeared homogeneous, as illustrated in 
Figure 13a.

After 8 h, the formulations remained stable and printable, with 
no significant sedimentation observed, as shown in Figure 13b. 
However, by the 24-h mark, sedimentation occurred in both 
samples, with PIV settling more evidently than PI, as depicted 
in Figure 13c.

FIGURE 12    |    Raw poplar wood PI (a) and briquettes PIV (b).

TABLE 8    |    Material names and related codes.

Material name Code

Acrylate epoxidized soybean oil (AESO) A

Isobornyl methacrylate (IBOMA) IB

Poplar wood powder type I PI

Poplar wood powder type IV PIV
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6.4   |   3D Printing Process

Photocurable formulations were 3D printed with a Phrozen 
Sonic Mini 8K VPP (Phrozen, Hsinchu City, Taiwan), a printer 
that operates using LCD technology in a bottom-up configura-
tion that reduces the amount of resin in the vat at any one time, 
saving materials and costs [11]. This includes slicer software 
called CHITUBOX V1.9.0, which enables loading the STL file of 
the desired part, selecting its orientation, and applying supports 
to connect the piece to the printing platform. The software also 
allows adjustments of printing parameters such as layer thick-
ness, exposure time, and speed during the printing process. 
The photocured samples were detached from the build plat-
form, washed with 2-isopropanol alcohol (Merck—Darmstadt, 
Germany) for 15 min, then air-dried for 24 h, and subsequently 
post-cured at 25°C for 60 min using an Anycubic Wash & Cure 
Plus machine (Anycubic Technology Co., Hong Kong) equipped 
with a UV lamp of 405 nm.
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