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chipboard controlled temperature and pressure conditions. Standardized tests according to EN requirements
pine cones were conducted to determine mechanical properties, complemented by scanning electron microscopy
recycled biomass (SEM) for structural evaluation. The results showed that all boards met EN 312 flexural strength
mechanical properties requirements, with up to 15% improvement in surface screw pull-out resistance at the highest cone
SEM content. SEM analysis revealed that pine cone particles have a complex, entangled fibrous structure,
surface layer unlike conventional chips, enhancing mechanical interlocking with the resin. This improved interfacial
interfacial bonding bonding contributes to better stress transfer and reduced porosity in the outer layers. Additionally,

boards gained unique aesthetic features from the natural coloration of cones. These findings demon-
strate that underutilized biomass can be successfully applied in sustainable, structurally sound, and
visually appealing wood-based panels.
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Introduction results in increased consumption of wood, particu-

larly pine, as the primary raw material (Rivela et al,,
Particleboard has long been an important material 2006). To mitigate this demand and preserve forest
in the construction and furniture industries, valued resources, recycled wood has become an import-
for its durability, low weight, and ease of processing ant component in board production (Nguyen et al.,
(Borgin, 1958). The growing demand for particleboard ~ 2023). For instance, a study by Azambuja (Azambuja
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et al., 2018) showed that up to 25% of residues such
as MDP panels, plywood, and timber can be mixed
with pine chips without negative effects on mechan-
ical performance, while the use of segregated wood
waste at the same proportion improved the modulus
of elasticity.

Beyond recycled wood, alternative raw materials
such as agricultural biomass and wood waste (Suga-
hara et al., 2019; Madurwar et al., 2012) and recycled
by-products (Martins et al., 2021) have been widely
studied as substitutes in particleboard production.
This approach not only addresses the growing demand
for wood-based materials but also supports circu-
lar economy principles (Andrzejewski et al., 2024;
De Lima Mesquita et al., 2018; Pedzik et al., 2021).
Various agricultural and natural residues have been
tested as partial replacements for wood particles,
including coconut fibres (Taquetti et al., 2023; Viswa-
nathan, 1999), jute stalks (Nitu et al. 2020, 2022), hemp
fibres and shives (Battegazzore et al., 2018; Zvirgzds
et al., 2022), cotton (Ferrandez-Garcia et al., 2021;
Shaikh et al., 2010), and many others (Atoyebi et al.,
2021; Lee et al., 2022; Owodunni et al., 2020). Several
studies have focused on incorporating pine-derived
components into particleboards. A study by Buyuk-
sari (Buyuksari et al., 2010) investigated three-layer
boards made from a pine-beech mixture with the
addition of Scots pine cones. Their results showed
reduced formaldehyde emission and improved water
resistance compared to conventional boards, although
mechanical properties decreased with higher cone
content. Similarly, Santos et al. (2021) reported that
the addition of maritime pine needles enhanced bond-
ing strength in particleboards.

Pine cones, a natural component of pine forests, when
added to chipboard, pine cones introduce a distinctive
structural and visual element. During production, appro-
priate pressure and temperature changes result in a dense
and durable material. The addition of pine cones, rich in
natural substances, can affect both the boards’ mechani-
cal and aesthetic properties, giving them a characteristic
appearance and texture. Moreover, the wood used in
these boards should meet high-quality standards, and its

sourcing should comply with sustainable development
principles (Ferrandez-Garcia et al., 2021).

By advancing towards more innovative and eco-

-friendly solutions, it is feasible to experiment with

additives such as pine cones and needles to enhance
both the structural and aesthetic performance of
particleboards. The production process typically
involves thoroughly mixing shredded wood chips and
cones with binding substances, often in the form of
synthetic or natural resins, which are critical not only
for adhesion but also for mechanical performance and
durability (Guler and Ozen, 2004). Such approaches
represent a step forward in sustainable manufacturing
practices, combining the utilization of underexploited
natural resources with modern board production
technologies.

The aim of this study was to investigate the influence
of shredded Scots pine cones on selected mechani-
cal properties of particleboards, specifically bending
strength and screw pull-out resistance. The objective
was to evaluate whether the addition of pine cone parti-
cles can enhance or maintain the structural integrity of
the boards without compromising their performance,
while also exploring the potential environmental bene-
fits of incorporating this renewable raw material.

Materials and methods

1. Contribution of shredded pine cones to the test
panels

The following basic materials were used to produce
particleboards with shredded pine cones: ‘coarse’ chips
for the inner layer (Pinus sylvestris, moisture content
6-8%), fine chips for the outer layer (Pinus sylvestris,
moisture content 8-10%), urea-formaldehyde adhesive,
and shredded pine cones. The adhesive consisted of
urea-formaldehyde resin (93.5% of the adhesive mass),
urea (6%), and hardener (0.5%). Fig. 1 shows a view
of the individual wood chips and shredded pine cones
used in the production of the panels.

The chips, mixed in the right proportions, were
combined with adhesive, after which a three-layer

Fig. 1. View of wood chips and shredded pine cones used in the production of the panel
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Table 1. Share of individual components of particleboard with shredded pine cones added

no. Contribution Chip mass of inner Chip mass Total mass Total mass
of cones to the layer [g] of outer layer [g] of binder of board
outer layer [%] (adhesive) [g] components Mp [g]
wood chips cones

1 0 352.0 0

2 10 316.8 35.2

3 20 281.4 70.6

4 30 715 246.4 105.6 100 1167

5 40 211.2 140.8

6 50 176.0 176.0

7 60 140.8 211.2

structure was formed and subjected to pressing to
achieve the desired density and strength. A 465 x
205 mm mould was used to produce the boards, which,
after pressing and due to mat expansion, yielded board
sheets with dimensions of 485 x 215 + 5 mm and
a thickness of 16 mm. Table 1 presents the proportions
of the components used in the manufactured boards,
including the reference sample without pine cones
and the variants with different pine cone contents.

For the boards produced, the following propor-
tions of components were used in the layers: 67% for
the inner layer and 33% for the two outer layers. The
urea-formaldehyde adhesive accounted for 9.37% of
the total dry weight of the chips. According to their
percentage of the board weight, 67% of the total adhe-
sive was applied to the inner layer, and 33% to the outer
layers. To ensure that the adhesive maintained sufficient
viscosity for dispensing during the chip sealing process
using an injector jet head, the temperature was kept
constant at 20 + 1°C.

The contribution of pine cones to the particleboard
structure and surface pattern was evaluated based on
mechanical tests and microstructural analysis.

Table 2. Basic parameters of the Phenom ProX

2. Preparing the components for board pressing

The microstructure of the wood chips was analyzed
using a Phenom ProX scanning electron microscope
(Thermo Fisher Inc., Waltham, MA, USA). The key
technical specifications of the device are summarized
in Table 2. Granulometric analysis was conducted to
determine the proportion of individual size fractions
in the samples. These analyses ensured the homoge-
neity of the mixture and contributed to reproducible
mechanical properties of the boards.

The tested materials were subjected to granulomet-
ric analysis by determining the proportion of individual
size fractions in the sample weights. An LPzE-2e sieve
shaker (MULTISERW-Morek, Marcyporeb, Poland)
was used in the study. A set of sieves with mesh diame-
ters ranging from 0.08 mm to 8 mm was used to deter-
mine the size of the inner layer chips, while sieves with
mesh sizes ranging from 0.02 mm to 5 mm were used
for the outer layer chips.

A precision balance WPS 1200/C/2 (RADWAG,
Radom, PL) was used to measure the weight of the adhe-
sive components, and a precision balance SBS-TW-6

Parameters Values

Digital zoom max. 12x

Electron optical magnification range 160x to 350000x
Light optical magnification 27x to 160x
Resolution, nm <6 SED and < 8 BSD
Acceleration volta ges, kV 5+20

Sample size, mm
Sample height, mm

Lifetime of thermionic source (CeB6), hour

Up to 25 (optional 32)
Up to 35 (optional 100 mm)
to 1500
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Table 3. Basic parameters of the WPS 1200/C/2 and SBS-TW-6 balances

laboratory balance WPS 1200/C/2

Max. Min. Readability Operating temperature Power supply
(g] [mg] [mg] [oC]
1200 500 10 +15/+30 230V, 50Hz/10.5C AC
laboratory balance SBS-TW-6
6 0.2 0.2 0/+40 230V, 50Hz
(Steinberg Systems, Expondo, Zielona Gdra, PL) was 3. Strength tests

used to measure the weight of the chips, shredded
pine cones, and the samples for strength testing. The
parameters of both balances are presented in Table 3.

A specially designed drum gluing machine (sealer)
was used for gluing the chips, a photograph of which
is shown in Fig. 2.

The shape and capacity of the sealer drum ensured
precise mixing of the board components. By adjusting
the drum speed, it was possible to seal chips for several
samples at a time. A single load produced enough mate-
rial for the production of two board formats.

When the chip sealing process was complete, and a 465
x 205 mm mat was formed, it was placed in a hydraulic
press with a maximum pressure of 50 x 10* N (Fig. 3).

The plates were then pressed using pressure plates
heated to 180°C. The RE62 controller (Fig. 3) enabled
the temperature to be precisely maintained during the
pressing of the boards. This procedure ensured boards
of uniform density and mechanical integrity.

The mechanical tests were conducted to evaluate the
influence of shredded pine cones on the structural
integrity and fastening performance of the boards.

In accordance with the PN-EN 310 standard, the
board formats were produced for strength testing
(PN-EN 310 1994). Three 50 + 1 mm wide strips were
cut from each board format. Six flexural strength test
specimens (with different proportions of cones) were
prepared for each board type.

The cutting process was carried out precisely, adapt-
ing the individual dimensions to the specific test.
Obtaining homogeneous specimens with the correct
dimensions was important for successful further
analysis. The total length of the test specimens should
be 20 times the specimen thickness plus 50 mm. For
a board thickness of 16 mm, the total length was, there-
fore, 370 mm. The specimens were then conditioned
to constant weight at 20 + 2°C and 65 + 5% relative

Fig. 2. Station for applying adhesive to chips (gluing machine)

Fig. 3. Board pressing station
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a) b)

<)

Fig. 4. Preparation of specimens for measuring the force during screw removal in the direction perpendicular
to the surface of the board: a) pre-drilling, b) view of screw inserted into the specimen,
¢) method of fixing the specimen in the holder

a) b)

<)

Fig. 5. Method of preparing the specimen for force measurement when removing the screw from the edge of the board:
(a) pre-drilled hole, (b) view of the screw inserted into the specimen, (c) method of fixing the specimen in the holder

b)

a) <)

d)

Fig. 6. Strength test rig: a) TSM-Pro machine, b) bending strength measuring principle,
¢) surface screw holding, d) edge screw holding

humidity to ensure repeatable test conditions across
all specimens. The thickness and width of each speci-
men were measured before the strength tests. Accord-
ing to EN 325 standard, the thickness was measured
at the intersection of the diagonals (EN 325 2012). The
width of each sample was measured at the centre of its
length. Using the SBS-TW-6 balance, the weight of each
sample was measured. Nine 50 x 50 mm specimens
were prepared for each of the screw pull-out tests.

A through-hole with a diameter of 5 + 0.1 mm was
drilled in the specimens intended for screw removal in
a direction perpendicular to the surface of the board.
A screw corresponding to the parameters of a euro

hinge screw with an external diameter of 6.3 mm (inter-
nal diameter 4.9 + 0.1 mm) was screwed into the hole,
as shown in Fig. 4.

A hole with an external diameter of 3.5 £ 0.1 mm
was drilled 30mm deep in the specimens for screw
removal from the edge. A mounting screw with a diam-
eter of 5 + 0.1 mm (inner diameter 3.4 + 0.1 mm) was
screwed into the hole, as shown in Fig. 5.

The actual strength tests of the samples were
carried out using the TSM-Pro (Fig. 6a), which
is provided by the Department of Food Industry
Processes and Equipment at the Faculty of Mechan-
ical Engineering and Power Engineering of the
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Koszalin University of Technology. Once the neces-
sary instrumentation had been prepared, the load
tests could be conducted under controlled laboratory
conditions.

During the flexural strength tests, each specimen
was placed flat on the supports with its longitudinal
axis perpendicular to the support axis (Fig. 6b). The
loading rate was 11 mm/min, chosen so that specimen
failure occurred within 60 + 30 seconds. Screw removal
tests were performed from the perpendicular surface,
according to the schematic in Fig. 6¢, and from the
edge, according to the scheme in Fig. 6d. The screw
removal tests were conducted at a displacement speed
of 10 mm/min.

The flexural strength fm of each specimen was calcu-
lated according to the following relationship:

f 3 Fpax 320
mT  o.p.t2

ey

where: F__—maximum loadin N, b - specimen width
in mm, t — specimen thickness in mm.

The flexural strength for each group of specimens,
with different proportions of crushed cones, was calcu-
lated as the arithmetic mean of the tested specimens.

Flexural strength and screw pull-out resistance
values were calculated as arithmetic means, and the
standard deviations were determined for each group of
specimens with different proportions of crushed cones.

Results and discussion

Analysis of the particle size fraction of the shredded
material (Fig. 7) indicates that the cones show slightly
different granulometric characteristics after the shred-
ding process compared to fine pine chips. Approxi-
mately 20-30% of the shredded material is a dust
fraction, with particles no longer than 1 mm in diam-
eter. Shavings with a size between 1 mm and 2 mm
account for the largest share of the material structure,
at around 60%.

To analyze the microstructure of the raw materials
used in the outer layers of the particleboard, scanning
electron microscopy (SEM) observations were carried

Fig. 7. Granulometric analysis of chips used in board production

crushed cones / outer layer

fine chips/ outer layer

coarse chips/ inner layer

Fig. 8. SEM images: a) structure of shredded pine cones, b) fine wood chips, ¢) coarse wood chips
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Fig. 9. Surface view of boards with different % of ground pine cones in the outer layer

out using a Phenom ProX microscope (Thermo Fisher
Scientific, USA). The results are presented in Fig. 8.

Shredded Scots pine cones (Fig. 8a), used as an
alternative to conventional fine wood chips, exhibit
an irregular, three-dimensional fibrous structure. The
visible entanglement and networking of fibers lead
to mechanical interlocking between particles, which
translates into improved mechanical adhesion within
the resin matrix. This morphology enhances interfa-
cial bonding and thus facilitates more effective stress
transfer within the composite. As a result, the addi-
tion of shredded pine cones positively affects the flex-
ural and surface tensile strength of the final boards.
Furthermore, the high variability in particle orientation
and structure allows for more efficient filling of voids,
reducing porosity and improving the uniformity of
the outer layers.

In contrast to conventional fine wood chips shown
in Fig. 8b, which are flatter and more randomly oriented,
the multidirectional and disordered fiber arrangement
in the pine cone material enables better mechanical
anchoring within the adhesive resin. The reinforcement
of internal bonding within the material contributes to
improved flexural and surface tensile strength of the
finished board.

Moreover, due to the natural variability in fiber
orientation and shape, these particles can more effec-
tively fill voids, contributing to reduced porosity and
greater structural uniformity of the outer layers of the
particleboards.

The microstructure of the inner layer of the board,
presented in Fig. 8¢, remains unchanged regardless of
the material used in the outer layer—both in conven-
tional particleboards and those incorporating shredded
pine cones. SEM images reveal a typical structure of
coarse wood chips arranged to ensure the essential
strength parameters and structural rigidity.

Pressing particleboards with crushed pine cones
using a hydraulic press (Fig. 3) took 350 seconds under
varying pressure. Fig. 9 shows the external surfaces of
the produced boards.

As the proportion of crushed cones in the outer
layer of the board increases, a characteristic pattern
in the form of dark field/strip particles can be seen on
its surface.

The average thickness and density values obtained
for each of the six samples were summarized and are
presented in Table 4.

According to the PN-EN 312 standard, the thickness
tolerance should be +0.3 mm. The average thickness
values of the samples fall within this range (PN-EN 312
2005). The largest deviations of approximately 1.5%
from the expected thickness of 16 mm were observed
for samples containing 20% and 40 percent split cones
in the outer layer. Such deviations may have resulted
from the non-uniform distribution of shavings in the
individual layers.

The analysis of the densities of the samples showed
that the maximum differences in density of the boards
with shredded cones added, compared to the boards
without additives, were a maximum of 0.55%. On the
other hand, with regard to the assumed board density
of 700 kg/m3, the board densities measured during
the experimental tests were no more than 1% lower
than assumed. The slight reduction in board density
may have been due to material losses during the chip
sealing process (some of the chips remain on the walls
of the drum sealer) and losses during board forming
due to the stacking of chips on the edges of the board.
Although a pre-mould of 465 x 205 mm was used
to form the board carpets, 485 x 215 £5 mm board
formats were obtained after pressing. Due to the lack of
constraints on the side edges of the compressed board,
some of the material at the edges moved freely, creating
a board with a non-uniform and insufficient density at
the outer edges of the board. Both the thickness and
density mean values are very stable, while the standard
deviation (SD) can vary significantly depending on the
proportion of cones. The greatest variations occur in
the thickness of the boards, with a 60% share of cones,
and in the density, with a 50% share of cones in the
outer layer of the board.
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Table 4. Thickness and density of board samples with the addition of shredded pine cones

Contribution of cones to the outer layer [%)]

0 10 20 30 40 50 60
Average board thickness [mm]
16.02 16.04 15.77 15.92 15.77 15.86 15.95
Standard deviation of average plate thickness [mm]
0.13 0.05 0.12 0.17 0.03 0.11 0.19
Density of the board [kg/m?]
693.1 693.6 694.5 694.7 697.0 697.0 694.4
Standard deviation of density of the board [kg/m?]
16.59 14.35 19.88 19.84 4.58 21.01 10.56
Table 5. Flexural strength of the board
Contribution of cones to the outer layer [%]
0 10 20 30 40 50 60
Bending strength [N/mm?]
11.39 11.38 11.22 11.15 11.09 11.10 11.17
Standard deviation of bending strength [N/mm?]
0.57 0.53 0.44 0.42 0.60 0.62 0.57
Table 6. Force required to remove the screw
Contribution of cones to the outer layer [%)]
0 10 20 30 40 50 60
Force surface screw holding [N]
785.3 788.6 806.0 826.2 843.5 882.2 902.9
Standard deviation of force surface screw holding [N]
103.30 86.62 87.96 84.83 70.20 58.53 108.10
Force edge screw holding [N]
1374.8 1349.3 1361.4 1371.7 1359.1 1367.7 1392.1
Standard deviation of force edge screw holding [N]
145.55 174.96 253.57 74.75 226.91 146.61 158.41

Table 5 presents the results of the flexural strength
obtained for each of the six samples of the board spec-
imens as a function of the proportion of crushed cones
in the outer layer of the board.

In their study, Buyuksari (Buyuksari et al., 2010)
showed that the addition of shredded pine cones
throughout the chips of both the middle and outer
layers decreased the flexural strength of boards with
higher shredded pine cone content.

In the analyzed studies, boards with crushed
pine cones added only to the outer layer, due to their

relatively high modulus of elasticity and natural stiff-
ness, may contribute to an increased load-bearing
capacity despite the partial replacement of wood parti-
cles. In addition, during hot pressing, these elongated
fibers can preferentially align in the plane of the panel,
and the roughness of the pine cone particle surface
can promote mechanical interlocking with the cured
adhesive, improving stress distribution and bending
properties. The analysis of the flexural strength results
showed that, for all samples tested with the addition
of shredded pine cones only in the outer layer, the
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Fig. 10. The value of the force required to pull the screw from the perpendicular surface of the board (surface screw
holding) and from the edge of the board (edge screw holding) for different proportions of shredded cones in the outer
layer of the board

obtained strength values are close to those specified
in the PN-EN 312 standard (PN-EN 312 2005) and, at the
same time, declared by leading manufacturers of wood-
based boards, which is a minimum of 11 N/mm?. This
indicates that the tested boards meet the required
durability standards, demonstrating their quality
and suitability for industrial applications. Compli-
ance with these reference values allows us to conclude
that the manufactured boards can be safely used in
furniture constructions requiring a certain mechan-
ical strength. This is crucial from an engineering
perspective. Standard deviations show variability in
individual measurements - they range from 0.42 to
0.62 N/mm?, which means slight differences in accu-
racy or homogeneity of the sample in a given measure-
ment. An additional advantage is the visual effect in
the form of dark longitudinal bands on the surface of
the boards (Fig. 9).

The analysis of the bending force waveforms for all
the tests carried out with shredded pine cones, only in
the outer layer, showed similar bending force build-up
characteristics of the board. Maximum force values
were reached approximately 40-50 seconds after the
start of the test, followed by rapid (approximately
5 seconds) failure of the specimen.

Table 6 shows the results of measuring the forces
obtained for each of the nine required to pull the screw
out of two typical locations in the assembly of board
structures: the surface screw holding (Fig. 6¢c) and the
edge of the board (Fig. 6d).

The analysis of the forces required to remove the
screw from the perpendicular surface and from the
edge of the board provided information on the joint
strength for different contents of shredded cones in
the board. Fig. 10 presents a comparison of the forces
required to extract the screw from the perpendicular

surface (surface screw holding) and from the edge of
the board (edge screw holding).

The presence of high pull-out forces may indi-
cate an optimal fit between the screw and the mate-
rial, as well as the durability of the joint in service.
This is particularly important in applications where
the forces acting on the joint are significant. As the
proportion of shredded cones in the outer layer of
the board increases, the force required to pull out
the screw also increases. Incorporating shredded
cones thus enhances the board’s capacity to retain
fastenings. In specimens where the proportion of
shredded cones in the outer layers was 60%, the force
required to pull out the screw increased by up to 15%
compared to a control board without this addition.
This considerable enhancement in strength indicates
that shredded cones can serve as an effective structural
reinforcement for wood-based boards, which may
be significant in the context of their potential use in
construction or furniture, where high resistance to
mechanical loads is required. The smallest standard
deviation (SD), and therefore the greatest uniformity
of the process, was obtained at 50% cones, while the
greatest fluctuations occurred at 0% and 60%. The
screw pull-out force from the edge remained within
1360-1392 N, with the highest repeatability achieved
at 30% cones (SD = 74.75 N) and the largest variations
at 20% cones (SD = 253.57 N).

In conclusion, the analysis of the results clearly
shows that the amount of shredded cones in the outer
layer does not affect the edge strength of the board in
terms of the force required to pull out the screw. This
is because the key factor determining edge strength
is the homogeneous composition of the chips in the
inner layer of the board, which remains constant in
the analyzed samples.
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Conclusions

The study demonstrates that shredded Scots pine cones
can be successfully incorporated into the outer layers
of three-layer particleboards without significantly
compromising their mechanical properties. The follow-
ing conclusions can be drawn:

1. Flexural strength of the boards was not significantly
affected by the addition of pine cones (10-60% in
the outer layer), with variations not exceeding 2.64%.

2. Perpendicular screw pull-out resistance increased
with higher pine cone content, reaching up toa 15%
improvement at 60% addition, while edge screw
withdrawal strength remained largely unchanged.

3. Board density (700 kg/m® +1%) and thickness
(16 mm +0.3 mm) remained consistent across all
samples, confirming material homogeneity and
stable manufacturing.

Conflict of interest

4. Mechanical performance is generally maintained
or slightly enhanced due to the fibrous structure
of pine cone particles, which improves interfacial
bonding with the adhesive.

5. Aesthetic properties of the boards are improved,
giving them a natural, organic appearance suitable
for eco-friendly interior applications.

6. SEM analysis confirmed that pine cone parti-
cles have a highly fibrous, entangled structure,
enhancing mechanical interlocking, reducing
porosity, and supporting improved screw-hold-
ing capacity.

Overall, shredded pine cones offer a sustainable,
structurally sound, and visually appealing alterna-
tive for modifying wood-based panels, combining
functional performance with innovative aesthetic
qualities.

The author(s) declare(s) that there is no conflict of interest concerning the publication of this article.
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