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ABSTRACT ¢ The aim of this paper was to develop laminated bamboo lumber (LBL) from the two-culm position
of Oxytenanthera abyssinica (O. abyssinica) and to examine its basic physical and mechanical characteristics.
Samples of lowland bamboo (O. abyssinica) culms were selected and harvested from Pawe Agricultural Research
Center site, Pawe, Ethiopia. Three-ply LBL samples were fabricated using urea formaldehyde resin, and then sample
specimens were prepared from the fabricated LBL, and the selected basic properties were tested including density,
static bending, impact bending and hardness strengths. The result depicted the mean values of density (863 kg/m?),
modulus of elasticity (15743 N/mm?), modulus of rupture (149 N/mm?), impact bending strength (18633 Nm/m?),
and side hardness (3145 N) obtained in the fabricated LBL of O. abyssinica culm. The results revealed that density
and the tested mechanical properties in this study were significantly affected by culm position in the culm height,
with the exception of the impact bending, which was not affected by culm position. Superior density and strength
performances were observed in the middle position of bamboo compared to the bottom position. The laminated
bamboo lumber produced from O. abyssinica culm has the potential to be utilized as a substitute for wood material
in building and other end products.

KEYWORDS: culm position; density, hardness, modulus of elasticity; modulus of rupture

SAZETAK + Cilj ovog rada bio je napraviti lameliranu gradu od bambusa (LBL), i to od dva dijela stabljike
Oxytenanthera abyssinica (O. abyssinica), i ispitati njezina osnovna fizicka i mehanicka svojstva. Uzorci stabljike
nizinskog bambusa (O._abyssinica) odabrani su i ubrani s lokacije Poljoprivrednoga istrazivackog centra Pawe
u Paweu u Etiopiji. Troslojni uzorci LBL-a izradeni su upotrebom urea formaldehidne smole te su ispitana ova
osnovna svojstva: gustoca, ¢vrstoca na savijanje, cvrstoc¢a na udarce i tvrdoca. Za lameliranu gradu od stabljike
bambusa dobivene su ove srednje vrijednosti: gustoéa 863 kg/m*, modul elasticnosti 15 743 N/mm? modul loma

" Corresponding author
! Authors are researchers at Ethiopian Forestry Development, Forest Products Innovation Center of Excellence, Addis Ababa, Ethiopia. https://orcid.org/0000-
0002-4276-5760
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149 N/mm?, évrstoca na udarce 18 633 Nm/m?* i bocna tvrdocéa 3145 N. Rezultati su pokazali da na gustocu i osta-
la testirana mehanicka svojstva znatno utjece polozaj uzorka s obzirom na visinu stabljike, osim na c¢vrstocu na
udarce. Izrazito bolje vrijednosti gustoce i ¢vrstoée uocene su u uzoraka uzetih sa sredine stabljike u usporedbi
s uzorcima s njezina donjeg dijela. Lamelirana grada proizvedena od bambusove stabljike moze biti zamjena za
drvni materijal u graditeljstvu i za proizvodnju drugih gotovih proizvoda.

KLJUCNE RIJECI: polozaj na stabljici; gustoca; tvrdoca; modul elasticnosti; modul loma

1 INTRODUCTION
1. UVOD

Bamboo is classified under the taxonomic groups
of the Bambusoideae subfamily and the Gramineae
family. According to Vorontsova et al. (2016) and Sri-
varo (2018), bamboo species are naturally found
throughout the world’s tropical, subtropical, and mid-
temperate regions. All over the world, there are around
1,600 bamboo species under 90 genera covering about
36 million hectares (Khalil ef al., 2012; Vorontsova et
al., 2016). The most widespread non-timber forest
product in Africa, especially in eastern Africa, is wild
bamboo. Ethiopia is one of the East African countries
that are home to two native indigenous bamboo spe-
cies, Oldeania alpina and Oxytenanthera abyssinica
with a combined total area of over 1.47 million hec-
tares (Zhao et al., 2018). It was also reported that more
than 850,000 ha is covered by the lowland bamboo
(O. abyssinica) (Zhao et al., 2018).

Despite bamboo abundance in Ethiopia, it has not
been extensively utilized in high quality products. Re-
cently, it has been used for rural housing, fencing, fire-
wood, rudimentary furniture, crafts, mats, household
utensils, and other low-value products (Monaco, 2019).
They are mostly used in their round culm shape, which
requires less complex processing. Consequently, the
sector provides low economic returns to farmers and
other actors along the bamboo industry’s value chains
(Monaco, 2019). Although bamboo is native to many
countries, it is employed as a structural building mate-
rial. For instance, bamboo has historically been uti-
lized in Asia for low-rise structures, footbridges with
small spans, long-span roofs, and construction plat-
forms (Anokye et al., 2016).

The growing demand for wood and wood prod-
ucts has resulted in a decline in forest products in Ethi-
opia. Because of this, bamboo must be creatively de-
veloped to replace those slow-growing hardwoods for
both structural and nonstructural uses. Due to its fast
growth rate, rapid renewable energy, low embodied en-
ergy, wide availability, and versatile uses, bamboo has
garnered significant attention recently as a sustainable
building material (Rittironk and Elnieiri, 2008; Sulas-
tiningsih and Nurwati, 2009; Mahdavi ef al., 2011). It
also shares similarities with structural wood products
in terms of physical and mechanical properties.

360 ) DRVNA INDUSTRIJA 76 (4) 359-369 (2025)

Bamboo is the world’s fastest-growing plant on
the earth, reaching a maximum height of 15-30 meters
in about two to four months, and growing up to 100
centimeters in a single day (Liese, 1987). In contrast to
most softwood and hardwood tree species, which have
rotations of 10-50 years, bamboo has a maturity age of
roughly 3—7 years for construction and furniture uses
and a short rotation life that may be harvested in 3-5
years (Desalegn and Tadesse, 2014). In comparison to
a stand of hardwood tree species of a similar size, bam-
boo not only replenishes quickly but also releases
twice as much oxygen into the atmosphere and con-
sumes three times as much carbon dioxide (Akarsu et
al., 2012). Comparing bamboo structural use to other
typical construction materials like steel and concrete,
the quantitative lifespan study of bamboo had less ad-
verse environmental impact (van der Lugt ef al., 2006).

Bamboo culms have been utilized recently in
many different engineering projects, such as scaffold-
ing, fiber-reinforced composites, columns, beams, raft-
ers, and bridges (Sharma et al., 2015; Kelkar et al.,
2020). Mahdavi et al. (2011) stated that the geometric
configuration of the bamboo material, along with the
presence of nodes within its culm, hinders its potential
for development as a construction material and further
into other products. The bamboo culm structure is dif-
ficult to use in structural parts (beams and columns) and
generally where flat surfaces are required. Moreover,
pins cannot be inserted into bamboo culms due to their
low shear resistance, which makes it difficult to build
larger structures that require connections. Additionally,
compared to the internode culm region, bamboo nodal
structures often exhibit lower mechanical qualities
(compressive strength and tension strength), and its
physical and mechanical attributes vary along the culm
positions. Many scholars (Zakikhani et al., 2014; Li et
al.,2016; Huang et al., 2018; Xuan et al., 2021) report-
ed that these characteristics differ significantly based on
the species, climatic conditions, soil type, age, density,
silvicultural practices, etc. Consequently, it has been of
interest to make bamboo available in forms more ap-
propriate for its existing structural use.

Laminated Bamboo Lumber (LBL), typically
made as a board with a rectangular cross-section, was
developed as a result of this desire. LBL is an engi-
neered bamboo product made by bonding bamboo ma-
terials in different shapes and sizes (such as strips,
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strands, and mats) with glue to create boards or sheets
with rectangular cross sections that resemble lumber
(Sinha et al., 2014; Sun et al., 2020). According to ear-
lier research, the material’s qualities are similar to
those of wood and engineered wood products (Xiao,
2016; Sharma et al., 2017). To ascertain the physical
and mechanical characteristics of the material to be
used in construction and other end products, validation
testing is necessary, just like with other non-conven-
tional materials (Sharma et al., 2021).

Like raw bamboo culms, many factors such as
species, climatic condition, location site, harvesting
method, age, density, moisture content, and culm posi-
tion, etc. can affect the mechanical and physical char-
acteristics of LBL (Huang et al., 2018; Dauletbek et
al., 2022). In Ethiopia, there is little use of bamboo
culms for engineered bamboo because of inadequate
knowledge and technology. As a result, the objective of
this work was to create LBL from lowland bamboo
(O. abyssinica) in two culm locations and test their
physical and mechanical characteristics.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Sampling site description
2.1. Zemljopisni polozaj uzorkovanja

The lowland bamboo (O. abyssinica) culms were
collected from the Benishangul Gumuz Regional State
of Ethiopia’s Pawe Agricultural Research Center site.
It is located 575 km from Addis Ababa. The mean an-
nual temperature and annual rainfall precipitation of
the site were 24 °C and 788 mm, respectively. The lati-
tude and longitude of the site were 11°18°40”—11° 19’
297N and 36°24°2-36°25"27"’E, respectively.

. |

4

p——

2.2 Selection and harvesting of bamboo
culm samples

2.2. Odabir i prikupljanje bambusovih
stabljika

The matured culms of 4-year-old lowland bam-
boo (O. abyssinica) were selected and harvested at
about 20 — 30 cm above the ground using a machete
and axe. The harvested lowland bamboo sample
culms were sectioned into three positions (Figure 1a)
along the axial direction (bottom, middle, and top),
but since its top position was thin and not suitable to
split, only the bottom and middle positions were used
for this study. The average diameter of the culm at
breast height and bamboo height were 7 cm and 6 m,
respectively. After that, the bamboo culms were
moved to the laboratory of the Forest Products Inno-
vation Center of Excellence (FPICE) for further pro-
cess evaluation.

2.3 Fabrication of laminated bamboo
lumber (LBL) from O. abyssinica

2.3. Izrada lamelirane grade od bambusa
(LBL) O. abyssinica

The collected lowland bamboo (O. abyssinica)
culms from each position (bottom and middle) were
split into 2 cm width strips by using manual bamboo
splitters (Figure 1b) and hammers. The strips were
dried to 12 % moisture content level in a conventional
kiln-dryer (Figure 1d). A thicknesser machine was used
to remove the inner portion and the outside waxy/silica
layer simultaneously from the split and dried strips, re-
sulting in a rectangular cross-section size of 20 mm x
7 mm (Figure le). Eventually, strips devoid of defects
were chosen to create laminated bamboo lumber (LBL)
of O. abyssinica.

)
R

Figure 1 LBL manufacturing process: Bamboo culm harvesting and sectioning (a), culm splitting (b), split strips (c), kiln
drying strips (d), plaining strips (e), and clumping strips which is glued with UF resin (f)

Slika 1. Proces proizvodnje LBL-a: a) prikupljanje i rezanje bambusovih stabljika, b) cijepanje stabljika, c) cijepanje traka, d)
susenje traka u peci, e) ravnanje traka, f) lijepljenje traka UF smolom
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Urea-formaldehyde (UF) in powdered form was
purchased from the local market and used for the man-
ufacture of laminated bamboo lumber. This UF resin is
manufactured by Sprea Misr Company in Egypt. It has
pH value of 8.0 — 9.0 and characteristics of fast curing,
low toxicity and high strength, which is excellent for
wooden materials such as wood-based panels, furni-
ture, load bearing constructions, and wooden building
products. To attain a 50 % solid content, the powdered
UF resin was gradually added to water at a 1:2 ratio.
Throughout the resin preparation process, constant
stirring was done to prevent coagulation. During the
LBL fabrication process, UF resin was applied on the
dried bamboo culm strips manually using a brush. Lay-
ers of adhesive-coated strips were layered on top of
layers of unglued strips. The strips were put together
with the grains running parallel to one another. The
strips were clamped together and left for 24 hours at
room temperature (20-25 °C) (Figure 1f). Although the
exact pressure was not measured, the sufficiency of the
pressure was visually evaluated using glue squeeze-out
and continuous interfacial surface contact. After 24
hours, the assembled strips were removed and cured for
four days. The final measurements of 2.1 cm X 4 cm X
100 cm (thickness, width, and length, respectively) were
obtained by trimming all the sides of the fabricated LBL
samples. Finally, twelve 3-ply LBL sample boards were
made in order to get specimens ready for studies on their
physical and mechanical characteristics.

2.4 Determination of physical properties
2.4. Odredivanje fiziCkih svojstava

2.4.1 Moisture content (MC)
2.4.1. Sadrzaj vode

The specimens were prepared from the fabricated
LBL panels with a dimension of 20 x 20 mm? and
length of 30 mm. Moisture content (MC) of the sample
board was evaluated based on oven drying method ac-
cording to the procedure ISO 13061-1:2014. The test
specimens were first weighed using a digital weighing
balance to ensure accuracy of 0.01 g, and then oven-
dried at 103 °C. The specimens were kept in the oven
until they attained the target constant weight. The fol-
lowing equation was used to compute and determine
the moisture content of LBL of lowland bamboo:

Moisture content (%)= (%) 100 (1)
od
Where m, — green weight of the specimen in gram, and
my,— oven-dry weight of the specimen in gram.

2.4.2 Density
2.4.2. Gustoca

Determination of density was conducted based
on the procedure ISO 13061-2:2019. Density was de-
termined using volumetric measurement method. The

362 ) DRVNA INDUSTRIJA 76 (4) 359-369 (2025)

manufactured LBL panels were used to prepare a sam-
ple with dimensions of 20 mm X 20 mm % 30 mm.
Specimen blocks were reweighed to determine the ov-
en-dried weight after being oven dried at 103 °C until a
consistent weight was reached. The following equation
was used to calculate and find the density of LBL:

Density (kg/m?)= % 2)

Where W — specimen weight at test in kg, V — speci-
men volume at test in m>.

2.4.3 Shrinkage
2.4.3. Utezanje

Specimens representing two culm heights were
prepared from LBL of O. abyssinica culm with a di-
mension of 20 mm % 20 mm and length of 30 mm for
determination of tangential, radial, longitudinal and
volumetric shrinkages. The specimens were subjected
to an oven drying process at (103+2) °C after the
weight and dimensions were assessed with an analyti-
cal balance and digital caliper, respectively, yielding
measurements with a precision of 0.001g and 0.001 mm.
Until a consistent weight was achieved, the specimen
weight and dimensions were measured repeatedly and
recorded. The ISO 13061-13:2024 and ISO 13061-
14:2016 standards were used to evaluate shrinkage.
The percentage of shrinkage was determined using the
following equation.

Shrinkage (%) = (%) 1100 3)

i
Where D, — specimen initial dimension before oven-

dry in mm, and D; — specimens final dimension after
oven-dried in mm.

2.5 Determination of mechanical properties
2.5. Odredivanje mehanickih svojstava

2.5.1 Static bending
2.5.1. Cvrstoca na savijanje

The static bending (MOE and MOR) of this study
was determined based on ISO 13061-3:2014 standard
technique. Specimens with dimension of 20 mm x
20 mm x 300 mm were prepared from each culm por-
tion for determination of MOE and MOR. The speci-
mens were subjected to center loading on the Universal
Testing Machine, type FM2750 (Figure 2). The speci-
men was loaded at a rate of one millimeter per minute
in its center, with support at both ends. The following
equations were used to determine MOE and MOR
based on this test:

PI’L3

MOE (N/mm?) = m “4)
3-P-L

MOR (N/mm?) = SWWE (5)
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Figure 2 Universal testing machine (UTM) for static
bending test

Slika 2. [spitivanje ¢vrstoce na savijanje uz pomoc
univerzalnog uredaja za mehanicka ispitivanja

Where MOE — modulus of elasticity, MOR — modulus
of rupture, P' —load at the limit of proportionality in N,
P — maximum load in N, L — span length in mm, and d
— deflection at the limit of proportionality.

2.5.2 Impact bending strength
2.5.2. Cvrstoca na udarce

Impact bending strength was determined based
on the ISO 13061-10:2017 standard technique. Speci-
mens with dimensions of 20 mm x 20 mm x 300 mm
were prepared from each culm portion for testing the
impact bending strength. The specimens were set up on
a pendulum hammer, type of Impact bending Testing
Machine model PW5-S. The test machine force plate
was used to read the joule value whereas the load was
applied to the center. The impact bending strength was
computed from the following equation.

Impact strength (Nm/m?) = (6)

b-h
Where P — Joule value in Nm, b — specimen width in
mm, 4 — specimen thickness in mm.

2.5.3 Hardness
2.5.3. Tvrdoéa

According to Forest Products Laboratory (2010),
the force needed to embed an 11.3 mm ball with half of

12

10 —

)
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~ o
| |

&}
|

[=]

Bottom Middle

Culm position / polozaj na stabljici

its diameter into the wood is used to determine the
hardness of wood. This information is collected using
the Janka technique. Specimens with dimensions of
20 mm x 20 mm x 45 mm were cut from each desig-
nated portion for hardness strength testing. Hardness
strength was determined based on the procedure of ISO
13061-12:2017 using universal testing machine.

2.5.4 Experimental design and statistical
analysis

2.5.4. Postavke eksperimenta i statisticka
analiza

This study was carried out with a completely ran-
domized design (CRD). To investigate the physical and
mechanical characteristics of the fabricated LBL pan-
els, twelve replications for each parameter with a sin-
gle factor (culm height with two levels) were taken into
consideration. The statistical software package for so-
cial science (SPSS) version 24 was used to analyze the
data. The data were analyzed using descriptive statis-
tics and one-way analysis of variance (ANOVA).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Physical properties of LBL
3.1. FiziCka svojstava LBL-a

3.1.1 Moisture content
3.1.1. Sadrzaj vode

According to the statistical analysis of variance
(Table 1), the culm portion did not significantly affect
the MC of the LBL at tests (Table 1), despite a decrease
of MC percentage from the bottom to the middle por-
tion. The MC percentage found in LBL fabricated from
the bottom portion was 10.87 % and the middle portion
was 9.82 % (Figure 3a). The mean value of MC at the
test found in LBL ranges from 7.31 % to 12.59 %,
which is in the range of the minimum MC allowed by
ASTM for laminated board products. Many scholars
reported the MC percentage of LBL panels in the range
of 8 % to 16 % (Table 4).

1000

Density, kg/m?3
gustoéa, kg/m3

200 —

Bottom Middle

Culm position / polozaj na stabljici

Figure 3 Moisture content (a) and density (b) variation of LBL within culm position
Slika 3. Varijacija sadrzaja vode (a) i gustoce (b) LBL-a s obzirom na polozaj na stabljici s kojega je uzorak uzet
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3.1.2 Density
3.1.2. Gustoéa

The result depicted that the culm portion signifi-
cantly affected the density of the LBL at the test (Ta-
ble 1). The density value obtained at the test of LBL
fabricated from the middle portion was 892.80 kg/m’,
which is significantly greater than from the bottom por-
tion (833.31 kg/m?) (Figure 3b). The variation trend of
this finding was similar to the trend reported in the raw
bamboo O. abyssinica culms (Kelemwork, 2012).

Regardless of the variation along the culm height,
the mean density of LBL fabricated from O. abyssinica
culm varies from 778 to 926 kg/m* with an average
value of 863 kg/m’. The density value of the LBL
found in this study was higher than the raw bamboo/
original O. abyssinica of air-dried density (805 kg/m?)
as reported by INBAR (2019), which is increased by
7.20 % compared to the raw bamboo culm. Similarly,
Kelemwork (2012) also reported basic density ranges
from 532 kg/m® to 658 kg/m? for the raw O. abyssinica
pole, which is a lower value than that obtained in this
study in the LBL of O. abyssinica culms. Similar den-
sity variation was obtained for both raw bamboo strips
and LBL along the culm portion of Dendrocalamus
brandisii (Kelkar et al., 2020). According to Sulastin-
ingsih et al. (2016), the variation of density between
the LBL and its raw bamboo is due to density of the
component, the adhesive, and the pressing process
used during fabrication process of LBL. They also state
that the process of compaction that occurred during the
compressing phase is impacted by glue. The trend to
this finding reported in LBL manufactured from moso
bamboo (Phyllostachys pubescens) was denser than in
its raw bamboo culms and the variation was due to
press treatments during the manufacture of LBL that
results in an increased value of density (Nugroho and
Ando, 2001). On the other hand, the mean density of
this finding, which is 863 kg/m?, was greater than the
density of cross laminated timber (CLT) of red oak and
Southern pine tested at 12 % moisture content with
mean vlues of 748 kg/m? and 562 kg/m?, respectively

(Omotayo et al., 2024). Furthermore, the Gluelam den-
sity of Pinus merkusii (360 kg/m?) and Anthocephalus
cadamba (0.73 kg/m?) were lower than the density of
this finding obtained in LBL of O. abyssinica culm
(Diza Lestari et al., 2018).

The density of this finding was greater than the
density (730 kg/m?) of 3-ply LBL manufactured from
the giant bamboo Guadua bamboo (Correal et al.,
2010). In contrast, higher density (940 kg/m?) than this
finding was reported for LBL manufactured from Phyi-
lostachys pubescens (Nugroho and Ando, 2001). This
difference may be associated with the species and thick-
nesses of the manufactured LBL panels. According to
Manik et al. (2022), the density and mechanical charac-
teristics of LBL observed an increment in line with the
increased number of layers of the same thickness.

The density of LBL obtained was higher than that
of the following solid lumber species in Ethiopia: Eu-
calyptus globulus (780 kg/m3), Eucalyptus camaldu-
lensis lumber (853 kg/m®), Pinus patula (450 kg/m?),
Juniperus procera (540 kg/m®), Pouteria adolfi-fried-
erici (600 kg/m?®), Hagenia abyssinica lumber (560
kg/m?), and Pinus patula (450 kg/m?®) (Desalegn et al.,
2012; 2015).

3.1.3 Shrinkage
3.1.3. Utezanje

A major element affecting the use of bamboo
culms as a raw material is shrinkage. The statistical
analysis showed that the culm portion did not show
significant effects on the tangential, radial, longitudi-
nal, volumetric shrinkages of the LBL fabricated from
lowland bamboo culm (Table 1).

3.2 Mechanical properties of LBL
3.2. Mehanicka svojstva LBL-a

3.2.1 Modulus of elasticity (MOE)
3.2.1. Modul elasti¢nosti (MOE)

The results showed that the bending stiffness or
MOE was significantly (P < 0.05) influenced by the
culm position (Table 2). The MOE increased with the
increasing of bamboo height from the base to the mid-

Table 1 Statistical analysis of variance for physical properties of LBL fabricated from O. abyssinica culms
Tablica 1. Statisticka analiza varijance za fizikalna svojstva LBL-a izradenoga od stabljika O. abyssinica

Parameters Sum of squares Mean square F value

Parametri DF Zbroj kv:z]dmta Srednji k(xl/admt F-vrijednost Pr=h
Density / gustoca 1 21237.930 21237.930 29.969 0.000""
MC 1 6.848 6.848 3.694 0.068™
s 1 0.704 0.704 3.201 0.870"
RS 1 0.540 0.540 1.269 0.272™
LS 1 0.015 0.015 2.611 0.120"
VS 1 0.390 0.390 0.498 0.488"

***significant at P <0.001, **significant at P <0.01, *significant at P < 0.05, ™not significant at P> 0.05, 7S — tangential shrinkage, RS — radial

shrinkage, VS — volumetric shrinkage

**¥*znacajno pri P < 0,001, **znacajno pri P < 0,01, *znacajno pri P < 0,05, ns — nije znacajno pri P > 0,05, TS — tangentno utezanje, RS —

radijalno utezanje, VS — volumno utezanje
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Figure 4 LBL shrinkages variation along the culm position
of O. abyssinica (TS — tangential shrinkage, RS — radial
shrinkage, LS — longitudinal shrinkage and VS — volumetric
shrinkage)

Slika 4. Varijacije utezanja LBL-a duz stabljike O.
abyssinice (TS — tangentno utezanje, RS — radijalno
utezanje, LS — uzduzno utezanje, VS — volumno utezanje)

dle position. The mean value of MOE found in LBL
produced from the middle position (16558 N/mm?)
was significantly greater than that from the bottom
(14929 N/mm?) position of O. abyssinica culms (Table
2). The MOE values reported in the original or raw
bamboo of O. abyssinica culms (Kelemwork, 2012)
exhibited a similar tendency of variation to this find-
ing. The variation along the culm height of the bamboo
might be associated with the anatomical characteristics
of the bamboo culm. Siam ef al. (2019) observed that
the MOE of bamboo was impacted by the increased
density with culm height from the base towards the top.
They also noted that the higher number of vascular
bundles along the culm height followed the increasing
tendency of MOE.

Regardless of the variation along the culm
height, the overall mean value of MOFE for LBL was
15743 N/mm? (Table 3). In a previous study on the
original O. abyssinica pole with node, Kelemwork
(2012) found the average value of MOE (9099 N/mm?)
and without node (11293 N/mm?) grown at Pawe, Ethi-
opia. On the other hand, the mean value of MOE ob-
tained in this study of LBL was increased by 73 % and
39 % when compared to the original bamboo with node
and without node, respectively. A similar significant
difference was observed in LBL and raw bamboo strips

reported in other bamboo species of Dendrocalamus
brandisii (Kelkar et al., 2020).

The overall average value of MOE (15743 N/mm?)
was higher than MOE (10000 N/mm?) of 3-ply LBL
manufactured from G. apus (Sulastiningsih and Nur-
wati 2009). In addition, the value of MOE (14163
N/mm?) of LBL manufactured from O. alpina culms
(Kariuki et al., 2014) is lower than this finding of MOE
(15743 N/mm?). Furthermore, MOE of this study is
higher than 4-ply LBL manufactured from Phyllos-
tachys pubescens culms reported by Mahdavi et al.
(2012). Similar to density, this variation may be asso-
ciated with the type of species, number of layers, thick-
ness of strips/ panels, type of resin applied. Compared
to lumber derived from commercially recognized tim-
ber species in Ethiopia, the MOE value found in this
study was greater than that of Prunus africana (12070
N/mm?), Eucalyptus globulus (11655 N/mm?), Cordia
africana (6996 N/mm?), and Cupressus lusitanica
(6145 N/mm?) (Desalegn et al., 2015). Omotayo et al.
(2024) reported that the mean MOE of cross laminated
timber (CLT) of red oak and Southern pine was 13,238
N/mm? and 9,406 N/mm?, respectively. These values
are lower than the MOE of this finding obtained in LBL
of O. abyssinica (15743 N/mm?). On the other hand,
the MOE value reported for Gluelam of Pinus merkusii
(5500 N/mm?) and Anthocephalus cadamba (10600 N/
mm?) were lower than the MOE of this finding obtained
in LBL of O. abyssinica culm (Diza Lestari et al.,
2018).

3.2.2 Modulus of rupture (MOR)
3.2.2. Modul loma (MOR)

The result showed that the bending strength/
MOR was significantly (P < 0.01) affected by culm po-
sition (Table 2). The value of LBL fabricated from the
middle position was (164 N/mm?), which is greater
than that from the bottom position (134 N/mm?) of
O. abyssinica culms. The increased value of MOR
from the bottom to the middle position was reported
for the raw/original O. abyssinica pole (Kelemwork,
2012). A similar variation of the trend to this finding
was reported for LBL fabricated from other bamboo
species of Bambusa vulgaris (Ojo et al., 2018).

Table 2 Statistical analysis for mechanical properties of LBL fabricated from O. abyssinica culms
Tablica 2. Statisticka analiza mehanickih svojstava LBL-a izradenoga od stabljika O. abyssinica

Parameters DF Sum of squares Mean square F value Pr>F)
Parametri Zbroj kvadrata Srednji kvadrat F-vrijednost

MOE 1 15916959 15916959 6.462 0.0186"
MOR 1 5370 5370 10.99 0.00315™
Impact bending / ¢vrstoéa na udarce 1 20417 20417 2.786 0.109™
Hardness / tvrdoca 1 6273038 6273038 37.33 0.000™"

***significant at P < 0.001, **significant at P < 0.01, *significant at P < 0.05, ™not significant at P > 0.05

***znacajno pri P < 0,001, **znacajno pri P < 0,01, *znacajno pri P < 0,05, ns — nije znacajno pri P > 0,05
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Table 3 Average mechanical properties of LBL along the culm height of O. abyssinica
Tablica 3. Prosje¢na mehanicka svojstva LBL-a duz stabljike O. abyssinica

Culm position Impact bending, Nm/m? Hardness, N
Poloz“a? na stabljici L2043, N MOR, N/mm’ C’vrftac’a na uda’fce, Nm/rr)l2 Tvrdoéa, N
Bottom / donji dio 14929+1584° 1344+26° 186044113 2634+481°
Middle / srednji dio 16558+1555¢ 164£17° 18663+432 3657+324°
Total / ukupno 15743+1746 149+26 18633+89 3145+658

Note: Within the same column, mean values denoted by a different superscript letter show a significant difference at P < 0.05.
Napomena: srednje vrijednosti oznacene razlicitim slovima unutar istog stupca pokazuju znacajnu razliku pri P < 0,05.

The overall mean value of MOR for LBL fabri-
cated from O. abyssinica culms was 149 N/mm? (Ta-
ble 3). The MOR obtained in this study was 8 times
higher than that of the original lowland bamboo poles
without nodes and 18 times higher than that of bam-
boo poles with nodes grown at Pawe, Ethiopia
(Kelemwork, 2012). A similar difference to this find-
ing was reported between MOR of LBL and its raw
bamboo strips of Dendrocalamus brandisii (Kelkar et
al., 2020). This finding was greater than the MOR
(111.03 N/mm?) of LBL produced from giant bamboo
Guadua (Correal et al., 2010). Similarly, the value of
MOR (95.1 N/mm?) reported for 3-ply LBL of Gigan-
tochloa apus was lower than MOR (149 N/mm?) ob-
tained in this study (Sulastiningsih and Nurwati,
2009). Furthermore, the MOR value obtained in this
study was higher than 4 ply LBL of Phyllostachys pu-
bescens as reported by Mahdavi et al. (2012). The
value of MOR (149 N/mm?) of this result was greater
than MOR of commercially well-known and endan-
gered wood species of Ethiopia such as Cordia afri-
cana (64 N/mm?), Cupressus lusitanica (64 N/mm?),
and Juniperus procera (87 N/mm?) (Desalegn et al.,
2015). This indicates that LBL fabricated from O. ab-
yssinica culms has a potential to substitute these com-
mercial timber species as alternative raw material.
Omotayo ef al. (2024) reported that the mean MOR of
cross laminated timber (CLT) of red oak and Southern
pine was 52.77 N/mm? and 36.21 N/mm?, respective-
ly. These values are lower than the MOE of this find-
ing obtained in LBL of O. abyssinica (149 N/mm?).
On the other hand, the mean MOR values reported for
Gluelam of Pinus merkusii (46.10 N/mm?) and Antho-
cephalus cadamba (86.20 N/mm?) were lower than
the MOE of this finding obtained in LBL of O. abys-
sinica culm (Diza Lestari et al., 2018).

3.2.3 Impact bending
3.2.3. Cvrsto¢a na udarce

The resistance that wood specimens provide to
abrupt shocks is known as impact bending. According
to the statistical analysis of variance, there was no sig-
nificant (P > 0.05) effect of culm portion on the impact
bending strength (Table 2). The strength of impact
bending of LBL fabricated from the middle position
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(18663 Nm/m?) was insignificantly higher than that
from the bottom position (18604 Nm/m?) of O. abyssi-
nica culms (Table 3). The overall mean value of impact
bending found in this study was 18633 Nm/m?. The
impact bending strength value of glulam bamboo man-
ufactured from B. vulgaris is reported in the range of
0.75 to 1.98 MPa (Ogunsanwo ef al., 2019).

The result of this finding was considerably higher
than that of solid lumbers of commercially known tim-
ber species in Ethiopia; for instance, the impact bend-
ing strength of Cupressus lustanica (5888 Nm/m?),
Pinus patula (5187 Nm/m?), Eucalyptus saligna
(12873 Nm/m?) and Grevillea robusta (18094 Nm/m?)
(Desalegn et al., 2012; 2015). This indicates that the
LBL fabricated from O. abyssinica culms has a poten-
tial to substitute these commercial timber species as
alternative raw material in Ethiopia.

3.2.4 Hardness
3.2.4. Tvrdoca

The hardness was shown to be significantly (P <
0.001) influenced by the culm height (Table 2). The
mean variation of hardness found in LBL fabricated
from the middle position (3657 N) was greater than the
LBL fabricated from the bottom position (2634 N) of
lowland bamboo culm. Regardless of the variation
along the culm height, the overall mean value of hard-
ness found in LBL fabricated from O. abyssinica culm
was 3145 N (Table 3). The result of this finding was
considerably higher than that of LBL fabricated from
other bamboo species of Phyllostachys aurea with a
hardness value of 1,647 N (Rusch et al., 2019). None-
theless, higher than this finding was reported in LBL
fabricated from other species of bamboo Guadua an-
gustifolia Kunth with hardness in the range of 5000-
6500 N (Correal et al., 2014). The variation of this
finding compared to other findings may be due to the
difference of bamboo species and the species of this
finding. Correal et al. (2014) noted that the value of
hardness in LBL differed significantly among the spe-
cies of bamboo culms. The mean values of hardness
obtained in this study were higher than those of solid
lumber of commercially well-known tree species of
Ethiopia, such as Pinus patula (2179 N), and Cupres-
sus lustanica (2761 N) (Desalegn et al., 2015).
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Table 4 Average physical and mechanical characteristics of the manufactured LBL compared to specimens examined in
earlier research studies of LBL, PSL, and LVL
Tablica 4. Prosjecna fizicka i mehanicka svojstva proizvedenoga LBL-a u usporedbi s uzorcima ispitanim u dosadasnjim
istrazivackim studijama LBL-a, PSL-ai LVL-a

Number | Specimens size, Density, [)Iemng?:t Hardness,

Species Product | of ply cm MC. % kg/m*> | MOE, | MOR, Nm /m§’ N
Vrsta Proizvod|  Broj Velicina uzorka, > 7® | Gustoéa, | N/mm? | N/mm?2 . , Tvrdoca,

slojeva cm kg/m? Cursioca na N

udarce, Nm/m?
Oxytenanthera 7.31- 863 15743 149 18633 3145
abyssinica* LBL 3 2.1x2x100 12.59 (40) (1746) | (26) (89) (658)
Gigantochloa 13.07 95.1
apus* LBL 3 ) (1.2) 10000 .7 ) )
Guadua 9.0 13821 112
bamboo® LBL ) ) (2.0) 756 (2.8) (5.8) | (8.6) ) )
Vishania LBL - - <12 - 14163 | 91 - -
alpina®
Phyllostachys B 15.81 9300 76.5
pubescens® LBL 4 3.5%5.08x76.2 (5.5) i (594) | (4.58) ) )
Phyllostachys |- 1 - - 947 | 770 | 12746 | 99.40 - 1647
aurea
Guadua 333
angustifolia GLB - - . 741 12720 103 - 5000-6500
11.90
Kunth!
Eastern PSL - |254x2.54x40.64 | - - 11600 | 90.3 - -
species®
Phyllostachys
pubescens LVL - 2.54%2.54x40.64 - - 11000 | 93.5 - -
Mazel®
Moso bamboo
(Phyllostachys | LBL - - 10.6 - 8870 111.5 - -
pubescens)’
11.74 0.80

G. apus LBL - - (0.80) (0.02) 6,967.86 | 42.81 - -

Note: LBL — laminated bamboo lumber, PSL — parallel strand lumber, LVL — laminated veneer lumber, GLB — glued laminated bamboo.
Napomena: LBL — lamelirana grada od bambusa, PSL — grada od lijepljenih traka furnira, LVL — lamelirana furnirska grada, GLB — lamelirani

lijepljeni bambus.

*Sulastiningsih and Nurwati, 2009; *Sulastiningsih and Nurwati, 2009; °Kariukil et a/., 2014; ‘Mahdavi et al.,2012; °Ni et al., 2016; ‘Correal

et al., 2014; eMahdavi et al., 2011; "Nugroho and Ando, 2001; ‘Chen ef al., 2020; 'Sumardi et al., 2022

4 CONCLUSIONS
4. ZAKLJUCAK

The physical and mechanical properties of LBL
fabricated from the bottom and middle positions of
lowland bamboo (O. abyssinica) culms have been
studied. Density, MOE, MOR, impact bending and
hardness tests indicate that LBL fabricated from upper
position of O. abyssinica culm has superior properties
when compared with LBL fabricated from the lower
position of O. abyssinica culm. The density and me-
chanical properties found in LBL have been shown to
be much higher than those of normal structural timber
in Ethiopia and other countries, whereas compared to
other laminated bamboo products, the manufactured
LBL may be regarded as having average density and
mechanical qualities. Compared to other wood species,
shrinkage was less pronounced in radial and tangential
directions; as a result, LBL may be regarded as dimen-
sionally stable material. According to the present study,

LBL can potentially be used as a substitute material for
wood and wood-based products. The tested physical and
mechanical properties of LBL obtained in this study ful-
filled the minimum requirement of D60 strength class
for hardwoods in BS 5268-2 standard for timber struc-
tural applications. Further research is recommended to
examine other characteristics of the product, such as its
bonding strength, biological resistance, fastener holding
capability, and a connecting system.
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ABSTRACT -« In this study, test samples were prepared from CLT, wooden materials and wooden laminated
materials, and bending strength and elasticity modulus values were determined. All samples were prepared using
Scots pine (Pinus sylvestris L.) timber as the wood species and PVAc glue as the adhesive. Four-point bending
test was applied to the test samples in two different directions, vertical and parallel to the glue line. Flexural and
elastic modulus values were examined. The highest bending strength and elasticity modulus values were found
in wood laminated material and the lowest in solid wood material. The average values of bending strength and
modulus of elasticity were found to be higher in the direction parallel to the glue line than in the direction vertical
to the glue line. As a result of the study, it can be said that CLT and wooden laminated materials can be used as an
alternative to solid materials, which are frequently used as building and frame construction furniture materials.

KEYWORDS: CLT; wood laminate; wood material; bending resistance; elastic modulus

SAZETAK « U ovom istrazivanju ispitni su uzorci pripremljeni od CLT-a, masivnog drva i drvnih lameliranih ma-
terijala te su odredeni cvrstoc¢a na savijanje i modul elasticnosti. Svi uzorci pripremljeni su od drva obicnog bora
(Pinus sylvestris L.) i PVAc ljepila. Ispitni uzorci savijani su u Cetiri tocke u dva razlicita smjera, okomito i pa-
ralelno s lijepljenim spojem. Ispitane su vrijednosti modula savijanja i modula elasticnosti. Utvrdeno je da drvni
lamelirani materijali imaju najvise, a masivno drvo najnize vrijednosti ¢vrstoce na savijanje i modula elasticnosti.
Prosjecne vrijednosti ¢vrstoce na savijanje i modula elasticnosti bile su vece u smjeru paralelnom s lijepljenim
spojem nego u smjeru okomitom na taj spoj. Kao rezultat istrazivanja moze se rec¢i da se CLT i drvni lamelirani
materijali mogu upotrebljavati kao alternativa materijalima od masivnog drva, koji se cesto rabe u graditeljstvu
i izradi okvira namjestaja.

KLJUCNE RIJECI: CLT: drvni lamelirani materijal; masivno drvo; ¢vrstoc¢a na savijanje; modul elasticnosti
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1 INTRODUCTION
1. UVOD

Wood has been one of humanity’s oldest and
most indispensable materials throughout history. This
valuable resource provided by nature is used in many
different fields for both aesthetic and functional pur-
poses. Modern processing techniques, particularly
laminated wood and cross-laminated timber (CLT),
have further expanded the use of wood and established
a significant place among construction materials.

In recent years, the use of CLT and laminated
wood materials as alternatives to solid materials has be-
come increasingly widespread. Numerous studies have
been conducted on the use of CLT materials in regions
with high seismic risk. (Asiz and Smith, 2009; Ceccotti
et al., 2013; Dujic and Zarnic, 2005; Gavric, 2013)

Laminated wood is created by combining multi-
ple layers of wood to produce durable and aesthetically
pleasing products. These products are commonly used
in furniture, across all areas of the construction indus-
try, as well as in interior cladding and flooring. On the
other hand, cross-laminated timber (CLT) has revolu-
tionized the construction sector with its structural ad-
vantages, finding applications in large buildings, bridg-
es, and prefabricated structures. The potential of these
materials to offer sustainable building solutions pre-
sents a significant opportunity in today’s environmen-
tally friendly construction practices.

CLT has emerged as a versatile prefabricated ma-
terial for flooring, roofing, and wall systems, gaining
traction in construction across Austria, Germany, and
North America (Fredriksson et al., 2015; Karacabeyli
and Douglas, 2013). This innovative panel system trac-
es its roots back to the 1990s in the Swiss cities of
Lausanne and Zurich. However, it was not until 1996
that a significant industrial-academic collaboration in
Austria led to its advancement and wider adoption
(Schickhofer et al., 2009; Espinoza ef al., 2016).

CLT is an innovative engineered wood product
that typically comprises three to nine layers of dimen-
sioned lumber, arranged perpendicular to one another,
similar to the layers of veneer in plywood. This unique
configuration enhances its structural integrity and sta-
bility. CLT has gained traction in prefabricated con-
struction, serving as effective wall, floor, and roofing
elements across residential, commercial, and non-resi-
dential buildings. Its potential is particularly notewor-
thy in the realm of tall timber structures, offering a sus-
tainable and efficient alternative in modern architecture
(Mohammed et al., 2012).

In Europe, the predominant raw materials for
constructing CLT are structural C24-grade spruce and
pine, with densities ranging from 420 kg/m? to 500 kg/
m? at 12 % moisture content. In contrast, U.S. stand-
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ards set by ANSI restrict the use of lumber for CLT to
species with a minimum density of 350 kg/m?. As CLT
continues to gain traction in industry, it is crucial to
explore the potential of alternative and lower-density
wood species that are not specified in ANSI/APA PRG
320. Investigating these materials could expand the
versatility and sustainability of CLT panels, allowing
for innovative applications in construction.

CLT is an engineered wood panel composed of
layers of lumber, typically ranging from 20 to 60 mm
in thickness, that are laminated orthogonally to the
grain direction. This configuration enhances its strength
and stability, allowing it to effectively support loads in
various directions (Schmidt and Griffin, 2009).

Recently, CLT has gained significant traction in
Europe as a preferred material for both interior and ex-
terior applications, particularly in high-rise construc-
tion, due to its versatility and sustainability (Gagnon
and Pirvu, 2011). CLT panels serve as essential load-
bearing components in walls, floors, and roofs, contrib-
uting to the overall structural integrity of buildings
(Popovski et al., 2012).

CLT serves as a fundamental component in con-
structing heavy timber structures for mid- to high-rise
buildings. Its benefits as a building material encompass
factory prefabrication, ease of installation, lightweight
nature, exceptional strength, solid structural integrity,
superior thermal insulation, and long-lasting durability
(Que et al., 2017; Wang et al., 2017)

In CLT production, adhesives are selected and
applied based on the specific requirements of the in-
tended use and the environmental conditions. For ex-
ample, polyurethane (PU) adhesives are used for moist
environments and high durability, phenolic adhesives
for moisture and high temperatures, EPI (Emulsion
Polymer Isocyanate) adhesives for moisture and high
durability, and MDA (Melamine Diisocyanate) adhe-
sives. Polyvinyl Acetate (PVA) adhesives are used for
low-cost, non-toxic, and easy application. This compo-
sition exhibits remarkable stiffness and strength in all
directions, making it highly durable. The primary raw
materials for producing this panel are sourced from the
Pinus genus, combined with phenol-resorcinol-formal-
dehyde adhesive (Gagnon and Pirvu 2011; Karacabey-
li and Douglas 2013; Buck et al., 2016).

Recent research has focused on key properties
such as bending strength, shear strength (Okabe et al.,
2014; Fredriksson et al., 2015; Espinoza et al., 2016;
Lu et al., 2018), and elastic limit (Gsell et al., 2007,
Gulzow et al., 2011), highlighting their significance in
enhancing performance and application potential.

In this study, solid wood, laminated wood, and
CLT were produced from the same tree species. The de-
cision to conduct such a test was made to better under-
stand the performance of CLT in different usage scenar-
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ios. While CLT is typically used for walls, floors, and
other structural elements, this test aimed to examine its
different load-bearing capacities and properties. Addi-
tionally, the test was carried out to provide data for fu-
ture potential applications of CLT, contribute to product
development and innovation processes, and gain a deep-
er understanding of its mechanical properties.

This study aimed to investigate the effects of
forces applied on wooden materials, specifically CLT
and laminated wooden materials, commonly used in
the construction and furniture industries. We compared
the bending strength and modulus of elasticity of these
materials under different force applications — both per-
pendicular and parallel to the glue line. The objective
was to assess how these variables, including the type of
material and the direction of the applied forces, influ-
ence bending and elastic modulus values. By under-
standing these relationships, we can select materials
that are best suited for specific applications, optimize
their use based on the expected force directions, and
ultimately enhance the durability and longevity of the
products.

2 MATERIALS AND METHODS
2. MATERIJALI  METODE

2.1 Wooden material
2.1. Drvni materijal

All test samples were made from Scots pine (Pi-
nus sylvestris L.), sourced from commercial suppliers
(Bag Kerestecilik, Karabuk, Turkey). The average den-
sity of the wood was measured at 0.45 g/cm?. Scots
pine, a common choice in the wooden construction in-
dustry, was specifically selected for this study due to its
availability from the Eastern Black Sea region in Tur-
key. The test specimens were chosen based on the TS
2470 (1976) standard. Selection criteria included uni-
formity of natural color, smooth fiber texture, absence
of knots, heartwood consistency, and lack of reaction
wood, as well as the absence of fungal and insect dam-
age. This careful selection ensured the suitability of the
specimens for further processing.

2.2 Polyvinyl acetate D4 (PVA D4) adhesive
2.2. Polivinilacetatno D4 (PVA D4) ljepilo

PVA D4 is an odorless, nonflammable adhesive
ideal for a wide range of wood bonding applications,
including veneering and laminating. Manufactured to
meet BS EN204 category D4 and DIN 68602 stand-
ards, it is suitable for both internal and external uses.
This adhesive performs well in cold temperatures and
cures quickly, ensuring ease of application without
damaging cutting tools. For optimal results, the adhe-
sive must be applied to only one surface, using a rec-
ommended amount of 150-200 g/m?. The application

process follows the TS 3891 standard, ensuring con-
sistent quality. PVA D4 has a density of 1.1 g/cm?, a
viscosity of 13—18 Pas, and a pH value between 2.0
and 3. For jointing, a pressing time of 30 minutes is
advised for cold processes, while hot pressing at 60 °C
should last 5 minutes, maintaining a humidity level of
6—-15 %. After hot pressing, materials should be kept
until they reach normal temperature for optimal bond-
ing results.

2.3 Preparation of test samples
2.3. Priprema ispitnih uzoraka

The solid material used for control test samples
was made from Scots pine (Pinus sylvestris L.) wood.
The wood was cut to dimensions of 1900 mm X
100 mm x 100 mm and stored at a temperature of
(20 +2) °C and a humidity of (65 & 5) % until it reached
a constant weight. The average moisture content (MC)
of the first control sample was determined to be
(12 +£0.5) % according to TS 2471 (2005) standard.

The length of the laminations used in the produc-
tion of CLT and laminated wood samples was 2000 mm,
and their thickness was prepared to be 14 mm. In the
laminated wood preparation, the lamination layers were
glued parallel to each other, while the CLT lamination
layers were bonded to each other at a 90-degree angle.
The samples were laminated using PVAc adhesive, in
accordance with the TS EN 408+A1 (2015) standard, to
create a S-layer laminated wood element. Finally, the re-
sulting structural laminated wood elements were cut to
dimensions of 1900 mm x 100 mm % 100 mm.

2.4 Density
2.4. Gustoca

The density of the Solid, Cross-Laminated Tim-
ber (CLT), and Wood Laminate samples was deter-
mined in accordance with the TS EN 408+A1 (2015)
standard. The air-dried density (8) was calculated using
the following Eq. 1:

p=M/V(g/cm?) (1)

Where, M is the air-dried mass (g) and Vis the air-dried
volume (cm?).

2.5 Bending test method
2.5. Metoda ispitivanja savijanjem

The bending strength test applied a 4-point load
method on specimens aligned both parallel and vertical
to the glue line. This test was conducted in the Karabiik
University Safranbolu Vocational School Laboratory
using a SHIMADZU universal testing device, such as
a SHIMADZU AGS-X series model, with a measuring
capacity generally ranging from 0.1 N to 50 kN. Ac-
cording to TS EN 408+A1 (2015), bending strength
and modulus of elasticity were measured. A total of 60
test specimens, each measuring 100 mm x 100 mm X
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Figure 1 Bending strength and elasticity module test assembly
Slika 1. Postav ispitivanja ¢vrstoce na savijanje i modula
elasti¢nosti
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Figure 2 Four-point bending test setup
Slika 2. Postavljanje ispitivanja savijanja u Cetiri tocke

1900 mm, were prepared — 30 for each loading direc-
tion and laminated type. The support distance was set
to 18 times the specimen height, as illustrated in Figure
1, while Figure 2 depicts the experimental setup.

The 4-point bending test is an experiment used to
determine a material bending strength and modulus of
elasticity. The sample is fixed on two parallel supports,
equipped with two symmetrical loading points. The de-
formation of the material is measured as a result of the
applied loads. This test is commonly used in materials
science and engineering to examine the durability of
structural materials. The test setup is shown in Figure 2.

The average value of the deformation of two dis-
placement transducers was used for the analysis of the
results. The MOE and MOR were determined by substi-
tuting the test results into equarions 2 and 3, respectively.

3 B (L=S)
2:bh @
Where, MOR is the bending strength (N/mm?), P, is
the maximum applied load (N); L is the span of the CLT
(mm); S'is the distance between the loading points (mm);
b is the width (mm); / is the thickness of CLT (mm)
P (B-F) 3a a 3]
M E = . (7 — —
O = - =) 2] ©
In bending tests, the modulus of elasticity in bending
(MOE) is calculated using the following parameters:
MOE (N/mm?) — modulus of elasticity in bending; /
(mm) — span length between supports; b, (cm) — width
of the cross section being tested; 4, (cm) — depth of the

MOR =
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cross section being tested; a (mm) — distance from the
loading position to the nearest support; AF' (N) — change
in load between two points on the regression line, where
the correlation coefficient is 0.99 or better (i.e., F,—F));
AW (mm) — change in deformation corresponding to the
change in load (i.e., W,—W,) and 1 — represents the elas-
tic modulus constant.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Flexural strength
3.1. Cvrstoca na savijanje

Statistical evaluation of the results regarding the
bending strength of CLT and laminated wood materials
and solid wood materials is given in Table 1, and the
results of multiple variance analysis are given in Table 2.

According to Table 1, the results of the four-point
bending strength tests indicate clear differences in the
average values of laminated wood, CLT and solid
wood materials. This test was conducted to determine
the bending strength of each material, and the results
allow for a comparison of the mechanical properties of
these three materials.

First, the test results for laminated wood materi-
als generally show high strength, while the strength of
CLT is also at a noteworthy level. In contrast, solid
wood materials typically have lower average values
compared to laminated and CLT. It is believed that
these differences are related to the manufacturing tech-
niques and structural properties of the materials. To as-
sess whether the differences between the groups are
statistically significant, a multiple variance analysis
(ANOVA) was performed (Table 2).

According to the results of the variance analy-
sis, the material type and the interaction between ma-
terial type and load application direction were found
to be statistically significant. However, the direction
of load application (to the adhesive line) was found to
be insignificant.

Deformation types are presented in Figures 4 and
5. Under the load applied perpendicular to the adhesive
line, the deformation of the prepared laminate is first ob-
served in the bottom lamella. In contrast, when the load
is applied parallel to the adhesive line, deformation is
observed simultaneously across all the lamellae that
make up the laminate. The Duncan test was conducted to
determine the significance level between groups (Table
3). The results of the Duncan test indicate that the differ-
ences between the groups are statistically significant.

3.2 Flexural modulus of elasticity
3.2. Modul elasti¢nosti pri savijanju

The comprehensive statistical evaluation of the
results regarding the bending modulus of elasticity of
CLT and laminated wood materials, as well as solid
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Table 1 Four-point bending strength results of the test samples (N/mm?)

Tablica 1. Rezultati ¢vrstoce na savijanje u Cetiri tocke (N/mm?)

ijce qirection Material t)'f.pe Xmin. | Xort. | Xmax | Std.
Smjer sile Vrsta materijala

Parallel to the glue line Solid wood materials (no glue) / masivno drvo (bez ljepila) 75.10 | 77.50 | 79.90 | 3.028
paralelno s lijepljenim CLT 76.50 | 78.90 | 81.30 | 4.229
spojem Wood laminated / lamelirano drvo 88.50 | 90.90 | 93.30 | 3.143
Vertical to the glue line | CLT 77.20 | 79.60 | 82.00 | 4.926
okomito na lijepljeni spoj | Wood laminated / lamelirano drvo 79.60 | 82.00 | 84.40 | 3.916
Table 2 Four-point bending strength results of test samples (N/mm?)
Tablica 2. Rezultati ¢vrstoce na savijanje u Cetiri tocke (N/mm?)

Sources of variance S.D Total of squares Mean squares F Value Chance of error P<0.05
Izvori varijance ) Ukupno kvadrata | Srednja vrijednost kvadrata | F-vrijednost | Vjerojatnost pogreske P<0,05
Material type 2 900.033 450.017 31511 000

vrsta materijala

Force direction 1 112.067 112.067 7.847 007

smjer sile

M.T. X F.D. 2 286.433 143.217 10.028 .000

Error / greska 54 771.200 14.281

Total / ukupno 60 396378.000

wood materials, is presented in Table 4. Additionally,
the results of the multiple variance analysis conducted
to examine the differences among these materials are
provided in Table 5.

According to Table 4, the results obtained from
the four-point bending tests aimed at determining the
modulus of elasticity reveal significant average differ-
ences among laminated wood, CLT and solid wood
materials. This test serves as an important method for
establishing the modulus of elasticity for each type of
material, facilitating a comprehensive comparison of
their mechanical properties.

First, the results indicate that laminated wood
materials generally exhibit high strength, which can be
attributed to their engineered nature and the advantag-
es of their layered structures. Similarly, CLT also dem-
onstrates a remarkable level of strength, which can be
said to arise from its cross-laminated structure that en-
hances stability and load-bearing capacity. In contrast,
the average modulus of elasticity values for solid wood
materials tend to be lower compared to both laminated
wood and CLT. This difference may stem from the in-
herent characteristics of solid wood, such as natural
variations in density and grain structure.

The observed discrepancies in mechanical prop-
erties are believed to be influenced by the distinct man-
ufacturing techniques and structural attributes of each
material. Laminated wood is typically produced by
bonding layers of wood together, which enhances its
mechanical performance. CLT, on the other hand, in-
creases durability through the cross-lamination of its
layers. To determine whether the differences among
the groups are statistically significant, a multiple vari-
ance analysis (ANOVA) has been conducted (Table 5).

Table 3 Duncan results regarding the effects of material
type on bending strength (N/mm?)

Tablica 3. Duncanovi rezultati utjecaja vrste materijala na
¢vrstocu na savijanje (N/mm?)

Material type / Vrsta materijala Xort. | H.G
Solid wood materials / masivno drvo 77.50 A
CLT 7925 | B
Wood laminated / lamelirano drvo 8645 | B

The results of the variance analysis conducted to
determine the bending modulus of elasticity indicate
that both the material type and the interaction between
material type and load application direction are statisti-
cally significant (p<0.05). However, it was found that
the direction of load application (relative to the adhe-
sive line) is not significant (»<0.05). To further investi-
gate the differences among the groups, a Duncan test
was conducted, which determined the significance lev-
els between the groups (Table 6). The results of the
Duncan test indicate that there are statistically signifi-
cant differences between the groups.

3.3 Fracture types
3.3. Vrste loma

The wood (control), laminated wood, and cross-
laminated timber materials exhibited different types of
fractures under loading. The test samples fractured be-
tween both load arms and support points. These frac-
tures indicate that the prepared samples were appropri-
ately designed for the purpose of the experiment and
that the obtained values are valid. The type of fracture
observed in the wood material samples is presented in
Figure 3; the fracture type observed in the laminated
wood material is shown in Figure 4; and the fracture
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Table 4 Results of modulus of elasticity of test samples in four-point bending (N/mm?)
Tablica 4. Rezultati modula elasti¢nosti ispitnih uzoraka pri savijanju u cetiri tocke (N/mm?)

ijce dilrectlon Material type Xmin. Xort. Xmax Std.
Smyjer sile Vrsta materijala
Parallel to the glue line | 0L *00d materials (No glue) 10676.66 | 10919.90 | 11163.14 | 268.921
lel liieplieni masivno drvo (bez ljepila)
A [T} 11268.86 | 1151210 | 1175534 | 270451
pol Wood laminated / lamelirano drvo 12248.36 12491.60 12734.84 545.978
Vertical to the glue line | CLT 11479.06 11722.30 11965.54 466.022
okomito na lijepljeni spoj | Wood laminated / lamelirano drvo 11528.36 11771.60 12014.84 387.458

Table 5 Results of variance analysis regarding the effects of material type and force direction on bending modulus of

elasticity values

Tablica 5. Rezultati analize varijance utjecaja vrste materijala i smjera sile savijanja na modul elasti¢nosti

Sources of variance SD Total of squares Mean squares F Value Chance of error P<0.05
Izvori varijance Ukupno kvadrata | Srednja vrijednost kvadrata Vjerojatnost pogreske P<0,05
Maerial type 2 | 14,793,676.933 7,396,838.467 50252 000

vrsta materijala

Force direction / smjer sile | 1 433,160.067 433,160.067 2.943 .092

M.T. x F.D. 2 | 2,379,760.133 1,189,880.067 8.084 .001

Error / pogreska 54 | 7,948,549.600 147,195.363

Total / ukupno 60 | 8,038,346,878.0

Table 6 Results of Duncan test regarding the effects of
material type on elasticity modulus in bending (N/mm?)
Tablica 6. Rezultati Duncanova testa utjecaja vrste
materijala na modul elasti¢nosti pri savijanju (N/mm?)

type observed in the cross-laminated timber material is
illustrated in Figure 5.

In the examples of wooden materials, it was ob-
served that the effects of force initiated capillary action

from the midpoint of both supports and progressed in-
ward. During the initial phase of the test, the displace-
ment increased linearly with the applied force. How-
ever, at the point of fracture (at maximum loading),

DS oni e ol WU ol 2 H.G while the displacement continued to increase, the force
(Sj(:r}d wood materials / masivno drvo 1(1)2} 328 g exhibited a decline.

- - : In laminated wood samples subjected to forces,
Wood laminated / lamelirano drvo 12131.60 C

distinct differences have been observed between the
fracture characterization under perpendicular forces to
the adhesive line and that under parallel forces. In sam-
ples perpendicular to the adhesive line, wide-angle
fractures occur, while narrow-angle fractures are ob-

Figure 3 Type of fracture observed in wood material
Slika 3. Vrsta loma uocena na masivnom drvu

Figure 4 Type of fracture observed in laminated wood material
Slika 4. Vrsta loma uo¢ena na lameliranom drvu
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Figure 5 Type of fracture observed in CLT
Slika 5. Vrsta loma uo¢ena na CLT-u

served in samples parallel to the adhesive line. In the
samples subjected to perpendicular forces, it has been
determined that the fracture starts from the lower layer
and progresses towards the inner sections, meaning
that the initial fracture occurs in the bottom laminate.
In the parallel samples, the fracture occurs between the
wood laminates and the adhesive layers.

In cross-laminated timber materials, failure pri-
marily occurs as the annual rings of the laminates in the
middle layer separate from one another. The fracture
angle has been observed to be wide in samples parallel
to the glue line, while it is narrow in samples perpen-
dicular to the glue line.

4 CONCLUSIONS
4. ZAKLJUCAK

In this study, solid wood materials, cross-lami-
nated timber (CLT), and laminated wood materials,
which are frequently used in the construction and fur-
niture industries, were compared in terms of their
bending strength and elastic modulus values. Four-
point bending tests were applied to the test samples,
with forces applied in two different directions: perpen-
dicular and parallel to the glue line. The results ob-
tained from the experimental work led to the following
conclusions:

When examining the results of the four-point
bending tests, it was observed that the highest value
was obtained for the laminated wood material in the
direction parallel to the glue line. This can be attributed
to the alignment of the laminates in the same direction
and the resistance of the adhesive layer against bend-
ing. The lowest bending resistance was observed in
solid wood. It was also noted that the adhesive and
laminates used in CLT and laminated wood materials
enhanced their resistance to bending.

According to the results of the Duncan test, high-
er values were obtained in the direction parallel to the
glue line when considering the applied force direction.
This finding suggests that when the material is used as
a structural or furniture skeleton component, the forces
it will be subjected to, will be independent of the point

of application and parallel to the glue line, which
would yield better results.

It was observed that the adhesive and laminates
bonding the layers of CLT and laminated wood materi-
als provided high bending strength, and there were no
issues with the adhesive bonding area.

Average values for bending strength and elastic
modulus were found to be higher in the direction paral-
lel to the glue line compared to the direction perpen-
dicular to the glue line. In conclusion, it can be stated
that CLT and laminated wood materials can be used as
alternatives to solid wood materials, which are fre-
quently used in construction and as furniture materials
in framed structures.
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ABSTRACT -« In this study, the effect of the effective exchange rate on the industrial production index, capacity
utilization rate, import and export of the furniture products sector was investigated. The analysis covers the period
from 2007 to 2023, and the data consists of month observations. Since some of the variables are non-linear and not
stationary at the same level, nonlinear autoregressive distributed lag limit test (NARDL), which takes into account
asymmetric effects, was used as a method. According to the results of the research, it has been determined that in
the short term, downward movements in the effective exchange rate increase the capacity utilization rate of the
furniture sector with a significance of 5 %, while upward movements in the effective exchange rate decrease the in-
dustrial production index of the furniture sector with a significance of 1 %. Additionally, the downward movements
in the effective exchange rate negatively affect the export of furniture products in the long term, while it positively
affects the import of furniture in the short term.

KEYWORDS: effective exchange rate; foreign trade; capacity utilization rate; industrial production index;
furniture sector

SAZETAK « U ovom Je radu istrazen utjecaj efektivnog tecaja na indeks industrijske proizvodnje, stopu iskoriste-
nosti kapaciteta te na uvoz i izvoz u sektoru namjestaja. Analiza obuhvaca razdoblje od 2007. do 2023. godine, a
podatci se sastoje od mjesecnih opazanja. Buduci da su neke varijable nelinearne i nisu stacionarne na istoj razini,
primijenjen je nelinearni autoregresivni distribuirani test vremenskih ogranicenja (NARDL) koji uzima u obzir
asimetricne ucinke. Prema rezultatima istrazivanja, utvrdeno je da silazna kretanja efektivnog tecaja povecavaju
stopu iskoristenosti kapaciteta sektora namjestaja u kratkom roku, sa znacajnoséu od 5 %, dok uzlazna kretanja
efektivnog tecaja smanjuju indeks industrijske proizvodnje sektora namjestaja, uz znacajnost od 1 %. Osim toga,
silazna kretanja efektivnog tecaja dugorocno negativno utjecu na izvoz namjestaja, dok kratkorocno pozitivno
utjecu na njegov uvoz.

KLJUCNE RIJECI: efektivni tecaj; vanjska trgovina; stopa iskoristenosti kapaciteta; indeks industrijske proi-
zvodnje; sektor namjestaja
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1 INTRODUCTION
1. UVOD

The manufacturing sector plays a catalytic role in
the modern economy. This sector is a pathway for trade
expansion, a source of competitiveness and a major
contribution to exports and productivity growth. Addi-
tionally, the added value of the manufacturing sector
has the highest economic multipliers because of its re-
lationship with the industrial production sectors (min-
ing and agriculture) and sub-service sectors.

The furniture sector in Turkey is included in the
manufacturing industry and is classified under Code
31: Furniture Manufacturing according to NACE Rev.
2 classification (Anonymous, 2023a). The Turkish fur-
niture sector is one of the important sectors of our
country in terms of its capacity utilization rate, the
number of employees it employs, its production vol-
ume and its contribution to the national economy.

Capacity utilization in the Turkish furniture sector
may vary depending on factors such as demand in the
sector, production volume and the performance of busi-
nesses. The annual average capacity utilization rate of
the Turkish furniture manufacturing sector has been
above 71 % in the last 9-year period, excluding 2020.
The average capacity utilization rates of the furniture in-
dustry in Turkey were 77.3 % in 2022, 75.9 % in 2023
and 75.6 % in 2024. (Anonymous, 2023a; CBRT, 2024).

The Turkish furniture industry is generally domi-
nated by SMEs, but the numbers of medium and large-
scale enterprises have also been increasing in recent
years. Turkey’s furniture production capacity is quite
high and is at a level that can feed both the domestic
and foreign markets. The furniture sector in Turkey is
concentrated in certain regions where the market and/
or forest products are concentrated. Important furniture
production regions are listed as follows: Istanbul, An-
kara, Bursa (Inegdl), Kayseri, izmir and Adana accord-
ing to their share in total production (Anonymous,
2021; Anonymous, 2023b). Furniture production in
Turkey reached 12 billion dollars in 2023. The furni-
ture sector, which is expected to grow by an average of
10 % annually until 2030, is expected to reach approx-
imately 29 billion dollars. The furniture industry plays
a significant role in supporting the global economy.
Moreover, it positively affects the general employment
situation in the country by creating numerous job op-
portunities. The Turkish furniture sector provides di-
rect and indirect employment to approximately 245000
people. (Damlayict and Arslan, 2024; Anonymous,
2024; TURKSTAT, 2023).

Turkey’s revenue from furniture exports has in-
creased by reaching over 5 billion dollars in 2023.
Thus, Turkey has become the 11th largest furniture ex-
porter in the world. Turkey has an important position in
furniture exports, especially to European countries and

380 ) DRVNA INDUSTRIJA 76 (4) 379-389 (2025)

the Middle East. The share of this sector in total ex-
ports was 2 % in 2023. Turkish Furniture sector import
was 906 million dollars in 2022, and in 2023, it in-
creased by 17 % compared to the previous year and
reached 1 billion 67 million dollars. The furniture sec-
tor in Turkey has been one of the sectors with a foreign
trade surplus since 2001 (TradeMap, 2023).

There are several macroeconomic factors that
can affect the performance of the manufacturing sector.
One of these factors is the exchange rate (Mlambo and
McMillan, 2020). The exchange rate is a way of meas-
uring the monetary competitiveness of a country. Since
changes in the exchange rate tend to create a multiplier
effect on macroeconomic variables, it is one of the im-
portant macroeconomic indicators used in determining
the performance level of an economy. The depreciation
or appreciation of the exchange rate, which is an im-
portant economic variable, affects the performance of
all sectors of the economy, especially the manufactur-
ing sector (Omolola et al., 2023). A decrease in the ex-
change rate causes a decrease in that country’s exports
and an increase in imports from foreign countries. As a
result, there is an outflow of funds from the domestic
economy and the amount of resources that domestic
companies can use to invest and grow decreases. The
increase in the exchange rate makes the country more
attractive to foreign investment and makes its products
more competitive in the international market. As a re-
sult, foreign companies tend to invest more in the
country and increase local demand for goods and ser-
vices (El Aboudi et al., 2023).

There are studies in the literature on the effects of
exchange rate and effective exchange rate on foreign
trade, capacity utilization rate and industrial produc-
tion index with the help of the Linear Autoregressive
Distributed Lag (ARDL) and the Nonlinear Autore-
gressive Distributed Lag (NARDL) approaches. Eren
Sarioglu (2013) tried to determine the effect of real ex-
change rate change on the exports of chemical, auto-
motive, electrical-electronics and iron-steel sectors
with ARDL approach. It was found that the exchange
rate change did not have a significant effect on the ex-
ports of the sectors within the scope of the study. Tutu-
eanu (2015) investigated the dynamic effect of ex-
change rate on the trade balance of forest products
(fibreboard, particleboard and pulp) in Romania. As a
result of the study, it was observed that the exchange
rate will affect Romania’s pulp trade balance in the
short term but will have no significant effect in deter-
mining the trade balance of fibreboard and particle-
board in both the short and long term. Saragoglu et al.
(2018) stated that the effects of exchange rate and ex-
change rate uncertainties on exports and imports vary
depending on the sector. Habibi (2019) investigated the
effect of exchange rate on industrial production in var-
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ious sectors in the United States. According to research
results, although exchange rate movements have short-
term linear effects on electricity production in the Unit-
ed States, exchange rate movements have no effects on
mining and production of energy materials. Simonyan
(2020) showed that in both the long and short term, the
exchange rate has an asymmetric effect on export and
import prices in Turkey using NARDL approach.
Bitrak (2021) examined the effect of some macroeco-
nomic variables on cellulose (pulp) imports. According
to the findings of the study, it was determined that in-
creases in the exchange rate negatively affected cellu-
lose imports in the long term. Uche and Nwamiri
(2022) stated that positive movements in exchange
rates lead to lower output levels in the short term,
whereas negative movements does not have any sig-
nificant effect on productivity levels. Moreover, posi-
tive or negative changes in the exchange rate cannot be
expected to have a significant impact on productivity in
the economy in the long term. In the study conducted
by Sylvanus et al. (2023), the effect of exchange rates
on the agricultural industry was investigated in Nige-
ria. It was also determined that exchange rates affect
agricultural capacity utilization. Hong Nga et al. (2024)
denoted that although exchange rate movements sig-
nificantly affect imports in Vietnam, it has an insignifi-
cant effect on exports in Vietnam.

The purpose of this research is to examine the
effects of increases and decreases in the effective ex-
change rate on the capacity utilization rate, industrial
production index and foreign trade in the furniture sec-
tor. In this context, the research questions (RQ) can be
defined as follows:

RQ1: How the changes in effective exchange
rate influence the capacity utilization rate in the furni-
ture sector?

RQ2: How the changes in effective exchange rate
influence the industrial production index in the furni-
ture sector?

Table 1 Variables used in the study
Tablica 1. Varijable promatrane u istrazivanju

RQ3: How the changes in effective exchange rate
influence the export in the furniture sector?

RQ4: How the changes in effective exchange rate
influence the imports in the furniture sector?

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Capacity utilization rate, industrial production
index, import and export values were used as selected
indicators for the purpose of analyzing the relationship
between effective exchange rate and selected indica-
tors in the furniture sector. As seen in Table 1, effective
exchange rate, capacity utilization rate and industrial
production index data were obtained from the Central
Bank of the Republic of Turkey (CBRT) Data Distribu-
tion System (EVDS), while export and import values
of the wood and wood products sector were obtained
from the TradeMap web address. The analysis covers
monthly data from 2007 to 2023. All analyses were
performed by taking the natural logarithm of all data
except the capacity utilization rate.

Four different models were established to inves-
tigate the relationship between the effective exchange
rate and the capacity utilization rates, industrial pro-
duction indices and foreign trade (import and export)
values of companies operating in the furniture sector.

NARDL 1: CUR=,*InEER +¢

NARDL 2: IPI= B,*InEER +¢

NARDL 3: IMP= B,*InEER +¢

NARDL 4: EXP=3,*InEER +¢

Considering the determined targets and the re-
sults of the linearity tests, the NARDL test was select-
ed as the analysis technique. The NARDL technique
provides a dynamic framework that allows us to simul-
taneously test asymmetric and nonlinear relationships
between variables (Shin et al., 2014). In this technique,
it is not necessary for all variables to be stationary at

Variables ey o Gk Symbols Database
Varijable Simboli | Baza podataka
Effective exchange rate The effective exchange _rate is a weighted average pf a
ofektivni tecaj country’s currency relative to a basket of other major EER CBRT
currencies (Krugman and Obstfeld, 2003).
Capacity utilization rate Capacity utilization is a ratio of the current level of output to CUR CBRT
stopa iskoristenosti kapaciteta | full level of output, or capacity (Corrado and Mattey, 1997).
The Industrial Production Index is an indicator that allows for
Industrial production index the comparative tracking of the industrial sector’s condition,
. . .. . . . . . . L IPI CBRT
indeks industrijske proizvodnje |reflecting the increase or decrease in production activities
over the years (Kog et al., 2016)
Import is the process of goods produced in other countries bein;
Import / uvoz bogght by busers in the iomes?ic market (Yurdakul, 2014). ¢ MP TradeMap
. Export is the sale of goods that are in free circulation within
Export / izvoz the country to a foreign country (Yurdakul, 2014). EXP TradeMap
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the same level for cointegration. Another advantage of
this technique is that short-term and long-term coeffi-
cients can be modeled simultaneously. Lastly, NARDL
permits one to capture the dynamic effect of both up-
ward and downward movements in an explanatory
variable (ie. exchange rate) on a particular dependent
variable (Adekunle ef al., 2019; Mesagan et al., 2022).
The NARDL method includes the following steps
(Pesaran et al., 2001; Shin et al., 2014; Goksu and
Balki, 2023):
Step 1: Stationarity Test of Variables

First of all, it is necessary to determine whether
the time series is stationary. For this purpose, tests such
as ADF, PP, and KPSS are used. Moreover, the varia-
bles should be 1(0) and/or I(1) but not 1(2).
Step 2: Decomposition of the Independent Variable

The positive (X) and negative (X ) changes of
the independent variable are decomposed.

Xi =Y max(AX,0); X, =Y min(AX,.0)

Step 3: Determine the Appropriate Lag Length
Optimal lag lengths are determined according to
criteria such as LR, FPE, AIC, SIC, HQ. This step is
valid for both dependent and independent variables.
Step 4: Estimate the NARDL Model
The model is generally set up as follows:

AY=a +Zi111 0; AZ—:‘"‘Z/ZO (Q;AX;j
+O0;AX D)+ AY A AY S+ AYS e

Step 5: Bound Test

If there is a long-term relationship, it is tested
with the Bounds Test (Pesaran ef al., 2001) and the test
is performed with the F-statistic.
Step 6: Calculation of Long and Short Term Coeffi-
cients
) Long term coefficients are calculated as _/T}f and
/TS' Also, short-term dynamics are evaluated based on
lagged differences.
Step 7: Asymmetry Tests

Wald tests are conducted for short- and long-run
symmetry. H, hypotheses of short- and long-term
asymmetries are as follows.

Long-term asymmetry: H: _/T/}z = %}3

Table 2 Wald linearity test results
Tablica 2. Rezultati Waldova testa linearnosti

Short-term asymmetry: Hy: 6 =6,
If H, is rejected, there are asymmetric effects.
Step 8: Diagnostic & Stability Tests

The following tests are used to test the validity
and robustness of the estimations:
Autocorrelation: Breusch-Godfrey test
Heteroskedasticity: White or Breusch-Pagan test
Normality: Jarque-Bera test
Functional Form Test: Ramsey-RESET test
Model stability: CUSUM and CUSUMSQ graphics

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

First, Wald linearity test was performed to deter-
mine whether the variables used in the analysis were
linear. The results obtained from the Wald linearity test
are given in Table 2. When the Walds linearity test re-
sults in Table 2 are examined, it is determined whether
the capacity utilization rate, import and export series of
the furniture sector are linear, while the effective ex-
change rate and industrial production index series are
non-linear. Since some variables to be included in the
analysis are non-linear, an econometric method that al-
lows the analysis of non-linear series should be pre-
ferred in the study.

Determining whether the series are stationary and
the degree of stationarity is also very important in choos-
ing the method to be used in the analysis. In this context,
the stationarity of the series used in the analysis was in-
vestigated with the Augmented Dickey-Fuller (ADF)
and Philipps-Perron (PP) tests. The results obtained
from the stationarity tests are given in Table 3.

As shown in Table 3, the EER variable is not sta-
tionary at the level, and it has become stationary at the
first difference. The CUR and EXP variables are sta-
tionary at the level of 1 % according to both unit root
tests. While the IPI and IMP variables become station-
ary at the first difference at the level of 1 % according
to the ADF unit root test, they are stationary at the
level of 1 % according to the PP unit root test. Thus, all
the variables used in the analysis are either stationary
at the level or become stationary at the first difference.
The absence of any variable becoming stationary at

Effective exchange | Capacity utilization rate Industrial production index

rate (EER) g P y( CUR) I’(IPI) Import (IMP) | Export (EXP)
Efektivni tecaj Stopa iskoristenosti kapaciteta | Indeks industrijske proizvodnje Uvoz fzvoz
Constant | 39.4* Constant -0.01 Constant 43.2% Constant | 193 | Constant | 47.1
EER(-1) | -25.7* | CUR(-1) 2.16 IPI(-1) -28.9% IMP (-1) | -48.6 | EXP(-1) | -14.6
EER?(-1) | 6.02* | CURZ?(-1) -2.94 IPI3(-1) 6.92%* IMP2(-1) | 4.26 | EXP¥(-1)| 1.59
EER3(-1) | -0.45* | CUR3(-1) 1.87 IPT3(-1) -0.53%* IMP3(-1) | -0.12 | EXP3(-1) | -0.05

* k% and *** indicate 10 %, 5 %, and 1 % significance levels, respectively

* R RRE oznacavaju razinu znacajnosti od 10 %,

, 5 %i11%
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Table 3 Stationarity test results
Tablica 3. Rezultati testa stacionarnosti

ADF PP

Level First difference Level First difference

InEER 0.299 - 9.389%** 0.375 - 11.27%%*

CUR - 5.279%** - - 5.362%%* -

InIPI -0.539 - 6.142%** - 3.681%*** -

InIMP -2.799%* - 22.46%** - 4EE* -

InEXP - 3.476%** - - 47784 %** -

* k¥ and *** indicate 10 %, 5 %, and 1 % significance levels, respectively

* KR REX oznacavaju razinu znacajnosti od 10 %, 5 % i 1 %

Table 4 Lag lengths of NARDL models

Tablica 4. Duljine zaostajanja NARDL modela

Lag LogL LR FPE AIC SIC HQ

0 305.13 0.0001 -3.047 -3.013 -3.033
1 793.37 961.76 1.25e-06 -7.913 -7.814 -7.873

NARDL 2 804.36 21.43 1.17e-06 -7.984 -7.818 -7.917
3 815.57 21.64%* 1.09e-06* - 8.056* - 7.824%* -7.962%*
4 817.32 3.34 1.11e-06 -8.033 -7.735 -7.913
0 24.149 0.0027 -0.223 -0.19 -0.209
1 473.84 885.82 3.11e-05 -4.702 -4.603 -4.662

NARDL 2 2 489.57 30.673 2.77e-05 -4.82 -4.654 -4.753
3 509.58 38.605* 2.35e-05* -4.981%* - 4.749%* - 4.887*
4 512.22 5.034 2.39¢-05 -4.967 -4.669 -4.846
0 -29.987 0.005 0.321 0.355 0.335
1 484.12 1012.72 2.81e-05 -4.805 -4.706 -4.765

NARDL 3 2 508.36 47.26 2.29¢-05 -5.009 -4.843 -4.942
3 520.45 23.338%* 2.11e-05* - 5.09% - 4.858%* - 4.996%*
4 521.81 2.581 2.17e-05 -5.063 -4.765 -4.943
0 -325.31 0.092 3.29 3.323 3.303
1 183.72 1002.7 0.00057 -1.786 -1.687 -1.746

NARDL 4 2 193.42 18.908 0.00054 -1.843 -1.678 -1.776
3 205.48 23.268* 0.0005* -1.924%* - 1.693%* -1.831%*
4 208.88 6.489 0.000503 -1.918 -1.62 -1.798

* indicates the lag length selected by the criterion; LogL — Log-Likelihood; LR — Likelihood Ratio; FPE — Final Prediction Error; AIC — Akaike
Information Criterion; SIC — Schwarz Information Criterion; HQ — Hannan-Quinn Criterion

* oznacava duljinu zaostajanja odabranu kriterijem,; LogL — log-vjerojatnost; LR — omjer vjerojatnosti; FPE — konacna pogreska predvidanja;
AIC — Akaikeov informacijski kriterij; SIC — Schwarzov informacijski kriterij; HQ — Hannan-Quinnov kriterij

second or higher orders and the fact that some of the
variables are linear and some are non-linear indicates
that the variables used in the analysis are in a suitable
form for the NARDL model in terms of stationarity and
linearity. Then, suitable lag lengths were determined
for the NARDL models. Accordingly, for all four mod-
els, the appropriate lag length was identified as three
lags. The detailed information about the suitable lag
lengths for the NARDL models is shown in Table 4.

Then, it was denoted that the models would be
predicted with the NARDL technique. The prediction
results of the models found with the NARDL method is
given in Table 5.

Before providing information about the results
obtained in the first model, it should be noted that the
capacity utilization rate series show a structural break
in the period 2015 — 2020. Within this framework, a
dummy variable was added to the model in order to

explain and correct the breakage. Based on the results
obtained from the NARDL I model, in the long term, it
was observed that changes in the effective exchange
rate do not significantly affect the capacity utilization
rate of firms operating in the furniture manufacturing
industry. The main reasons why changes in the effec-
tive exchange rate do not significantly affect the capac-
ity utilization rate of firms in the furniture sector in the
long term may be as follows: high domestic input use,
demand being the determinant, firm strategies devel-
oped against exchange rate changes, structural charac-
teristics of the sector, and the balancing effects of ex-
port advantages. However, it was observed that the
dummy variable added to the model positively affected
the capacity utilization rate with a significance level of
5 %. Additionally, it was observed that in the short
term, positive movements in the effective exchange
rate did not significantly affect the capacity utilization

) DRVNA INDUSTRIJA 76 (4) 379-389 (2025) 383



Cayir, Ersen: The Influence of Exchange Rate on Performance of Furniture Industry: The Case of Turkey

Table 5 NARDL test results
Tablica 5. Rezultati NARDL testa

Short run coefficients Long run coefficients
(Std. Error) (Std. Error) A YU AL ODLOR
-0.028 -0.097
+ + - Statisti *
AInEER (+) (0.05) AInEER (+) (0.174) F- Statistic 10.519
0.24%* 0.075 LB =3.588
AINEER (- AINEER (- 10 %
NARDL 1 nEER () (0.094) nEER () (0.103) ° UB —4.605
CUR (1) 0.708* Dumm 0.029%* 5o, LB =4.203
- (0.049) vmmy (0.012) ° UB =532
- 0.292% o LB =5.62
ECT (D) (0.045) 1% UB =6.908
-1.315% 0.112
+ + - Statisti *
AInEER (+) (0.477) AInEER (+) (0.267) F- Statistic 20.046
AIEER () -0.168 AIEER () -0.253 0% LB =2.474
NARDL 2 (0.12) (0.18) UB =3312
ARIPI-1) 0.335* Dumm 0.115* 5o, LB=2.92
) (0.068) vy (0.036) ° UB = 3.838
-0.665* LB =3.908
- 0,
ECT(D (0.066) 1% UB =5.044
- 1.772% -0.523
+ + - isti ks
AInEER (+) (0.566) AInEER (+) (1.56) F- Statistic 3.743
1.134* -0.277 LB=3.26
AINEER (- AINEER (- 10°
NARDL 3 nEER () (0.436) nEER () 1,076 0% UB = 4.247
AIIMR(D) -0.364* 5o, LB =3.94
i (0.064) ’ UB =5.043
-0.122% LB = 5.407
- 0,
ECT(D (0.036) 1% UB = 6.783
-0.356 -1.334
+ + - Statisti 84
AInEER (+) 0.218) AInEER (+) (0.976) F- Statistic 4.84
-0.117 - 0.81%%% LB =3.588
AINEER (- AINEER (- 10°
NARDL 4 nEER () (0.392) nEER () (0.467) 0% UB —=4.605
AIEXP (1) -0.432% Dumm - 0.43%* 5o, LB =4.203
(0.081) Y (0.177) ° UB =5.32
-0.267* LB =5.62
- 0,
ECT(D (0.06) 1% UB =6.908

* ¥ % and *** indicate 10 %, 5 %, and 1 % significance levels, respectively; ECT — Error correction term
* R REX oznacavaju razinu znacajnosti od 10 %, 5 % i 1 %,; ECT — oznaka za korekciju pogreske

rate, whereas it was observed that the negative move-
ments in the effective exchange rate increased the ca-
pacity utilization rate with a significance level of 5 %.
Negative EER movements increase capacity utilization
because export demand can rise quickly, firms can re-
spond by increasing output, and higher profitability
and competitiveness can drive short-term production
increases. Positive EER movements have no effect be-
cause: input cost savings can take time to influence
output, import competition and demand substitution
can do not materialize quickly, and production plan-
ning can be rigid in the short term. Yenigiin and Azizi
(2022) reported that the exchange rate positively af-
fects the capacity utilization rate. One-period lagged
values of the capacity utilization rate have a significant
and positive impact on the capacity utilization rate. In
other words, a negative change in the capacity utiliza-
tion rate one period ago negatively affects the current
capacity utilization rate, whereas a positive change one
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period ago positively affects the current period. Final-
ly, shocks occurring in the capacity utilization rate are
quickly dampened with a coefficient of approximately
-0.292.

There is also a structural break in the industrial
production index series. In this context, a dummy vari-
able was added to the model. According to the results
obtained from the NARDL 2 model, in the long term,
both positive and negative movements in the effective
exchange rate do not have a significant impact on the
industrial production index, as well as the dummy var-
iable positively affected the industrial production in-
dex with a significance level of 1 %. In the long run,
both appreciation and depreciation of the effective ex-
change rate tend to lose their power to influence indus-
trial production significantly. This can due to a combi-
nation of structural adjustments, policy responses,
strategic firm behavior, and the dominance of other
macroeconomic factors that drive industrial output
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over time. Additionally, it was determined that in the
short term, positive movements in the effective ex-
change rate had a negative effect on the industrial pro-
duction index with a significance level of 1 %, whereas
negative changes in the effective exchange rate did not
have a significant effect on the industrial production
index. The negative effect of a positive movement in
the exchange rate on industrial production in the short
term can be attributed to factors such as reduced export
demand, increased competition from imports, and
challenges in quickly adjusting production strategies.
Meanwhile, negative changes in the exchange rate did
not have a significant impact, potentially because the
positive effects on export competitiveness could out-
weighed the costs of higher import prices, or the im-
pact on input costs was manageable. These dynamics
can suggest that industries in this particular context
may be more sensitive to appreciation-induced exter-
nal market shifts than to depreciation-induced internal
cost pressures. One-period lagged values of the indus-
trial production index have a significant and positive
impact on the industrial production index. Finally,
shocks occurring in the capacity utilization rate are
quickly dampened with a coefficient of approximately
-0.665.

According to the results obtained from the
NARDL 3 model, in the long term, both positive and
negative movements in the effective exchange rate do
not have a significant impact on the import of furniture
products. This may be because of market adaptation,
contractual stability, hedging practices, and persistent
consumer demand. Exchange rate changes may cause
short-term price adjustments, but they may not signifi-
cantly alter the volume of furniture imports over time
due to these balancing and structural effects. Addition-
ally, in the short term, increases and decreases in the
effective exchange rate have a negative and positive
impact on the import of furniture products, respective-
ly, with a significance level of 1 %. In the short term,
this is because appreciation of the effective exchange
rate can have a positive effect on import volumes by
making imported furniture cheaper, whereas deprecia-
tion of the effective exchange rate can have a negative
effect by making imports more expensive. These ef-
fects can be mainly driven by price sensitivity, con-
sumer behavior, import financing costs, and the ab-
sence of long-term hedging mechanisms, all of which
can cause furniture imports to react quickly and visibly
to exchange rate movements. One-period lagged val-
ues of the imports of furniture products have a signifi-
cant and negative impact on the imports of furniture
products with a significance level of 1 %. In other
words, if one-period lagged values of the import are
positive, they affect the current furniture import nega-
tively, and if one-period lagged values of the import are

negative, they affect the current import negatively. Fi-
nally, shocks occurring in the import are quickly damp-
ened with a coefficient of approximately -0.122.

There is also a structural break in the furniture
exports series. In this context, a dummy variable was
added to the model. According to the results obtained
from the NARDL 4 model, both upward and down-
ward movements of the effective exchange rate do not
significantly affect furniture exports in the short term.
In the short term, both appreciation and depreciation of
the effective exchange rate may not significantly affect
furniture exports because: export contracts may be
fixed in advance, production and logistics are inflexible
in the short term, currency risks are often hedged, and
demand for furniture exports is relatively inelastic and
brand- or quality-driven. These factors may ensure that
exchange rate movements do not quickly translate into
changes in export volume, resulting in statistically in-
significant short-term effects on furniture exports. In
the long term, negative movements in the effective ex-
change rate negatively affect the export of products
with a significance of 10 %. In the long term, currency
depreciation (negative EER movement) may have a
significant negative effect on exports due to a combina-
tion of rising production costs from imported inputs,
macroeconomic instability, reduced investment and in-
novation, inflationary pressures, and loss of interna-
tional trust and market share. Thus, even though depre-
ciation is expected to support exports, its adverse side
effects may dominate in the long run, particularly in
economies with structural weaknesses or limited ex-
port competitiveness. The result of the research con-
ducted by Bilgin (2020) is compatible with the result of
this study. Bilgin (2020) said that the depreciation of
the local currency caused an increase in furniture sec-
tor exports. One-period lagged values of the furniture
export have a significant and negative impact on the
furniture export with a significance level of 1 %. In
other words, if one-period lagged values of the export
are positive, they affect the current furniture export
negatively, and if one-period lagged values of the ex-
port are negative, they affect the current export nega-
tively. Finally, shocks occurring in the export are
quickly dampened with a coefficient of approximately
-0.276.

After presenting the results of the econometric
forecasts, diagnostic tests were conducted to measure
the robustness of the forecasts. The results of the diag-
nostic tests are given in Table 6.

F tests and Ramsey Reset tests regarding the va-
lidity and stability of the forecasting show that all four
forecastings made with the NARDL method are valid
and stable forecasting. According to the results ob-
tained from Breusch Godfrey Lagrance Multiplier (BG
LM) and Breusch Pagan Godfrey (BPG) tests, it was
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Table 6 Robustness checks
Tablica 6. Provjere robusnosti

NARDL 1 NARDL 2 NARDL 3 NARDL 4
R? 0.6019 0.7917 0.7687 0.9095
Adjusted R? 0.5896 0.7864 0.7616 0.9025
F-Statistic 48.89 (0.000) 148.27 (0.000) 107.48 (0.000) 130.57 (0.000)
Log-Likelihood 415.16 106.27 117.96 149.21
Ramsey Reset 0.332 (0.7404) 1.065 (0.288) 0.914 (0.3618) 1.671 (0.1909)
BG LM 1.97 (0.14) HAC 0.004 (0.9959) 0.326 (0.7224) 2.75 (0.06)HAC
BPG 1.18 (0.32) HAC 1.094 (0.3651) 0.502 (0.8065) 2.77 (0.00)HAC
Jarque — Bera 11344 (0.00) HAC 20.61 (0.0000) 16.84 (0.0002) 21.59 (0.00)HAC
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(b)
Figure 1 outcome of NARDL 1 cusum and cusum-q tests without dummy variables (a) and with dummy variables (b)
Slika 1. Rezultat NARDL 1 cusum i cusum-q testova bez laznih varijabli (a) i s laznim varijablama (b)

determined that there was no heteroscedasticity and
autocorrelation problem in NARDL-2 and NARDL-3
models. Additionally, it was observed that there was a

in the model, and the long-term coefficients of the var-
iables are stable.

heteroscedasticity and autocorrelation problem in
NARDL-1 and NARDL-4 models; therefore, the het-
eroscedasticity and autocorrelation consistent (HAC)

4 CONCLUSIONS
4. ZAKLJUCAK

This study examines the relationship between the
upward and downward movements in the exchange
rate and some indicators in the furniture products sec-
tor in the long and short term. According to the results
of linearity and stationarity analysis in this study, it was
concluded that the NARDL method is the most appro-
priate method to determine how the changes in the ex-
change rate affect the furniture sector.

As a result of the analysis, it has been determined
that there is a structural break in the capacity utilization
rate, industrial production index and exports of the fur-
niture sector. Structural breaks refer to radical and per-
manent changes in the capacity utilization rate, indus-
trial production and exports in the furniture sector.

variance-covariance matrix was used in NARDL-1 and
NARDL-4.

To determine the stability of ARDL models, Cu-
sum and Cusum-Q graphs, which examine structural
breaks in variables using reversible error terms, were
used. When Figures 1, 2 and 4 are examined, it is seen
that there is a structural break in the variables with a
significance of 5 % according to the Cusum-Q test. It is
seen that the structural break disappears when a dum-
my variable is added. When Figure 3 is examined, it is
seen that the long-term coefficients of the variables in
the ARDL 3 model move between critical values. In
other words, it is seen that no dummy variable is used
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Figure 4 Outcome of NARDL 4 cusum and cusum-q tests without dummy variables (a) and with dummy variables (b)
Slika 4. Rezultat NARDL 4 cusum i cusum-q testova bez laznih varijabli (a) i s laznim varijablama (b)

W) DRVNA INDUSTRIJA 76 (4) 379-389 (2025) 387



Cayir, Ersen: The Influence of Exchange Rate on Performance of Furniture Industry: The Case of Turkey

Such changes indicate that the current structure and
functioning of the sector is no longer the same as be-
fore. While the break in the capacity utilization rate
and industrial production index started in 2015, the
break in exports started in 2014. In addition, all the
breaks ended in 2020. Due to this break, a dummy var-
iable was added to the capacity utilization rate, indus-
trial production index and export variables. Following
the 2008 Mortgage Crisis, the US central bank, the
FED, implemented quantitative easing by reducing
policy interest rates from 5.25 % to 0.25 %. This pro-
cess continued until the end of 2015, and the US cen-
tral bank began increasing interest rates at the end of
2015. This situation affected Turkey’s foreign trade, as
it did all countries in the world, and thus also the pro-
duction volume of sectors with foreign trade activities
in the Turkish economy. Additionally, in the world
economy, where there was dollar abundance during the
period in question, the relevant abundance gradually
ended with the FED’s interest rate increases compared
to the 2008-2015 period. This also affected the effec-
tive exchange rate. Therefore, it can be said that the
source of the breaks detected in the Cusum and Cu-
sum-Q tests of our study was the FED’s interest rate
increases during the period in question. However, it
would not be realistic to say that such long-term breaks
are only due to the FED’s interest rate increases. In this
context, the coup attempt, political instabilities and ex-
change rate shocks experienced in Turkey may also
have caused the breaks to spread over a long period.
Based on this, the source of these breaks may be fac-
tors outside Turkey, but the reason why the breaks are
so long-lasting may be due to Turkey’s own dynamics.
While this dummy variable positively affects the ca-
pacity utilization rate and industrial production index
of the furniture sector, it negatively affects furniture
exports. When the relationship between the exchange
rate and the capacity utilization rate is analyzed, in the
short term, there is a direct proportion between the ap-
preciation of the Turkish lira and the capacity utiliza-
tion rate of the furniture industry. Considering the rela-
tionship between the effective exchange rate and the
industrial production index of the furniture sector, the
depreciation of the Turkish lira negatively affects the
industrial production index of the furniture sector.
Considering the relationship between the effective ex-
change rate and foreign trade of furniture products,
when the Turkish lira loses value, furniture product im-
ports decrease, and when it gains value, it increases. In
the long term, the appreciation of the Turkish lira sig-
nificantly reduces the export of furniture products.
These situations are consistent with our theoretical ex-
pectations. In the short term, the appreciation and de-
preciation of the Turkish lira do not significantly affect
the export of furniture products. It is theoretically ex-
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pected that the appreciation of the Turkish lira will sig-
nificantly reduce the exports of furniture products, and
the depreciation of the Turkish lira will significantly
increase the exports of furniture products, but it is seen
that the results obtained on the subject do not coincide
with theoretical expectations. As a result, the exchange
rate is an external variable that seriously affects the in-
dicators of the furniture sector. Therefore, it is neces-
sary to follow economic policies that will minimize
exchange rate fluctuations.

There are many studies in the literature on the
effect of exchange rate and exchange rate volatility on
foreign trade, but there is a limited number of studies
on the effect of both the exchange rate on foreign trade
on a sectoral basis and on the capacity utilization rate
and industrial production index. There is no study on
this subject, especially for furniture products. In this
context, this study will contribute to the literature.
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ABSTRACT - In the quest for climate neutrality, the importance of sustainability and the reuse of wood waste
are becoming crucial. To determine how wood waste is managed by wood and wood-based panel plants, the re-
search aimed to focus particularly on energy recovery contribution. The research was based on quantitative data
analysis obtained through computer-assisted telephone interviews. The results showed that over 57 % of respon-
dents declared that they combusted waste to recover energy, which causes immediate CO, emissions, instead of
enabling long-term storage in wood-based products. Further research analyzed the emissions produced by com-
bustion of the selected products: MDF boards and softwood and hardwood pellets. Laboratory tests showed that
the incineration of MDF boards resulted in the emission of a number of harmful substances, which pose a threat
to health and the environment. In contrast, burning pellets does not generate toxic compounds, but it still leads
to the release of CO,. Research findings indicate the need for further research into the cascading wood utilization
strategy, focusing on the use of wood waste in the material cycle instead of the energy cycle in order to understand
and promote the EU s sustainable development goals throughout the wood industry.

KEYWORDS: wood waste; toxic substances,; medium-density fiberboard; pellet; biomass; supply chain

SAZETAK « U postizanju klimatske neutralnosti kljucnu vaznost ima odrzivost i ponovna uporaba drvnog otpada.
Kako bi se utvrdilo na koji nacin tvornice za proizvodnju drvnih ploca gospodare drvnim otpadom, istrazivanje
je bilo posebno usredotoceno na proizvodnju energije od drvnog otpada te se temeljilo na kvantitativnoj analizi
podataka dobivenih putem racunalno potpomognutih telefonskih intervjua. Rezultati su pokazali da je vise od
57 % ispitanika izjavilo da otpad spaljuju radi proizvodnje energije, posljedica cega su neposredne emisije CO,,
umjesto da ga dugorocno skladiste u drvnim proizvodima. U daljnjim istrazivanjima analizirane su emisije nasta-
le spaljivanjem odabranih proizvoda: MDF ploca te peleta od mekoga i tvrdog drva. Laboratorijska ispitivanja
pokazala su da spaljivanje MDF ploca rezultira emisijom niza Stetnih tvari koje su prijetnja za zdravlje i okolis.
Nasuprot tome, izgaranjem peleta ne nastaju otrovni spojevi, ali se ipak oslobada CO,. Rezultati upucuju na potre-
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bu daljnjeg istrazivanja kaskadne strategije iskoristavanja drva, posebice drvnog otpada u materijalnom umjesto
u energetskom ciklusu kako bi se razumjeli i promovirali ciljevi odrzivog razvoja EU-a u cijeloj drvnoj industriji.

KLJUCNE RIJEC!: drvni otpad, otrovni spojevi; MDF, peleti; biomasa; opskrbni lanac

1 INTRODUCTION
1. UVOD

Wood is one of the most suitable renewable raw
materials. Its key value is recognized from both an eco-
nomic and environmental point of view. Based on FAO
reports, the trend of increasing global timber supply
has been observed (FAO, 2020). Within the past two
decades, the global timber supply increased by over
20 %. This growth is estimated to continue in the fol-
lowing decades of the 21st century. The main factor
that influences the growth in demand for raw wood ma-
terial is the increase in the world’s population. As the
world’s population grows, there is an increase in the
demand for wood in various areas of the timber indus-
try as well as in households.

One of the most popular wood utilizations is fuel-
wood (sometimes firewood). Among the earliest appli-
cations of wood were its uses in building and as a fuel
source (Rhodes, 2018). According to Eurostat (Euro-
stat, 2023), in 2022 approximately 25 % of total wood
production in the European Union was used as fuel-
wood. In some countries fuelwood production is a ma-
jor direction of wood production, i.e. Netherlands —
78.5 %, France — 50.7 % or Lichtenstein — 50 %. This
phenomenon is due to the great heating value of wood.
In general, the heating value depends mainly on wood
species and moisture content, but it is commonly well-
known that burning wood is a good source of heat or
power. In Poland, 21 % of households use wood for
any heating purpose, while 11 % use it as a primary
commodity for dwelling heating (GUS, 2023). Unfor-
tunately, the side effect of energy/heat production from
burning wood is wood smoke, which consists of par-
ticulates and gases that negatively affect human health.
The effect of wood smoke on people and the environ-
ment was widely studied (Heibati et al., 2025; Nacher
et al., 2007, Ward and Lange, 2010). However, this
problem is gradually being minimized by the introduc-
tion of clean air programs in both cities and villages
throughout the World to improve air pollution control
(Wang et al., 2024).

Another argument in the discussion of the legiti-
macy of wood combustion is the question of what
wood should be used for energy production, so as not
to compete with its use in other wood industries. Wood
biomass, such as forest residues, wood processing resi-
dues or construction and municipal waste, can be recy-
cled and reused. The work has proven that forest resi-
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dues from Scots pine (Pinus sylvestris L.), which are
usually burned after shredding, can be used as a raw
material for particleboard manufacturing with in-
creased mechanical strength (Pedzik ef al., 2022).

Pellet production should be based on the use of
wood waste that cannot be reintroduced into the mate-
rial cycle, rather than full-grade wood. The production
of pellets from forest residues from thinning stands of
Mediterranean pine (Pinus halepensis Mill. and Pinus
pinaster Aiton) is uneconomical, and pellets produced
from debarked logs of larger diameter show the highest
quality, while pellets produced from branches have
lower quality (Lerma-Arce et al., 2017). Therefore, the
priority should be to use wood waste that is no longer
suitable for further processing for pellet production.
Such reasonable wood management is called wood
cascading, a concept that allows for maximum use of
wood in material applications, with an indication of en-
ergy use at the end of utilization. This concept becomes
more and more popular both in research and industry
(Jarre et al., 2020). Cascading wood and a reverse sup-
ply chain would allow the long-term use of wood,
which, despite being a renewable resource, has a long
renewal cycle. In addition, it would allow carbon diox-
ide to be sequestered rather than, as in the case of in-
cineration, immediately released into the atmosphere
along with other harmful substances.

In this context, it is worth highlighting the meas-
ures taken by the European Union to reduce carbon
emissions by promoting the alternative, more sustain-
able use of wood. The climate package is based on two
key objectives: reducing greenhouse gas emissions in
the EU by 55 % by 2030 compared to 1990 levels and
achieving climate neutrality for the climate and the en-
vironment by 2050 (European Commission, 2018;
Kohl et al., 2021). One of the priority areas of action
remains the reduction of carbon dioxide emissions, in-
cluding those resulting from the energy use of wood
through combustion (Brodny and Tutak, 2020). One of
the key elements of the European Green Deal is the
promotion of timber construction. The use of wood in
the construction and fitting out of buildings promotes
long-term carbon storage, which contributes to the re-
duction of greenhouse gas emissions (Mazur and Win-
kler, 2025). The strategic implementation of technolo-
gies focused on the use of wood waste in sustainable
production processes is becoming crucial for promot-
ing responsible environmental management (Pelyukh
et al., 2025). Therefore, the effective management of
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wood waste, its recycling and reuse in the construction
sector is a key element in reducing the carbon footprint
and promoting a circular economy (European Com-
mission, 2021). At the same time, this emphasizes the
need for optimized logistics and transportation strate-
gies that enable an efficient management of wood raw
materials at every stage of the supply chain.

In Poland, around 15 % of total round wood pro-
duction is used for fuelwood (Eurostat, 2023). In an era
of growing demand for wood, which is necessary to
produce building materials, wood-based panels and
other industrial products, efficient wood waste man-
agement is becoming a key challenge. Burning full-
value wood solely for its high energy value leads to an
irretrievable loss of raw material that could be used in
further production. Therefore, the purpose of the article
was to determine how wood waste and residues are
managed by wood plants, what part of it goes to recy-
cling and what part is used for energy recovery. In ad-
dition, emissions from the combustion of wood prod-
ucts and pellets were analyzed, which is important for
assessing the environmental impact of the process. The
second aim of this study was to understand what sub-
stances may be emitted when material such as MDF is
ignited, e.g. in the event of a building or furniture fire.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The research was carried out based on a multi-
step study on wood biomass supply chain, which con-
sists of literature review with the focus on group inter-
views (Kawa, 2023) and originally published methods
(Dubisz and Kawa, 2023). The study was based on a
dataset provided by a specialized research agency,
which conducted computer-assisted telephone inter-
views based on a questionnaire and interview script pre-
pared by the research team. The main topic of investiga-
tion consisted of wood waste management in the wood
and furniture industries — what types of residues are
generated and how they are processed in practice.

The sample was selected through stratified ran-
dom sampling, with the population limited to compa-
nies involved in processing or transporting wood
waste, producing wooden products, and recycling
wood materials. Out of 12,000 potential participants,
3,800 were contacted, but only 300 companies agreed
to take part in the study, resulting in a success rate of
8 %. The sample is representative of a population of up
to 50,000 entities with a margin of error of 5.64 % (Ra-
osoft, 2025). Participation in the interview was restrict-
ed to respondents with experience in the wood indus-
try, particularly biomass. Two screening questions
were used to ensure this. Respondents were asked
whether the company they worked for dealt with wood

waste, wood materials or post-consumer wood (waste
from used wood products) and whether they had any
knowledge of such waste, including its generation,
processing, collection or transport. Positive answers to
both questions were required for the respondent to
qualify for the study.

Given the survey data obtained, in a further step,
it was decided to test the presence of toxic substances
in two combusted wood wastes — medium-density
fiberboards (MDF) and pellets. MDF boards are com-
monly used in many branches of economy, including
the furniture and building industry. In general, this ma-
terial is commonly known as hard to recycle and burn
due to its structure and presence of toxic substances.
Pellets are made from the sawdust of softwood and
hardwood and are one of the most common ways of
utilization in the wood industry. Measurements using a
cone calorimeter from Fire Testing Technology Ltd.
were conducted in accordance with ISO 5660-1, 2015.
This calorimeter enables accurate measurements of rel-
evant flammability parameters, which are essential for
understanding the fire risks associated with different
materials. Samples were placed horizontally against
the cone heat sink and exposed to a 35 kW/m? heat
flux. At least three measurements were taken for each
material. To investigate the formation of gaseous com-
bustion products, the tube furnace (Purser furnace)
method was employed to simulate fire conditions, fol-
lowing ISO/TS 19700, 2016. Samples of the test mate-
rials were placed in a quartz mold and inserted into a
furnace. The samples were then heated to 350 °C with
an airflow of 2 dm’min (poor ventilation) and to
650 °C with an airflow of 10 dm*min (good ventila-
tion). The test run was considered valid only if the ini-
tial air velocities were correct according to the ISO
standard and the selected steady-state conditions were
maintained for at least 5 minutes during the test. The
sampling procedure for the chromatograph coupled
with a mass spectrometer was described in an earlier
publication (Mizera et al., 2024).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

In the context of wood waste management in the
wood and furniture industry, it is crucial to determine
what types of residues are generated in production pro-
cesses and to define their uses. The research carried out
included the following waste groups: wood residues
from agriculture and forestry (e.g., wood chips), post-
production residues (e.g., particles, wood-based panel
residues) and post-consumer wood. Such categoriza-
tion of waste utilization is part of the wood cascading
concept (Besserer et al., 2021; Jarre et al., 2020), espe-
cially in terms of size of the wood waste production in
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Figure 1 Representative heat release rate (HRR) and total smoke release (7SR) curves of a) pellet and b) medium-density

fiberboard

Slika 1. Reprezentativne krivulje brzine oslobadanja topline (/RR) i ukupnog oslobadanja dima (7SR): a) spaljivanjem

peleta, b) spaljivanjem MDF ploca

Europe (Garcia and Hora, 2017), i.e., Germany pro-
duces around 11 million tons of wood waste (Burnard
et al., 2015; Sommerhuber et al., 2015) and is the big-
gest wood waste producer in the whole Europe, fol-
lowed by France, United Kingdom, Italy and Finland
(Garcia and Hora, 2017). In the first part of the study,
we conducted and analyzed a survey on wood waste
management of wood and furniture industries in volun-
teer companies. In general, the utilization of the wood
waste is a combination of recycling, energy recovery,
and disposal processes (de Souza Pinho et al., 2023;
Hossain and Poon, 2018). An analysis of the answers
regarding waste management methods indicates that
most waste ends in combustion with energy recovery
or is transferred to external companies for energy pro-
duction, which confirms the worldwide trends de-
scribed in the literature (Elginoz et al., 2024; Farjana et
al., 2023). The three most numerous groups participat-
ing in the research, namely sawmills, furniture manu-
facturers and manufacturers of joinery, declare that
52 %, 65 % and 55 %, respectively, combust waste or
transfer it for energy recovery. Although this approach
allows for effective biomass management and a reduc-
tion in landfill waste, from a wood cascading concept
point of view, incineration should be considered a last
resort in the context of environmental strategies. Wood
plays an important role as a carbon (CO,) store, and its
rapid combustion contributes to the accelerated emis-
sion of stored carbon dioxide into the atmosphere. To
further investigate the environmental impact of burn-
ing different wood products, a laboratory study simu-
lating fire conditions was conducted.

Testing the flammability of materials using a
cone calorimeter is a crucial method for assessing their
behavior under combustion conditions. The heat re-
lease rate (HRR) is a key parameter that indicates the
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amount of heat released by a material over a specific
period. A higher heat release rate correlates with an in-
creased risk of fire spreading (Mizera et al., 2023). An-
other significant phenomenon during combustion is the
emission of smoke, which consists of the gaseous
phase of liquid or solid products resulting from incom-
plete combustion. Smoke emission is an extremely im-
portant parameter due to its toxicity and the reduced
visibility it causes (Hu and Wang, 2020). Increased
emissions of toxic substances in the air are harmful on
many levels, both to humans, animals and the environ-
ment as a whole (Lelieveld et al., 2015; Ram Mabhala,
2024). Figure 1 summarizes the representative HRR
and total smoke release (7SR) curves for the tested pel-
let and MDF.

The nature of the HRR curves indicates the pres-
ence of two distinct peaks. During wood combustion
tests, two peaks typically occur: one at the initial stage
of combustion and the second just before the flame ex-
tinguishes. The initial peak is primarily caused by the
formation of a char layer, which reduces heat output
and gas emissions. Following this first peak, the heat
release rate stabilizes. As combustion continues, a sec-
ond increase in the heat release rate occurs due to heat
accumulation within the sample (Xu et al., 2015). The
combustion of the MDF lasted longer than that of the
tested pellet. The maximum peak heat release rate
(pHRR) for the MDF was 244 kW/m?, occurring 85
seconds into the measurement. For the pellet, the pHRR
value was slightly lower at 242 kW/m?, but this peak
appeared later, at 485 seconds into measurement. In
contrast, the TSR values were 1542 m?/m? for the MDF
and 1834 m*m? for the pellet.

Volatile gas-phase products emitted during the
combustion of the test materials were identified using a
Purser furnace in conjunction with a gas chromato-
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Table 1 List of products identified in fire effluents released during ~5 min steady-state periods during different fire stages
Tablica 1. Popis proizvoda identificiranih u otpadnim vodama ispustenim tijekom ~5 minuta stabilnog stanja u razli¢itim

fazama gorenja

Detected products (products exceeding 1 %) Amounts / Kolicina, %
Utvrdeni spojevi (spojevi kojih je vise od 1 %) CAS No. Pellet MDF

350 °C 650 °C 350 °C 650 °C
COx. NOx. H,0 - 5.11 100.00 7.02 66.29
Oxalic acid 64-19-7 2.84 2.25
Glycolaldehyde 141-46-8 1.16
Acetic acid 64-19-7 2.84 2.25
Benzene 71-43-2 1.18
Furfural 98-01-1 2.55 1.75
2-Furanmethanol 98-00-0 2.56 2.57
2(5H)-Furanone 497-23-4 1.26 2.40
2-Hydroxy-2-Cyclopenten-1-one 10493-98-8 1.52
5-Methyl-2-Furancarboxaldehyde 620-02-0 2.09
3-Methoxy-Pyridine 7295-76-3 1.13
Benzoniltrile 100-47-0 1.88
Phenol 108-95-2 1.11 3.00
Hexanoic acid 142-62-1 1.19
3-Methyl-1.2-Cyclopentanedione 765-70-8 1.25 3.13
2.5-Furandicarboxaldehyde 823-82-5 1.21
2-Methoxy-Phenol 90-05-1 6.64 10.79
Maltol 118-71-8 1.19
Naphthalene 91-20-3 10.87
Creosol 93-51-6 9.66 9.36
5-Hydroxymethylfurfural 67-47-0 1.21
4-Ethyl-2-methoxy-Phenol 2785-89-9 3.80 6.21
2-Methoxy-4-vinylphenol 7786-61-0 343 3.47
2-Methoxy-4-propyl-Phenol 2785-87-7 1.34
Biphenyl 92-52-4 1.08
Acenaphthylene 208-96-8 5.18
Dibenzofuran 132-64-9 1.74
1-Isocyan-naphthalene 1984-04-9 1.12
(2H)-Acenaphthylene 2235-15-6 1.44

graph coupled with a mass spectrometer. Table 1 sum-
marizes the products obtained during the combustion
and thermal decomposition of both pellet and MDF.

The pyrolysis and combustion of the studied ma-
terials produce products similar to those from wood
decomposition. At 350 °C, the main substances in the
emitted gases and vapors included creosol, 2-methoxy-
phenol, 4-ethyl-2-methoxyphenol, and 2-methoxy-
4-vinylphenol. Creosol, a phenolic aromatic compound
found in wood creosote, is known to irritate the eyes
and skin. Other compounds present in smaller amounts
were oxalic acid, acetic acid, furfural, 2-furanometha-
nol, and several others. Furfural, derived from biomass
through xylose hydrolysis and dehydration in lignocel-
lulose, contains an aldehyde group and a conjugated
double-bond system within its furan ring (Sun et al.,
2024). It is toxic to the respiratory tract and irritates the
eyes and respiratory system. Maltol vapor, a natural
substance found in pine tree bark and needles, was also
detected during pellet combustion (Cai et al., 2023). In
contrast, phenol was released during the flameless de-
composition of wood-based panels.

In the case of complete combustion, the number
of identified products was significantly lower. For the
pellet, no products other than carbon and nitrogen ox-
ides were detected. MDF characteristically has a high
calorific value, which makes it well-suited for energy
generation (Ali et al., 2024). However, in the case of
MDF, several compounds were identified, including
benzene, benzonitrile, phenol, naphthalene, biphenyl,
acenaphthylene, dibenzofuran, 1-isocyan-naphthalene
and (2H)-acenaphthylene. These compounds can irri-
tate the respiratory system and eyes, as well as lead to
skin lesions. Additionally, naphthalene and its deriva-
tives, biphenyl and dibenzofuran, are highly toxic to
aquatic environments. Furthermore, benzene is a
known carcinogen, and naphthalene is also suspected
of having carcinogenic properties.

The combustion of pellets mainly emits nitrogen
compounds and carbon dioxide, making it relatively
clean in terms of chemical composition. In contrast, the
combustion of MDF boards generates many harmful
and irritating substances due to the presence of adhe-
sives, resins and other additives used in their produc-
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tion. The emission of toxic gases in the event of a
building fire poses a significant risk to health and the
environment, which emphasizes the importance of re-
search into the safety of materials used in the furniture
and construction industries. Although pellets are much
less harmful than MDF in terms of toxic emissions,
burning them still releases CO, into the atmosphere.
Carbon dioxide, which could remain locked in wood-
based products during the natural cycle, is immediately
released during the combustion process. Despite the
fact that wood pellets are still considered carbon-neu-
tral due to the equilibrium between carbon dioxide re-
leased upon combustion and carbon dioxide absorbed
during biomass cultivation, their net carbon footprint is
notably lower than that of fossil fuels (Mortadha et al.,
2025; Pradhan et al., 2018). In terms of MDF, ad-
vanced incineration technologies and strict emission
controls are needed to address the specific challenges
of MDF waste (Ali ef al., 2024). Ongoing research fo-
cuses on optimizing processes and minimizing envi-
ronmental impacts. Therefore, it is crucial to promote
methods that use wood more efficiently, extending the
time of carbon sequestration rather than its immediate
emission.

4 CONCLUSIONS
4. ZAKLJUCAK

The results of the survey and laboratory tests
clearly confirm the need for well-planned wood waste
management and emphasize the importance of choos-
ing methods of wood waste management that minimize
the negative impact on the environment. The analysis
showed that 57 % of respondents declared that wood
and wood-based waste generated in their plants is com-
busted or used for energy recovery, which contributes
to the rapid emission of CO, into the atmosphere, in-
stead of allowing for its longer sequestration by pro-
ducing wood-based products.

Additional laboratory tests of two selected wood
wastes have shown that burning pellets made from
hardwood and softwood results in relatively low nitro-
gen oxide and carbon emissions but still contributes to
the release of CO, that could be retained in the material
cycle. Despite the common perception of wood pellets
as a clean bioenergy source owing to their low toxic
emissions, the findings suggest that their climate im-
pact from CO, release requires consideration when as-
sessing their contribution to EU climate neutrality.

On the other hand, MDF boards, which contain
adhesives, varnishes and other chemicals used in their
production, lead to the emission of toxic compounds
such as benzene, benzonitrile, phenol, naphthalene, bi-
phenyl, acenaphthylene, dibenzofuran, I-isocyan-
naphthalene and (2H)-acenaphthylene. These sub-
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stances can pose a serious threat to human health, i.e.
cause cancer, and to the environment by pollution of
water, air and soil, especially in the event of a fire in
buildings or furniture containing MDF.

Therefore, it is crucial to find more sustainable
methods of waste wood management. Waste MDF
boards and other composite materials should be recy-
cled or processed in alternative ways instead of being
incinerated. At the same time, the production of pellets
should be based exclusively on clean wood waste that
is no longer suitable for reuse, for example, in the pro-
duction of particleboard or as a filler in thermoplastics.
At the same time, research findings indicate the need
for further research into the use of pure wood waste in
the material cycle instead of the energy cycle, as long
as the quality of the material allows for reuse. The re-
search results also emphasize the importance of using
safe building and furniture materials that will not gen-
erate toxic substances that pose a threat to human
health and the environment in the event of a fire.

Acknowledgements - Zahvala

The research was supported by the BioLOG pro-
ject. The author is grateful for the support of the Na-
tional Centre of Science (NCN) through Grant DEC-
2020/39/1/HS4/03533, the Slovenian  National
Research Agency (ARRS) through Grant N1-0223 and
the Austrian Science Fund (FWF) through Grant I
5443-N. It was also completed based on the results of
research carried out within the scope of the 6 stage of
the National Programme “Governmental Programme
for Improvement of Safety and Working Conditions”,
funded by state services of the Ministry of Family, La-
bour and Social Policy Task No.: 3.ZS.08. Entitled:
“Analysis of pollutant emissions to the air during com-
bustion of wood-based panels and the resulting pellets”
(The Central Institute for Labour Protection — the Na-
tional Research Institute being the main coordinator of
the Programme).

5 REFERENCES
5. LITERATURA

1. Ali, L.; Alam, A.; Kuttiyathil, M. S.; Alalabi, A.; Al-
Kwradi, M.; Altarawneh, M., 2024: Exploring the poten-
tial of chemical recycling of waste medium-density fiber-
boards (MDF) under oxidative and pyrolytic conditions.
Sustainable Chemistry and Pharmacy, 41: 101685. htt-
ps://doi.org/10.1016/j.s¢p.2024.101685

2. Besserer, A.; Troilo, S.; Girods, P.; Rogaume, Y.; Brosse, N.;
2021: Cascading recycling of wood waste: A Review. Poly-
mers, 13: 1752. https://doi.org/10.3390/polym13111752

3. Brodny, J.; Tutak, M., 2020: Analyzing similarities be-
tween the European Union countries in terms of the
structure and volume of energy production from renew-
able energy sources. Energies, 13: 913. https://doi.org/
https://doi.org/10.3390/en13040913



10.

11.

12.

13.

14.

15.

16.

17.

18.

Pedzik, Mizera, Tomczak, Kawa: Sustainable Management of Wood Residues: Challenges of Recycling, Combustion and ...

Burnard, M.; Tavzes, C.; Tosic, A.; Brodnik, A.; Kutnar,
A., 2015: Environmental implications of recycling and re-
cycled products. In: Environmental Implications of Recy-
cling and Recycled Products. Springer Science + Business
Media, Singapore. https://doi.org/10.1007/978-981-287-
643-0

Cai, Z.; Guo, H.; Zhou, Q.; Zhao, S.; Ding, L., 2023: Si-
multaneous determination of maltol and maltol glucuro-
nide in human plasma and urine by HPLC — MS/MS:
Application in clinical study in patients with iron defi-
ciency. Journal of Chromatography B, 1225: 123760.
https://doi.org/10.1016/j.jchromb.2023.123760

de Souza Pinho, G. C.; Calmon, J. L.; Medeiros, D. L.;
Vieira, D.; Bravo, A., 2023: Wood waste management
from the furniture industry: The environmental perfor-
mances of recycling, energy recovery and landfill treat-
ments. Sustainability, 15: 14944. https://doi.org/10.3390/
sul52014944

Dubisz, D. K.; Kawa, A., 2023: Adaptation of supply
chain management methods within reverse supply chains
of wood biomass. Logforum, 19: 669-681. https://doi.
org/10.17270/1.LOG.2023.828

Elginoz, N.; van Blokland, J.; Safarian, S.; Movahedis-
aveji, Z.; Yadeta Wedajo, D.; Adamopoulos, S., 2024:
Wood Waste recycling in Sweden — Industrial, environ-
mental, social and economic challenges and benefits. Sus-
tainability, 16: 5933. https://doi.org/10.3390/su16145933
Farjana, S. H.; Tokede, O.; Ashraf, M., 2023: Environ-
mental impact assessment of waste wood-to-energy re-
covery in Australia. Energies, 16: 4182. https://doi.
org/10.3390/en16104182

Garcia, C. A.; Hora, G., 2017: State-of-the-art of waste
wood supply chain in Germany and selected European
countries. Waste Management, 70: 189-197. https://doi.
org/10.1016/j.wasman.2017.09.025

Heibati, B.; Renz, H.; Lacy, P., 2025: Wildfire and wood
smoke effects on human airway epithelial cells: A scop-
ing review. Environmental Research, 272: 121153. htt-
ps://doi.org/10.1016/j.envres.2025.121153

Hossain, Md. U.; Poon, C. S., 2018: Comparative LCA of
wood waste management strategies generated from building
construction activities. Journal of Cleaner Production, 177:
387-397. https://doi.org/10.1016/j.jclepro.2017.12.233

Hu, Y.; Wang, X., 2020: Flame Retardant Polymeric ma-
terials: a Handbook (Series in Materials Science and En-
gineering). CRC Press, Boca Raton.

***[SO 5660-1, 2015: Reaction-to-fire tests — Heat re-
lease, smoke production and mass loss rate. Part 1: Heat
release rate (cone calorimeter method) and smoke pro-
duction rate (dynamic measurement). ISO, Geneva,
Switzerland.

Jarre, M.; Petit-Boix, A.; Priefer, C.; Meyer, R.; Leipold,
S., 2020: Transforming the bio-based sector towards a
circular economy — What can we learn from wood cas-
cading? Forest Policy and Economics, 110: 101872. htt-
ps://doi.org/10.1016/j.forpol.2019.01.017

Kawa, A., 2023: Reverse supply chain of residual wood
biomass. Logforum, 19: 295-302. https://doi.
org/10.17270/J.LOG.2023.799

Kohl, M.; Linser, S.; Prins, K.; Talarczyk, A., 2021: The
EU climate package “Fit for 55” — a double-edged sword
for Europeans and their forests and timber industry. For-
est Policy and Economics, 132: 102596. https://doi.
org/10.1016/j.forpol.2021.102596

Lelieveld, J.; Evans, J. S.; Fnais, M.; Giannadaki, D.;
Pozzer, A., 2015: The contribution of outdoor air pollu-

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

34.

tion sources to premature mortality on a global scale. Na-
ture, 525: 367-371. https://doi.org/10.1038/nature15371
Lerma-Arce, V.; Oliver-Villanueva, J.-V.; Segura-Oren-
ga, G., 2017: Influence of raw material composition of
Mediterranean pinewood on pellet quality. Biomass Bio-
energy, 99: 90-96. https://doi.org/10.1016/j.biombi-
0e.2017.02.018

Mazur, L. K.; Winkler, J., 2025: Timber construction in
Poland: An analysis of its contribution to sustainable de-
velopment and economic growth. Drewno, 68 (215). htt-
ps://doi.org/10.53502/wo0d-196236

Mizera, K.; Borucka, M.; Przybysz, J.; Gajek, A., 2024:
Identification of substances emitted during combustion
and thermal decomposition of wood-based materials.
Chemical Engineering Transactions, 111: 283-288. htt-
ps://doi.org/10.3303/CET24111048

Mizera, K.; Przybysz, J.; Borucka, M.; Gajek, A., 2023:
Evaluation of the combustibility and smoke evolution of
selected wood-based materials. Przemyst Chemiczny,
102: 1349-1353. https://doi.org/10.15199/62.2023.12.8
Mortadha, H.; Kerrouchi, H. B.; Al-Othman, A.; Tawal-
beh, M., 2025: A comprehensive review of biomass pel-
lets and their role in sustainable energy: Production,
properties, environment, economics and logistics. Waste
Biomass Valorization, 16: 4507-4539. https://doi.
org/10.1007/s12649-024-02873-x

Naeher, L. P.; Brauer, M.; Lipsett, M.; Zelikoff, J. T.; Simp-
son, C. D.; Koenig, J. Q.; Smith, K. R., 2007: Woodsmoke
health effects: A review. Inhalation Toxicology, 19: 67-106.
https://doi.org/10.1080/08958370600985875

Pedzik, M.; Tomczak, K.; Janiszewska-Latterini, D.;
Tomczak, A.; Rogozinski, T., 2022: Management of For-
est Residues as a Raw Material for the Production of Par-
ticleboards. Forests, 13: 1933. https://doi.org/10.3390/
f13111933

Pelyukh, O.; Ilkiv, M.; Kiyko, O.; Soloviy, 1.; Chelepis,
T.; Lavnyy, V., 2025: Ecological footprint of wood-based
products in the Ukrainian Carpathians region. Drewno,
68 (215). https://doi.org/10.53502/wo00d-196630
Pradhan, P.; Mahajani, S. M.; Arora, A., 2018: Produc-
tion and utilization of fuel pellets from biomass: A re-
view. Fuel Processing Technology, 181: 215-232. https://
doi.org/10.1016/j.fuproc.2018.09.021

Ram Mahala, K., 2024: The impact of air pollution on living
things and Environment: A review of the current evidence.
World Journal of Advanced Research and Reviews, 24:
3207-3217. https://doi.org/10.30574/wjarr.2024.24.3.3929
Rhodes, R., 2018: Energy: A human history. Simon and
Schuster.

Sommerhuber, P. F.; Welling, J.; Krause, A., 2015: Sub-
stitution potentials of recycled HDPE and wood particles
from post-consumer packaging waste in wood-plastic
composites. Waste Management, 46: 76-85. https://doi.
org/https://doi.org/10.1016/j.wasman.2015.09.011

Sun, X.; Wen, B.; Wang, F.; Zhang, W.; Zhao, K.; Liu, X.,
2024: Research advances on the catalytic conversion of
biomass-derived furfural into pentanediols. Catalysis
Communications, 187: 106864. https://doi.org/10.1016/j.
catcom.2024.106864

Wang, S.; Song, R.; Xu, Z.; Chen, M.; Di Tanna, G. L.;
Downey, L.; Jan, S.; Si, L., 2024: The costs, health and
economic impact of air pollution control strategies: a sys-
tematic review. Global Health Research and Policy, 9:
30. https://doi.org/10.1186/s41256-024-00373-y

Ward, T.; Lange, T., 2010: The impact of wood smoke on
ambient PM2.5 in northern Rocky Mountain valley com-

) DRVNA INDUSTRIJA 76 (4) 391-398 (2025) 397


https://doi.org/10.1016/j.fuproc.2018.09.021
https://doi.org/10.1016/j.fuproc.2018.09.021

Pedzik, Mizera, Tomczak, Kawa: Sustainable Management of Wood Residues: Challenges of Recycling, Combustion and ...

35.

munities. Environmental Pollution, 158: 723-729. https://
doi.org/10.1016/j.envpol.2009.10.016

Xu, Q.; Chen, L.; Harries, K. A.; Zhang, F.; Liu, Q.; Feng,
J.,2015: Combustion and charring properties of five com-
mon constructional wood species from cone calorimeter

39.

40.

***FAQO, 2000: FAO Global Forest Resources Assess-
ment 2000, Food and Agricultural Organization of the
United Nations. Rome, Italy.

***GUS, 2023: Zuzycie energii w gospodarstwach
domowych w 2021 roku, Gtéwny Urzad Statystyczny.

tests. Construction and Building Materials, 96: 416-427. 41. ***ISO/TS 19700, 2016: Controlled equivalence ratio
https://doi.org/10.1016/j.conbuildmat.2015.08.062 method for the determination of hazardous components
36. ***European Commission, 2018: Directorate-General for of fire effluents — Steady-state tube furnace. ISO, Gene-
Climate Action. Going climate-neutral by 2050 : a strate- va, Switzerland.
gic long-term vision for a prosperous, modern, competi- 42. ***European Commission, 2021: New EU Forest Strat-
tive and climate-neutral EU economy. Publications Office. egy for 2030. Communication from the Commission to
https://doi.org/https://data.europa.eu/doi/10.2834/02074 the European Parliament, the Council, the European Eco-
37. ***Eurostat, 2023: Wood products — production and nomic and Social Committee and the Committee of the
trade [WWW Document]. URL https://ec.europa.cu/eu- Regions. Brussels, Belgium.
rostat/statistics-explained/index.php?title=Wood_prod- 43. ***Raosoft, 2025: Sample size calculator. http:/www.

38.

ucts - production_and_trade (Accessed Feb. 20, 2025).
***FAQO, 2020: Global Forest Resources Assessment
2020, Food and Agricultural Organization of the United
Nations. Rome, Italy.

Corresponding address:

MARTA PEDZIK

raosoft.com/samplesize.html (Accessed Feb. 20, 2025).

Lukasiewicz Research Network — Poznan Institute of Technology, 6 Ewarysta Estkowskiego St., 61-755 Poznan,
POLAND, e-mail: marta.pedzik@pit.lukasiewicz.gov.pl

398 ) DRVNA INDUSTRIJA 76 (4) 391-398 (2025)



Aalipour, Moezzipour, Sharari, Ahmadi: The Influence of PLA and CMC Coatings on Mechanical and Physical Properties of Recycled ...

Sima Aalipour', Bita Moezzipour'?, Mearaj Sharari®, Mohammad Ahmadi?®

The Influence of PLA and CMC Coatings
on Mechanical and Physical Properties
of Recycled Packaging Papers

Utjecaj PLA i CMC premaza na mehanicka i
fizicka svojstva recikliranoga ambalaznog papira

ORIGINAL SCIENTIFIC PAPER

Izvorni znanstveni rad © 2025 by the author(s).
Received — prispjelo: 9. 2. 2025. Licensee University of Zagreb Faculty of Forestry and Wood Technology.

. i This article is an open access article distributed
Accepted - prihvaceno: 27. 6. 2025. under the terms and conditions of the

UDK: 630*86; 676.017.4 Creative Commons Attribution (CC BY) license.
https://doi.org/10.5552/drvind.2025.0250

ABSTRACT - In this study, the effect of polylactic acid (PLA) and carboxymethyl cellulose (CMC) coatings on

the mechanical and physical properties of recycled packaging papers was investigated. Paper samples were pro-

duced according to the TAPPI T205-SP-02 standard using waste office paper and old corrugated cardboard. The
physical and mechanical properties including Cobb values, burst index, tensile index, ring crush test (RCT), corru-

gated medium test (CMT), and corrugated crush test (CCT) were analyzed. Additionally, the chemical structure of
the coated and uncoated papers was studied using Fourier-transform infrared spectroscopy (FTIR). CMC-coated
papers exhibited significantly higher RCT, CMT, and CCT values compared to the uncoated samples. Furthermore,

PLA hydrophobic characteristics significantly reduced water absorption, as reflected by lower Cobb values in

coated samples. The combined PLA-CMC coating substantially enhanced both barrier and mechanical properties

compared to uncoated samples. FTIR analysis confirmed chemical modifications in the cellulose matrix as a result
of the coating process. These results confirmed that coating of the recycled packaging papers with combined CMC
and PLA is a viable approach to improve their strength and water resistance, thereby supporting their potential
use in sustainable packaging applications.

KEYWORDS: recycled papers; barrier properties; plastic alternatives, biodegradable; mechanical properties

SAZETAK « U ovoj je studiji istrazen utjecaj premaza od polilakticne kiseline (PLA) i karboksimetil-celuloze
(CMC) na mehanicka i fizicka svojstva recikliranoga ambalaznog papira. Uzorci papira proizvedeni su prema
standardu TAPPI T205-SP-02 iskoristenjem otpadnoga uredskog papira i staroga valovitog kartona. Analizirana
su fizicka i mehanicka svojstva, ukljucujuci Cobbove vrijednosti, indeks probijanja, vlacni indeks, tlacnu cvrstocu
prstena (RCT), tlacnu évrstocu papira s valovitom srednjicom (CMT) i tlacnu ¢vrstocu valovitog papira (CCT).
Dodatno, kemijska struktura premazanoga i nepremazanog papira proucavana je uz pomoc¢ Fourierove infracr-
vene spektroskopije (FTIR). Papiri premazani CMC-om pokazali su znacajno vise vrijednosti RCT-a, CMT-a i
CCT-a od nepremazanih uzoraka. Nadalje, hidrofobna obiljezja PLA-a znatno su pridonijela smanjenju upijanja
vode, Sto se odrazava nizim Cobbovim vrijednostima premazanih uzoraka. Kombinirani PLA-CMC premaz znatno
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je poboljsao hidrofobna i mehanicka svojstva u usporedbi s nepremazanim uzorcima. FTIR analiza potvrdila je
kemijske modifikacije u celuloznoj matrici kao ucinak procesa premazivanja. Ti su rezultati potvrdili da je pre-
mazivanje recikliranih ambalaznih papira kombinacijom CMC-a i PLA-a odrziv pristup za poboljsanje njihove
¢vrstoce i otpornosti na vodu, Sto upucuje na njihovu potencijalnu upotrebu u odrzivim postupcima pakiranja.

KLJUCNE RIJECI: reciklirani papiri; zastitna svojstva; alternative plastici; biorazgradivost; mehanicka svojstva

1 INTRODUCTION
1. UVOD

The growing environmental issues associated
with plastic consumption highlight the essential re-
quirement to substitute traditional plastics with eco-
friendly and biodegradable alternatives.

Due to their high durability and resistance to deg-
radation, plastics can persist in the environment for
hundreds of years, contributing to long-term pollution
of terrestrial and aquatic ecosystems. Microplastics,
which result from the fragmentation of larger plastic
items, have been detected in oceans, soils, and even in
human tissues, raising serious concerns about their po-
tential toxicological impacts (Andrady, 2011). Addi-
tionally, the production of plastics relies heavily on
fossil fuels, which exacerbates carbon emissions and
accelerates climate change. Among various candidates,
paper-based packaging has emerged as a promising so-
lution due to its low cost, renewable origin, biodegra-
dability, recyclability, and lightweight nature. Conse-
quently, extensive efforts have been focused on
utilizing paper as a sustainable packaging material
(Gallstedt et al., 2005).

One critical limitation of paper is its intrinsic hy-
drophilicity, resulting from the abundance of hydroxyl
groups in cellulose, which compromises its perfor-
mance under humid conditions. Consequently, enhanc-
ing the moisture resistance of paper without undermin-
ing its recyclability has become a focal point in
sustainable packaging research. (Taboada Rodrigues et
al., 2013). Furthermore, due to increased environmen-
tal regulations, which limit the utilization of wood-de-
rived resource, packaging papers are made from
80 — 100 % recycled fibers (Cicekler et al., 2024). Pa-
pers made from recycled fibers exhibit lower mechani-
cal strength and moisture resistance compared to those
produced from virgin fibers. Therefore, if recycled pa-
pers are to be used as packaging materials, their prop-
erties must be seriously reinforced. In recent years,
considerable attention has been directed toward the
development of coatings that improve the barrier and
mechanical properties of paper while maintaining its
environmental compatibility. (Cicekler et al., 2024).
However, many conventional coating materials are de-
rived from synthetic plastics, which have negative im-
pact on the biodegradability and recyclability of paper.
This has led to growing interest in the development and
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utilization of bio-based coatings (Mazhari Mousavi et
al.,2017; Taboada Rodrigues et al., 2013).

Various sustainable and biodegradable materials
have been investigated as substitution of synthetic pol-
ymer coatings (Taboada Rodrigues ez al., 2013; Kunam
et al., 2024). Polylactic acid shows excellent barrier
properties, effective film-forming capabilities, and
strong interactions with cellulosic materials due to its
semi-hydrophilic character (Sundar et al., 2020; Ta-
boada Rodrigues ef al., 2013; Kamthai and Magra-
phan, 2018; Rivero ef al., 2017). The previous studies
showed that the PLA coated paper has good barrier
properties against water and water vapor. Nonetheless,
its inherent brittleness restricts its application in flexi-
ble packaging (Zhang et al., 2020).

To overcome this problem, various solutions in-
cluding the utilization of plasticizers, additives, com-
bining with other polymers, and optimization of crys-
tallization conditions have been proposed (Cabedo et
al., 2006). One of the materials that can improve the
properties of polylactic acid is carboxymethyl cellu-
lose, which has suitable properties for papermaking
due to the presence of cellulose in its structure and its
ability to disperse fibers and reduce their flocculation.

CMC is produced by introducing the carboxym-
ethyl groups along the cellulose chain. CMC has been
used in textiles, cosmetic and food industries (Mazhari
Mousavi et al., 2017). It is inexpensive and readily
available (Chen ef al., 2016; Mazhari Mousavi ef al.,
2017; Kamthai and Magraphan, 2018).

Due to its excellent film-forming ability, water
retention properties, and high solubility, CMC is wide-
ly used as a surface-sizing agent, coating binder, and
wet-end additive in the papermaking industry. (Beghe-
llo et al., 1997; Blomstedt, 2007). It not only improves
the mechanical integrity of paper but can also mitigate
the stiffness of PLA, enhancing its flexibility. (Kamthai
and Magraphan, 2018).

Chen et al. (2015) investigated the biocomposites
prepared from PLA and CMC by ionic assembly. They
found that the biocomposite formed a transparent and
uniform coating layer after casting. Both the modulus
of elasticity and the maximum degradation tempera-
ture of PLA/CMC composites increased with the de-
crease in molecular weight of PDMAEA. Although the
combination of polylactic acid (PLA) and carboxyme-
thyl cellulose (CMC) has been previously explored in
the development of composite materials, their applica-
tion as a coating system for packaging paper has not
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yet been thoroughly investigated. Considering the ad-
vantageous properties of both substances as potential
coating agents, this combination may offer a promising
and sustainable alternative for enhancing the perfor-
mance of recycled paper-based packaging.

Therefore, the present study aims to investigate
the effects of PLA, CMC, and their combination as sur-
face coatings on recycled packaging papers. The pri-
mary objective is to evaluate their influence on key
mechanical properties and water resistance, with the
broader goal of identifying eco-friendly coating strate-
gies suitable for industrial applications in sustainable
packaging.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

PLA (commercial grade 4042D; Mw = 154.8 kg/
mol) was purchased from Rayan Polymer Arta Co.
(Iran). Carboxymethyl cellulose (CMC) with a molec-
ular weight of 250,000 g/mol and a degree of substitu-
tion (DS) of 1.2 was obtained from Ovj Azma Plast Co.
(Iran). Methylene dichloride (CH,Cl,, analytical grade)
was used as the solvent and supplied by Ghatran Chimi
Tajhiz (Iran). Waste office paper (WOP) and old cor-
rugated cardboard (OCC) served as sources of recycled
paper fibers.

2.2 Manufacturing of recycled paper
2.2. Proizvodnja recikliranog papira

Paper samples were prepared using a 50:50 ratio
of OCC and WOP, as well as 100 % OCC. The fibers
were processed in a pulper, and sheets were formed ac-
cording to the TAPPI T205 SP-02 standard, with a
grammage of 127 g/m?.

2.3 Preparation and application of coatings
2.3. Priprema i nano$enje premaza

To prepare the PLA coating, 1g of PLA was dis-
solved in 100 mL of chloroform and stirred continu-
ously at 40 °C for 12 hours. The CMC solution was
prepared by dissolving 1 % (w/v) CMC in distilled wa-
ter under stirring at 600 rpm for 3 hours at room tem-
perature. For the composite coating (PLA-CMC),
equal volumes of the prepared PLA and CMC solutions
were mixed gently to ensure uniform dispersion before
application. All coatings were applied using a 4-bar
laboratory coater, with a fixed blade gap of 50 um, at a
drawdown speed of 30 mm/s. The coatings were ap-
plied on the surface of papers manufactured in sequen-
tially two layers. The coated samples were then dried
in a vacuum oven at 30 °C for 24 hours (Sundar et al.,
2020). Table 1 outlines the experimental plan.

Table 1 Experimental design and sample coding
Tablica 1. Postavke eksperimenta i oznacavanje uzoraka

Sign of Kind of lf/md of fibers

I rsta vlakana
toreatr/?em C(;/atltng 100 % occ | 20 7%-30 %

znaka rsta A

tretmana premaza 1) OCC(;?WP
Control- 1 Uncoated 1
Control -2 Uncoated 2
PLA-CMC-1 | PLA+CMC 1
PLA-CMC-2 | PLA+CMC 2
PLA-1 PLA 1
PLA-2 PLA 2
CMC-1 CMC 1
CMC-2 CMC 2

OCC - Old corrugated cardboard; WOP — Waste office paper; PLA
— Polylactic acid; CMC — Carboxymethyl cellulose. The coding
system includes fiber composition and coating type for each
treatment group.

OCC - stari valoviti karton;, WOP — otpadni uredski papir; PLA —
polilakticna kiselina; CMC — karboksimetil celuloza. Sustavom
oznacavanja obuhvacen je sastav viakana i vrsta premaza za svaku
skupinu tretmana.

2.4 Measurement of paper properties
2.4. Mjerenje svojstava papira

All samples were conditioned at 25 °C and 65 %
relative humidity for 24 hours prior to testing. Physical
and mechanical properties of coated and uncoated pa-
pers were then evaluated using standardized procedures.

Water absorption capacity was measured using a
Cobb apparatus according to the TAPPI T441 standard
(Cobb test, 30 seconds).

Tensile index and burst index were determined
according to ISO 5256-1:1979 and TS 3123 EN ISO
2759, respectively.

Ring Crush Test (RCT), Corrugated Medium Test
(CMT), and Corrugated Crush Test (CCT) values were
assessed based on TAPPI T822-om-16, T809-om-17,
and T824-om-14.

2.5 FTIR analysis of coated papers
2.5. FTIR analiza premazanih papira

The chemical structure of coated papers was
characterized using Fourier-transform infrared (FTIR)
spectroscopy to detect changes in functional groups
caused by surface coatings. The measurements were
performed on a PerkinElmer System 2000 spectrome-
ter (Waltham, MA, USA), scanning in the range of 400
—4000 cm™ at a spectral resolution of 4 cm™.

2.6 Statistical analysis
2.6. StatistiCka analiza

The impact of coating on paper properties was
analyzed using one-way ANOVA. Duncan’s multiple
range test was used to determine significant differences
in paper properties between treatments.

) DRVNA INDUSTRIJA 76 (4) 399-406 (2025) 401



Aalipour, Moezzipour, Sharari, Ahmadi: The Influence of PLA and CMC Coatings on Mechanical and Physical Properties of Recycled ...

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Table 2 presents the statistical analysis of the
coated and uncoated paper samples, demonstrating that
all coating treatments significantly influenced paper
properties at a 99 % confidence level (p < 0.01). Dun-
can’s multiple range classification results are presented
in Table 3.

The statistical analysis confirms that PLA and
CMC coatings significantly enhance the properties of
recycled packaging paper (p<0.01). Water absorption,
determined by Cobb testing, showed a notable reduc-
tion across coated samples, with PLA-CMC-2 exhibit-
ing the lowest absorption (82.33 g/m?) versus the un-
coated control (105.67 g/m?). This indicates improved
moisture resistance due to PLA hydrophobic barrier
and CMC surface modification effects. Mechanical
strength indicators including burst index, tensile index,
and compression resistance (RCT, CMT, and CCT) in-
creased significantly in all coated samples relative to
the control groups.

The highest tensile strength was observed in
PLA-CMC-2 (41.82 N), significantly surpassing the
control (27.73 N), highlighting the role of coatings in
enhancing fiber bonding and structural integrity.

The improvements in RCT, CMT, and CCT fur-
ther support the effectiveness of these coatings in
strengthening recycled paper. Higher compression

Table 2 Statistical analysis of properties of paper samples
Tablica 2. Statisticka analiza svojstava uzoraka papira

strength values, particularly in CCT (6.03 in PLA-
CMC-2 vs. 3.48 in the control), indicate better resist-
ance to stacking and mechanical stress, essential for
packaging applications. The combination of PLA and
CMC produced the most favorable results across both
mechanical and barrier property evaluations. The com-
plementary nature of PLA hydrophobicity and CMC
bonding ability created a synergistic effect that im-
proved performance significantly.

Wei et al. (2019) and Kamthai and Magaraphan
(2018) also observed similar interactions, highlighting
how hydrogen bonding and molecular compatibility
between PLA and CMC can reinforce structural cohe-
sion and flexibility in coated substrates.

3.1 Water absorption resistance
3.1. Otpornost na upijanje vode

Figure 1 illustrates the effect of coating on Cobb
values. The highest water resistance was observed in
PLA-1 samples (100 % OCC coated with PLA),
whereas the highest water absorption occurred in the
Control-1 sample (uncoated 100 % OCC paper). The
superior water resistance of PLA-coated samples is at-
tributed to the hydrophobic nature of PLA. Papers
coated with a combination of PLA and CMC showed
significantly lower Cobb values as compared to un-
coated samples. These findings align with Taboada-
Rodriguez et al. (2013), who reported that PLA coat-
ings drastically reduce water absorption in paper.

Properties Sum of squares Mean squares Df (within groups) F Sig
Svojstva Zbroj kvadrata | Srednja vrijednost kvadrata Df (unutar grupa)

Cobb test 3358.36 305.31 11 21.894 0.000
Burst 10536.306 957.846 11 8.365 0.000
Tensile 5.429 0.494 11 8.113 0.000
RCT 8133.889 739.444 11 8.082 0.000
CMT 15041.222 1367.384 11 5.099 0.000
CCT 10536.306 957.846 11 8.365 0.000

Table 3 Average values and Duncan’s multiple range classification of properties of paper samples
Tablica 3. Prosjecne vrijednosti i Duncanova klasifikacija s visSestrukim rasponima za svojstva uzoraka papira

Properties Control-1 Control-2 PLA- PLA-
Svo;:tva Kontrolna skupina-1 | Kontrolna skupina-2 | CMC-1 | CMC-2 bR | by | (CUIEIL | (Clule,
Cobb test 105.67 93 78.67 82.33 67.67 74.33 74 79.67
(d) (c) (b) (be) (a) (ab) (ab) (b)
Burst 1.93 1.93 2.01 2.04 2.01 1.99 1.98 1.97
(d) @ (b) (a) (b) () © ©
Tensile 27.73 27.76 36.55 41.81 32.34 30.85 339 29.98
(d) (d) (ab) (a) (bed) (cd) (bo) (cd)
RCT 1.63 1.61 1.74 1.72 1.79 1.77 1.85 1.83
(ab) (d) (e) (c) (b) (e) (a) (ab)
CMT 1.86 1.88 1.71 1.76 1.31 1.51 1.86 1.9
(a) (a) (ab) (ab) © (be) (a) (@)
cCT 3.48 3.92 5.25 6.03 5.24 5.47 5.23 5.6
(d) (©) (b) (a) (b) (be) (b) (bo)
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Control-1
Control-2
PLA-CMC-1
PLA-CMC-2
PLA-1
PLA-2
CMC-1
CMC-2

Figure 1 Effect of coating on Cobb values of paper
Slika 1. Utjecaj premaza na Cobbove vrijednosti papira
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Figure 2 Effect of coating on burst index of paper
Slika 2. Utjecaj premaza na indeks probijanja papira

3.2 Burstindex
3.2. Indeks probijanja

Figure 2 shows the burst index results. The high-
est burst index was observed in PLA-CMC -2 samples,
suggesting that the combined coating enhances paper
strength.

Improvement of burst index of PLA-CMC-coat-
ed packaging paper can be attributed to the synergistic
effect of these materials, which leads to enhance fiber
bonding, stress distribution, and structural integrity.
PLA forms a strong, continuous film that condenses
fibers and improves cohesion, while CMC enhances
adhesion and flexibility through hydrogen bonding, re-
inforcing the paper network by reducing weak points,
as outlined by Mazhari Mousavi (2017). Consequently,
these properties lead to a stronger, coated paper with a
higher burst index.

3.3 Tensile index
3.3. Vlac¢ni indeks

Figure 3 shows the tensile index values of the pa-
pers. Coated samples have higher tensile index values
as compared to uncoated papers. The highest tensile
index was observed in PLA-CMC-2 (50 % OCC +
50 % WOP coated with PLA-CMC). These results are
in accordance with a previous study, which revealed
that PLA coatings improved the tensile index by ap-
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Control-1
Control-2
PLA-CMC-1
PLA-CMC-2
PLA-1
PLA-2
CMC-1
CMC-2

Figure 3 Effect of coating on tensile index of paper
Slika 3. Utjecaj premaza na vla¢ni indeks papira
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Figure 4 Effect of coating on RCT index of paper
Slika 4. Utjecaj premaza na RCT indeks papira

proximately 33 % (Abuzeid et al., 2017). The improve-
ment of tensile index is related to the presence of car-
boxyl groups in CMC, which can enhance fiber bonding
(Laine ef al., 2003; Kamthai and Magraphan, 2018).

The results of the Cobb, burst, and tensile tests
reveal interrelated improvements in the paper perfor-
mance characteristics. The reduction in water absorp-
tion (Cobb test) contributes to maintaining fiber integ-
rity and bonding, which directly enhances mechanical
properties such as burst and tensile strength. This inter-
dependence indicates that the coatings not only pro-
vide a moisture barrier but also synergistically strength-
en the fiber network, leading to comprehensive
enhancement of both barrier and mechanical functions
of the recycled paper (Laine et al., 2003).

3.4 Ring crush test (RCT) index
3.4. Ispitivanje indeksa tlacne Cvrstoce
prstena (RCT)

As shown in Figure 4, coated papers have in-
creased RCT values. The highest RCT value was re-
lated to CMC-1 (100 % OCC coated with CMC).

CMC acts as a dry-strength additive, forming hy-
drogen bonds with cellulose fibers, which increases
fiber-to-fiber interaction and improves the overall me-
chanical integrity of the paper (Beghello ef al., 1997,
Blomstedt et al., 2007). Additionally, CMC enhances
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fiber swelling and flexibility, allowing better fiber en-
tanglement, which contributes to higher resistance
against compressive forces (Laine ef al., 2003). CMC
also helps in fiber surface modification, improving
stress distribution and reducing weak points within the
paper matrix (Mazhari Mousavi et al., 2017).

3.5 Corrugated medium test (CMT) index
3.5. Ispitivanje indeksa Cvrstoce papira s
valovitom srednjicom (CMT)

Figure 5 demonstrates that CMC-1 samples had
the highest CMT index. However, PLA coatings re-
sulted in a decrease in CMT values. The relationship
between CMT strength and paper stiffness has been
established in previous studies (Chen et al., 2001; Cic-
ekler et al., 2024). The addition of CMC improves ten-
sile, tear, and surface strength while reducing rough-
ness (Beghello ef al., 1997).

One of the limitations of PLA is its brittleness
and reduced toughness, which is why various studies
have attempted to improve its toughness by adding dif-
ferent materials. (Reisi Pour ef al., 2018).

3.6 Corrugated crush test (CCT) index
3.6. Ispitivanje indeksa tlacne Cvrstoce
valovitog papira (CCT)

Figure 6 illustrates that PLA-CMC-2 samples ex-
hibited the highest CCT index, while Control-2 had the
lowest. The combination of fibers led to improved CCT
performance. CCT values are primarily influenced by
moisture absorption (Cicekler ef al., 2024).

Overall, the results indicate that CMC coating has
a significant positive impact on improving the quality of
recycled packaging paper. CMC can improve fiber
strength due to its hydroxyl groups, which promote hy-
drogen bonding between water and fibers (Enoki, 1999).

Previous studies have shown that PLA coating ef-
fectively reduces water absorption while improving the
tensile and burst strength of paper (Sundar et al., 2020).
It is obvious that PLA coating improves packaging pa-
per performance (Rivero ef al., 2017). The combined
use of PLA and CMC as a coating can lead to superior
results as compared to individual PLA coating, because
of the improved flexibility of PLA when combined
with CMC.

3.7 Chemical structure of coated papers
3.7. Kemijska struktura premazanih papira

Figure 7 shows the FTIR spectra of recycled pa-
per coated with PLA, CMC, and their combination.
Characteristic absorption bands were observed in the
regions of 2800 — 3500 cm™ and 550 — 1650 cm,
which are typical for cellulosic substrates due to the
presence of hydroxyl, carbonyl, and alkyl groups.

A broad and intense band near 3374 cm™ corre-
sponds to the stretching vibration of the O—H bond, con-
firming the presence of hydroxyl groups in the cellulose
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Figure 5 Effect of coating on CMT index of papers
Slika 5. Utjecaj premaza na CMT indeks papira
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Figure 6 Effect of coating on CCT index of papers
Slika 6. Utjecaj premaza na CCT indeks papira

structure (Manandhar et al., 2022). In CMC-coated pa-
pers, intensity increased at 1410 and 1319 cm™ is associ-
ated with O-H and C-H stretching, while absorption
peaks at 1107 and 1039 cm™ represent C-O stretching
vibrations typical of polysaccharides (Rozali et al., 2015).

For PLA-coated samples, a distinct absorption
peak at 1755 cm™ corresponds to the stretching vibra-
tion of the carbonyl (C=0) group in the ester linkage, a
key functional group in polylactic acid. A minor but
noticeable shift in the C=0O stretching band from
1755 em™ to approximately 1740 cm™ in PLA-coated
samples also supports the successful incorporation of
carboxyl functional groups, consistent with previous
literature (Rivero et al., 2017).

Enhanced absorption bands at 2996 and
2945 cm™ are attributed to asymmetric and symmetric
C—H stretching vibrations of methyl groups. Addition-
ally, a peak at 1187 cm™ indicates C—O stretching in
ester bonds (Singla ef al., 2012).

In samples coated with both PLA and CMC, evi-
dence of intermolecular hydrogen bonding is observed
through the shift of the O-H/N-H stretching band to
~3420 cm!, along with increased intensity and peak nar-
rowing. These spectral changes confirm the formation of
hydrogen bonds between the PLA matrix and the CMC
molecules. Notably, the intensity of this peak is lower in
pure PLA, suggesting the addition of CMC enhances
hydrogen bonding interactions (Wei et al., 2019).

These spectral changes suggest that hydrogen
bonding and molecular interactions between PLA,
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Figure 7 FTIR of paper samples with different coating materials

Slika 7. FTIR uzoraka papira s razli¢itim premaznim materijalima

CMC, and cellulose fibers enhance interfacial adhe-
sion, which likely contributes to the improved mechan-
ical integrity observed in coated samples. The shift and
intensity changes in the O—H and C=O0 regions corre-
late with increased fiber bonding and reduced water
permeability, confirming the functional role of the
coatings in modifying paper performance.

The combined use of PLA and CMC as a coating
can lead to superior results as compared to individual
PLA coating. Recent studies support the claim that incor-
porating carboxymethyl cellulose (CMC) into polylactic
acid (PLA) matrices enhances the flexibility and me-
chanical performance of the resulting composite. Specifi-
cally, Kamthai and Magaraphan (2015) demonstrated
that CMC derived from bagasse improved the toughness
of PLA-based films. Their FTIR analysis revealed new
absorption bands indicative of hydrogen bonding be-
tween the hydroxyl groups of CMC and the ester groups
of PLA, suggesting intermolecular interactions that con-
tribute to greater flexibility and reduced brittleness. Sim-
ilar findings were reported by Khalil ez al. (2020), where
PLA-CMC blends exhibited enhanced elongation at
break and tensile strength, attributed to improved disper-
sion and interaction of CMC within the PLA matrix.

In another study, films composed of PLA and so-
dium carboxymethyl cellulose (NaCMC) designed for
pH-responsive applications showed higher swelling
capacity and mechanical resilience. FTIR spectra con-
firmed structural modifications and new interaction
bands between PLA and CMC components, further
validating the compatibility and synergistic behavior
of the blend. Collectively, these findings confirm that
the addition of CMC can alter the physical structure of
PLA by increasing its amorphous regions and enabling
more flexible polymer chains, which are critical for

packaging and coating applications where improved
ductility is needed.

4 CONCLUSIONS
4. ZAKLJUCAK

This study evaluated the impact of PLA, CMC,
and PLA—CMC composite coatings on recycled pack-
aging papers made from OCC and WOP fibers. Papers
were produced using two fiber compositions including
100 % OCC and a 50-50 proportion of OCC and WOP.

PLA coatings reduced water absorption due to
their hydrophobic characteristics, while CMC improved
mechanical integrity, particularly in compression-relat-
ed properties such as RCT, CMT, and CCT. The com-
bined PLA-CMC coating exhibited the highest values
for tensile and burst indices, indicating a synergistic in-
teraction that optimized both flexibility and strength.

The results indicate that carboxymethyl cellulose
enhances the flexibility of PLA, leading to better overall
paper performance. Additionally, papers made from
pure OCC fibers showed better mechanical strength due
to the presence of lignin, which increases fiber cohesion.

The innovative combination of polylactic acid
(PLA) and carboxymethyl cellulose (CMC) for recy-
cled paper coatings presents a suitable approach to en-
hancing mechanical and physical properties. This
unique blend offers significant potential for industrial
applications in sustainable and biodegradable packag-
ing materials, providing an eco-friendly alternative to
conventional coatings. Future research should focus on
optimizing the coating formulation and process param-
eters to facilitate large-scale production, as well as
evaluating the long-term durability and performance of
these coatings under real-world conditions.
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ABSTRACT ¢ Current quality inspection of edge banding in panel furniture heavily relies on manual screen-
ing, which is labor-intensive, subjective, and inefficient. To address this challenge, we propose a YOLOv7-based
visual inspection system by integrating machine vision and deep learning. A dataset containing 1,887 images of
six defect types (e.g., open glue, chipping, uneven trimming) was constructed, with annotations generated via La-
bellmg. Data augmentation strategies (rotation, scaling, cropping) were applied to enhance model robustness. The
YOLOv7-Tiny model achieved a mean average precision (mAP) of 74.8 % at 57.63 FPS, outperforming traditional
methods and demonstrating superior speed-accuracy trade-offs. Experimental results on real-time industrial cam-
era data validated the system s capability to detect defects with high precision (82.1 %) and recall (75.4 %). This
framework significantly reduces production costs and provides a scalable solution for automated quality control
in furniture manufacturing.

KEYWORDS: panel furniture; quality inspection; YOLOv7; machine vision

SAZETAK + Danasnja kontrola kvalitete rubnih traka plocastog namjestaja uvelike se oslanja na rucnu provjeru,
Sto je radno intenzivno, subjektivno i neucinkovito. Kako bismo rijesili taj problem, predlazemo sustav vizualne
kontrole utemeljene na YOLOvV7 sustavu koji integrira strojni vid i duboko ucenje. Izraden je skup podataka koji
sadrzava 1887 slika Sest vrsta gresaka (npr. vidljivo ljepilo, krhotine, neravnomjerno obrezivanje) s napomenama
generiranim putem Labellmga. Primijenjene su strategije prosirenja podataka (votacija, skaliranje, izrezivanje)
kako bi se poboljsala robusnost modela. Model YOLOv7-Tiny postigao je prosjecnu preciznost (mAP) od 74,8 %
pri 57,63 FPS, nadmasivsi tradicionalne metode i pokazavsi superiorne kompromise brzine i tocnosti. Eksperi-
mentalni rezultati podataka dobivenih industrijskom kamerom u stvarnom vremenu potvrdili su sposobnost su-
stava da otkrije greske s visokom preciznoscéu (82,1 %) i opozivom (75,4 %). Taj okvir znatno smanjuje troskove
proizvodnje i daje skalabilno rjesenje za automatiziranu kontrolu kvalitete u proizvodnji namjestaja.

KLJUCNE RIJECI: plocasti namjestaj; kontrola kvalitete; YOLOv7; strojni vid
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1 INTRODUCTION
1. UVOD

Edge banding plays a pivotal role in modern panel
furniture manufacturing, contributing not only to the
aesthetics of the furniture but also to the durability and
structural integrity of the finished product. However, the
edge banding process is often accompanied by problems
such as collapsing edges, glue leakage, and uneven trim-
ming, which can directly affect both the appearance and
the functionality of the furniture (Lu ef al., 2021). These
defects are especially critical as they compromise the
consumer’s perception of quality and can lead to prema-
ture product degradation (Xiong et al., 2023a). The
global panel furniture market was valued at $210 billion
in 2022, and as consumer expectations continue to rise,
there is a growing demand for stringent quality control
throughout the production process. Traditional defect
detection methods, predominantly relying on manual la-
bor, are not only labor-intensive but also prone to sub-
jectivity. In the furniture industry in China, for instance,
manual inspection accounts for 30-40 % of the total pro-
duction cost (Li ef al., 2021), with defect escape rates
exceeding 15 % due to human fatigue and inconsistent
inspection standards (Wang et al., 2022).

In response to these challenges, recent advances
in machine vision and deep learning have significantly
revolutionized industrial quality inspection, particu-
larly in defect detection. Machine vision technology,
which leverages cameras and computational tools to
visually inspect products, has been widely adopted
across industries for its ability to perform automated,
objective assessments (Wang et al., 2023; Peng et al.,
2025). Early research on industrial defect detection re-
lied heavily on classical machine learning algorithms
such as Support Vector Machines (SVM) and Random
Forests for defect classification (Czimmermann et al.,
2020). However, these methods faced limitations when
it came to detecting complex surface defects, particu-
larly in materials like wood, which exhibit intricate
texture variations (Xiong et al., 2023b). The advent of
deep learning frameworks, particularly Convolutional
Neural Networks (CNNs), marked a turning point by
enabling automatic feature extraction and significantly
enhancing detection accuracy (Alzubaidi et al., 2021).

For instance, Faster R-CNN, a popular deep learn-
ing-based model, achieved a mean average precision
(mAP) of 71.5 % in solid wood defect detection (Fan et
al., 2019), while YOLOv4 demonstrated real-time de-
fect detection capabilities for structural wood with a
speed of 52 FPS (Wang et al., 2021). However, while
these models show great promise, research specific to
edge banding defect detection remains sparse. Existing
methods are often limited by two significant challenges:
the trade-off between speed and accuracy and the scar-
city of high-quality training data. Many studies prior-
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itize accuracy at the expense of real-time performance,
which makes them impractical for high-speed produc-
tion lines (Redmon et al., 2016). Furthermore, the lack
of public datasets focused on edge banding defects often
leads to training on small sample sizes, making models
susceptible to overfitting (Tao et al., 2022).

To address these challenges, this study introduces
the first YOLOvV7-Tiny-based visual inspection frame-
work designed specifically for edge banding defect de-
tection. The proposed method offers several innovative
contributions:

a. A curated dataset of 1,887 images covering six
distinct defect types (e.g., glue leakage, chipping), with
data augmentation techniques including rotation and
scaling to increase model robustness.

b. The deployment of the YOLOv7-Tiny model,
which incorporates optimized anchor boxes and
RepVGG modules, achieving a mAP of 74.8 % at a
real-time detection speed of 57.63 FPS. This perfor-
mance surpasses previous models such as YOLOv4
(68.2 % mAP) and Faster R-CNN (71.5 % mAP).

c. A real-time industrial camera integration sys-
tem validated across four production lines, significant-
ly reducing defect escape rates to below 5 %.

Beyond these practical contributions, the present
study also makes several academic advancements.
First, it represents the first systematic effort to con-
struct a large-scale dataset specifically targeting edge
banding defects, thereby alleviating the long-standing
problem of limited training samples in this domain.
Second, by combining data augmentation strategies
with a lightweight YOLOv7-Tiny architecture, the
study demonstrates a feasible approach for achieving
both high detection accuracy and real-time perfor-
mance, providing a reference model for the digital
transformation of small- and medium-sized furniture
enterprises. Finally, from a broader perspective, the
proposed framework contributes to the academic liter-
ature by offering a transferable methodological para-
digm for defect detection in high-texture-complexity
materials such as wood. This not only advances the
theoretical understanding of defect detection in chal-
lenging visual contexts but also opens new avenues for
cross-material and cross-industry applications of deep
learning in manufacturing quality control.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Test samples and tools
2.1. Ispitni uzorci i alati

2.1.1 Test sample
2.1.1. Ispitni uzorci

To minimize the influence of subjective factors,
the board samples were selected randomly, adhering to
established statistical principles to ensure they are rep-
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resentative of the overall production. The sampling
process took into account various factors, including the
diversity of production batches, production lines, and
production times. This approach ensured that all criti-
cal features of the product appearance were sufficiently
covered, enabling comprehensive inspection. The fol-
lowing methodology was applied:

a. Sample Size and Selection Method: The total
number of samples selected was 500, with 400 samples
allocated for training the network model and 100 sam-
ples reserved for validating the model performance.
Samples were randomly chosen from four different
production lines, all equipped with automatic edge
banding machines. To account for variability, samples
were taken at intervals of 2 hours and 10 days, with 20
samples selected from each batch.

b. Recording of Sample Information: Detailed in-
formation for each sample was systematically record-
ed, including production date, batch number, model,
specifications, and other relevant attributes, in line
with the established sampling methodology. This com-
prehensive data logging ensured transparency and
traceability throughout the testing process.

c. Appearance Quality Inspection: The samples
were then sent to the laboratory for appearance quality
testing, adhering to the specific testing items and stand-
ards defined in Table 1. The inspection followed objec-
tive, scientific, and rigorous principles to evaluate the
visual and structural quality of the edge banding.

2.1.2 Tools and equipment
2.1.2. Alati i oprema

The following tools and equipment were em-
ployed for the testing process:

a. Edge Banding Equipment: The Himile KAL
350 automatic straight-line edge banding machine was
used for applying edge banding to the board samples.

b. Defect Detection Tools: A vernier caliper, tape
measure, spirit level, and low magnification glass were
used for initial defect inspection, measurement, and as-
sessment of edge banding quality.

c. Test Equipment: The testing was conducted us-
ing an industrial camera system, and the data process-
ing was performed on a computing system running the
Windows operating system, with an RTX 3060Ti-12G
graphics card to facilitate high-performance comput-
ing. The deep learning framework employed for model
development and testing was Pytorch, and the pro-
gramming language used was Python.

2.1.3 Machine vision and YOLOV7 algorithm
2.1.3. Strojni vid i YOLOv7 algoritam

Machine vision, a technology rooted in computer
theory, has become an essential tool for detecting and
quantifying surface defects in products (Zhu et al.,

2023). Since its introduction, machine vision has been
widely applied in industrial defect detection to describe
the fundamental components of a visual surface defect
detection system, including the image acquisition
module, image processing module, image analysis
module, data management system, and man-machine
interface (Yu et al., 2024; Golnabi et al., 2007). These
modules collectively enable the processing of images
captured by machine vision, which are then trained us-
ing deep learning frameworks to facilitate production
testing (Ren et al., 2024).

Machine vision systems offer several advantages
over traditional image acquisition methods. They use a
single camera to perform multiple tasks simultaneous-
ly, enabling rapid and efficient detection of both sta-
tionary and moving objects (Sheng et al., 2024). Fur-
thermore, machine vision can analyze various image
types, such as text, lines, and graphics, while recogniz-
ing diverse attributes, including color, shape, contrast,
and texture. Another significant benefit of machine vi-
sion is its ability to track the movement and changes of
objects, thus enabling dynamic detection and analysis
(Zhang et al., 2024). The combination of image pro-
cessing and machine learning techniques allows for the
precise identification, location, measurement, and de-
tection of objects, thus enabling automation and intel-
ligence in industrial applications (Wang ef al., 2021).

Building upon man, deep learning has further en-
hanced surface defect detection. Deep learning technol-
ogies, particularly Convolutional Neural Networks
(CNNs), allow for more efficient and accurate identifica-
tion of object features, distinguishing abnormal features
from typical ones (Zhang ef al., 2021). Unlike tradition-
al machine learning techniques, which rely on manual
feature extraction, deep learning autonomously extracts
relevant features from images. The YOLO (You Only
Look Once), a prominent target detection model, inte-
grates classification, localization, and detection within a
single framework (Redmon et al., 2016). It calculates
the bounding box coordinates of the target and the prob-
ability of each category in the image, significantly im-
proving computational efficiency and enabling real-time
detection in production environments (Li ef al., 2024).

YOLOV7 is designed to enhance both detection
speed and accuracy. The network architecture consists
of three primary components: the input layer, the back-
bone layer, and the neck & head layers. The input im-
age is first preprocessed into a 640x640%3 format be-
fore being passed through the backbone network,
which extracts features. These features are further pro-
cessed by the neck & head layers to generate detection
results. YOLOvV7 employs advanced convolutional
structures such as RepVGG to improve feature extrac-
tion and analysis. The specific network architecture is
shown in Figure 1.
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To further enhance detection performance, the
Anchor-based method and structural modifications,
such as expanded feature channels and additional mod-
el branches, are employed to improve the network’s
reasoning speed. The network also introduces the Ex-
tend-Elan module to optimize learning capabilities by
controlling gradient paths and capturing more feature
details. YOLOvV7 offers several model variants based
on different requirements. In this study, the YOLOV7-
Tiny model was used to evaluate its defects in edge
banding plates.

2.2 Principle and process
2.2. Nacelo i proces

2.2.1 Standards for inspection of
appearance quality

2.2.1. Standardi za kontrolu kvalitete izgleda

In recent years, there has been an increasing fo-
cus within the furniture industry on both the production
process and the environmental sustainability of prod-
ucts. Consequently, stringent control over production
quality is essential to ensure the final product meets the
required standards for both functionality and aesthetics
(Zhou et al., 2024). When establishing standards for
the appearance quality of edge panels, it is important to
consider various factors such as material composition,
structural characteristics, physical and mechanical
properties, durability, and environmental impact.

The inspection standards are derived from a com-
bination of national, industry-specific, and enterprise-
specific guidelines. Key national standards include
GB/T 3324-2017 “General Technical Conditions for
Wood Furniture,” GB/T 4897-2015 “Fiberboard,” and
T/CNFPIA 3016-2021 “Quality Requirements for
Wood-Based Customized Household Panel Edge.”
These standards specify the criteria for evaluating the
appearance quality of wood-based panels, outlining the
testing methods and evaluation techniques. Industry
standards, based on national guidelines, account for the
distinct characteristics of various industries, while en-
terprise-specific standards address the unique require-
ments of individual manufacturers. In addition to these
formal standards, factors such as production cost, mar-
ket demand, and product use must also be considered
when formulating inspection criteria.

The assessment of edge banding appearance qual-
ity can generally be divided into two main methods:
qualitative and quantitative. Qualitative methods include
visual inspection, equipment-based inspections, and
comprehensive inspection methods, while quantitative
methods encompass hardness measurements, dimen-
sional analysis, and optical testing (Xiong et al., 2023).
These combined approaches allow for a comprehensive
evaluation of the product’s appearance quality.

Surface quality inspection in the wood industry is
particularly challenging due to the variability in wood
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Figure 1 YOLOV7 network architecture diagram
Slika 1. Dijagram YOLOv7 mrezne arhitekture
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Table 1 Appearance quality inspection items and standards of edge banding plate
Tablica 1. Stavke kontrole kvalitete izgleda i standardi za rubne trake na ploci

Ser}?l NO' . | Test items / Ispitivane stavke Test standard / Standard ispitivanja
Serijski broj
Edg? banfilng colors and Consistent with production and process requirements
1 specifications o . o
boje i specifikacije rubnih traka u skladu sa zahtjevima proizvodnje i procesa
Trim roughness, wave pattern, | No scratching sensation when touched by hand, 30 cm sight distance in
’ trim gloss natural light, cannot be seen visually under normal vision
hrapavost obrubljivanja, valoviti | nema osjecaja hrapavosti pri dodiru rukom, vidljivost s udaljenosti 30 cm
uzorak, sjaj obrubljivanja na prirodnom svjetlu, ne moze se vizualno vidjeti golim okom
3 Finished size Size error after banding < 0.5mm
konacna velicina pogreska velicine nakon obrubljivanja < 0,5 mm
4 Shortage of walking edge Shortage, walking edge maximum width between (0.15~0.2) mm
nedostatak ruba nedostatak ruba, maksimalna Sirina ruba izmedu (0,15~0,2) mm
5 Seam allowance Edge end allowance < 0.1mm
dodatak za obrub dodatak za kraj ruba < 0,1 mm
The maximum width of the edge banding line < 0.1 mm, the maximum length
Edge banding glue line is less than or equal to 10 mm, and not more than 3 places within 100 mm
linija ljepila za rubnu traku maksimalna Sirina linije rubne trake < 0,1 mm, maksimalna duljina manja
Jje ili jednaka 10 mm i ne na vise od tri mjesta unutar 100 mm
Continuous pinhole maximum width < 0.1 mm and maximum length <
7 Pinholes, slits 100mm, not more than 3 on any one side
rupice, prorezi kontinuirana rupica maksimalne Sirine < 0,1 mm i maksimalne duljine <
100 m; ne vise od tri na bilo kojoj strani
3 Cleaner separator marks The width of the print on the surface of the board after banding is <10mm
tragovi cistaca Sirina otiska na povrsini ploce nakon obrubljivanja je < 10 mm
Board surface cleanliness (residual glue, stains, etc.) and appearance
Appearance Quality defects (black spots, pen marks, scratches, etc.) width <0.6mm
9 ) . e . . AT o .
kvaliteta izgleda cistoca povrsine ploce (ostatci ljepila, mrlje itd.) i nedostatci izgleda (crne
mrlje, tragovi olovke, ogrebotine itd.) Sirine < (0,6 mm
Thin edge does not allow scratching hands, edge banding with thick edge
10 Rounded corners on both sides of the inverted R1 ~ 1.5 arc
zaobljeni kutovi tanki rub sprecava grebanje ruku, obrubljivanje debelim rubom s obje
strane obrnutog luka R1 ~ 1,5

shape and background texture, as well as the stringent
compatibility standards that must be met. To overcome
the challenge of limited training samples, machine vi-
sion-based deep learning approaches are increasingly
being used to leverage transfer learning. Target detec-
tion networks are employed to identify and categorize
defects in the surface of edge banded components.

Before applying machine vision technologies to
the surface inspection of edge-banded components, it
is essential to define the specific production processes
and characteristics of these components. The assess-
ment of edge banding panel appearance quality re-
quires the establishment of clear evaluation items,
standards, and inspection criteria. Once these criteria
are set, the appearance quality of the panels can be
quantified and assessed based on the data collected. An
overview of the inspection items and their correspond-
ing standards is presented in Table 1.

2.2.2 Data set training
2.2.2. Treniranje skupa podataka

In order to address the challenges associated with
defect detection, a comprehensive dataset of 1,887 im-

ages was collected during the production of edge band-
ed panels. The preprocessing of the dataset followed a
series of systematic steps to ensure the quality and uni-
formity of the data. The initial step involved cropping
the images to remove irrelevant regions, followed by
resizing all images to a consistent resolution of
640%640 pixels. To enhance the model’s robustness
and reduce the risk of overfitting, data augmentation
techniques such as rotation, translation, and scaling
were applied. These transformations helped improve
the model’s ability to generalize across a wider range
of defect scenarios. Some of the results after process-
ing are shown in Figure 2.

The labeled dataset was created using the Labe-
IImg annotation tool, and the process is shown in Fig-
ure 3, ensuring that each image contained the neces-
sary details, including the precise location, type, and
extent of defects. This annotation process enabled the
creation of bounding boxes around each defect, which
were then used to train the deep learning model.

The training data set was used to train the
YOLOvV7 model, utilizing the Pytorch deep learning
framework. The input image size for training was fixed
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Figure 2 Some image samples after preliminary processing
Slika 2. Primjeri slika uzoraka nakon preliminarne obrade

at 640x640 pixels to maintain consistency and facili-
tate efficient processing. During training, the initial
learning rate was set at 0.001, with a batch size of 20
and a total of 500 iterations. Weight decay was applied
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Slika 3. Procesni dijagram Labellmg

with a coefficient of 0.001 to prevent overfitting. The
Adam optimizer was employed to update the model’s
weights, and the Leaky ReLU activation function was
used to enhance the model’s non-linearity.

Throughout the training process, the learning rate
was dynamically adjusted, decreasing to 0.0001 after
400 iterations to ensure convergence as the model ap-
proached optimal performance. The training continued
for 500 iterations, after which the model achieved sta-
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Figure 4 Model performance analysis a) loss value, b) recall rate, ¢) accuracy rate (precision rate), d) average precision mean
Slika 4. Analiza performansi modela: a) vrijednost gubitka, b) stopa opoziva, c) stopa to¢nosti (stopa preciznosti), d)

prosjecna srednja vrijednost preciznosti
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Figure 5 Several common types of edge defects: a) unglue, b) shortage, c) chipping, d) uneven trimming, ¢) glue line,

residual glue, f) edge indentation

Slika 5. Nekoliko uobicajenih gresaka ruba: a) odljepljivanje, b) nedostatak rubne trake, c) krhotine, d) neravnomjerno
obrezivanje, e) neuredna linija lijepljenja, ostatci ljepila, f) udubljenje ruba

bility in its performance metrics. The training process
was closely monitored through the visualization of key
metrics, such as loss values, recall rate, accuracy, and
average precision, using TensorBoard, and the visuali-
zation results are shown in Figure 4. The visualization
of these metrics helped assess the model’s learning
progress and provided insights into potential areas for
further optimization. As can be seen in Figure 4, the
loss value decreases as the number of iterations in-
creases, and at 500 iterations, the loss value < 0.004,
the recall rate is stable at 75.4 %, and the final accuracy
rate and average precision of the model are stable at
82.1 % and 78.4 % on average. From the above evalu-
ation metrics, the network model meets the expectation
after training through the defective set.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Common appearance defects
3.1. Uobicajene greske izgleda

The detection of appearance defects in edge band-
ing panels was carried out based on the categories out-
lined in Table 1. Six representative defect types were
identified and classified, including unglued areas, short-
ages, chipping, uneven trimming, glue lines, and inden-
tation, as shown in Figure 5. Each defect type was ana-

lyzed to determine its characteristics and impact on the
overall appearance quality of the edge banding.

The decision process for categorizing defects in-
volved a comprehensive analysis of the color, texture,
shape, and boundary characteristics of the defects, en-
suring that each defect was accurately identified and la-
beled during the image annotation process. These defect
categories are vital for the subsequent training of the
model and the evaluation of its detection capabilities.

3.2 Data set validation
3.2. Validacija skupa podataka

The performance of the trained model was eval-
uated using real-time data obtained from an industrial
CCD camera during the production process. The mod-
el was tested on a set of images taken directly from the
production line to assess its ability to detect defects
under practical conditions. The detection threshold
was set at a confidence level of 0.50, meaning that
only predictions with a confidence score higher than
50 % were considered valid. The detection effect is
shown in Figure 6.

The model’s ability to detect the six types of de-
fects was analyzed by comparing the predicted results
with ground truth annotations. As shown in Figure 6,
the model demonstrated high accuracy in identifying
defects such as unglue, shortage, chipping, uneven
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Figure 6 Comparison of the actual detection effect of edge banding defects: a) unglue, b) in short supply, c) collapse, d)

uneven trimming, e) glue thread, f) edge indentation

Slika 6. Usporedba stvarnog ucinka detekcije gresaka rubne trake: a) odljepljivanje, b) manjak nanosa ljepila, c) kolaps, d)
neravnomjerno obrezivanje, e) probijanje ljepila, f) uvlacenje ruba

trimming, glue lines, and indentation. Notably, the fi-
nal accuracy rate of the model was maintained above
82 %, which indicates a strong ability to detect defects
in edge banding panels with high precision.

3.3 Performance evaluation

As can be seen from Figure 6, the trained
YOLOv7 model was subjected to a series of compre-
hensive performance evaluations to assess its effec-
tiveness in defect detection for edge banding panels.
The key performance metrics used for this evaluation
included mean average precision (mAP), recall rate,
precision rate, and detection speed (FPS).

The mean average precision (mAP), a crucial in-
dicator of overall model performance, was calculated

414 DRVNA INDUSTRIJA 76 (4) 407-418 (2025)

to be 74.8 %. This metric reflects the model’s ability to
correctly classify and localize defects across multiple
categories. When compared with other state-of-the-art
models, such as YOLOv4 (68.2 % mAP) and Faster
R-CNN (71.5 % mAP), the YOLOv7 model demon-
strated superior performance in both accuracy and pre-
cision. This higher mAP indicates that YOLOV7 can
detect defects more reliably, even in complex and vari-
able conditions, offering a significant improvement
over previous model.

The recall rate, which measures the model’s abil-
ity to correctly identify all relevant defects, was found
to be 75.4 %. A recall rate of this magnitude suggests
that the model is highly effective in reducing false neg-
atives, i.e., defects that are not identified by the system.
This is particularly important for ensuring that the in-
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spection process does not overlook critical defects,
which could compromise the overall quality of the
product.

The precision rate, a metric that assesses the
model’s ability to minimize false positives (incorrectly
identified defects), was also high, indicating that the
YOLOvV7 model only flagged defects that were truly
present in the images. This balance between high recall
and precision ensures that the model not only identifies
defects accurately but also avoids excessive misclassi-
fication of non-defective areas as defects.

Finally, the model’s real-time processing speed,
evaluated at 57.63 frames per second (FPS), was more
than adequate for high-speed production lines. This
speed ensures that the system can analyze images in
real time without introducing significant delays in the
production process. It confirms that the YOLOv7 mod-
el meets the requirements of industrial settings, where
timely defect detection is crucial to maintaining pro-
duction efficiency and quality control.

In summary, the YOLOv7 model achieved high
accuracy (74.8 % mAP), robust defect detection capa-
bilities (75.4 % recall rate), and fast processing speed
(57.63 FPS), making it a highly effective solution for
real-time defect detection in edge banding panels.

3.4 Real-world application
3.4. Stvarna primjena

To validate the practical applicability of the
YOLOv7 model beyond the controlled test environ-
ment, it was deployed in a real-time industrial setting on
a production line producing edge banding panels. The
flow of using the tool is shown in Figure 7. The integra-
tion of the model into the production line was conduct-
ed to assess its performance under actual operating con-
ditions, where variables such as lighting changes,
product variability, and production speed could impact
detection accuracy. During the deployment, the model
was tasked with detecting defects such as glue leakage,
chipping, uneven trimming, and edge indentation in re-
al-time as edge banding panels were processed. The
real-time detection capability of the YOLOvV7 model al-

positioning, cropping,

segmentation

Image quality analysis,

*

lowed for immediate feedback on the quality of the pan-
els, enabling quick identification and rectification of
defects before the panels moved further along the pro-
duction line. One of the most notable outcomes of this
real-world application was a reduction in defect escape
rates, which dropped to below 5 % following the de-
ployment of the model. This significant improvement
suggests that the YOLOvV7 model can effectively pre-
vent defective panels from passing through the produc-
tion process, ensuring that only high-quality products
reach the final stages of manufacturing.

In contrast, previous manual inspection methods
and traditional machine vision systems had higher de-
fect escape rates due to operator fatigue and the inher-
ent subjectivity of visual inspection. Additionally, the
integration of the YOLOvV7 model into the existing
production line allowed for more efficient quality con-
trol, as it reduced the need for extensive manual in-
spections. The automated nature of the defect detection
process not only reduced labor costs but also mini-
mized human error, further ensuring the consistency
and reliability of quality checks.

Nevertheless, it is important to note that the cur-
rent experiments were conducted under relatively con-
trolled lighting and production conditions. In real-
world industrial environments, several external factors
— such as lighting fluctuations, dust particles, or ma-
chine vibrations, can potentially influence the imaging
quality and, consequently, the accuracy of defect detec-
tion. However, in the specific context of panel furniture
manufacturing, these issues are generally less severe
during the edge banding stage, which occurs in the
later stages of processing. Unlike cutting or drilling op-
erations, where significant dust may be generated, the
edge banding process is part of the finishing phase,
where dust and environmental disturbances are mini-
mal. This characteristic of the manufacturing workflow
helps mitigate some of the challenges associated with
imaging system reliability.

To further improve robustness in less predictable
industrial environments, several strategies can be con-
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Figure 7 Appearance quality inspection process of edge-banding plate based on machine vision
Slika 7. Proces kontrole kvalitete izgleda rubnih traka na plo¢ama uz pomoc¢ strojnog vida
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sidered. For example, introducing multi-light-source
compensation could stabilize illumination, while infra-
red or 3D cameras might provide additional modalities
to overcome visual limitations. Enhanced image pre-
processing techniques could also be integrated to re-
duce the sensitivity of the system to noise, shadows,
and reflections. These approaches represent promising
directions for future research and align with the limita-
tions discussed in the conclusion, particularly regard-
ing the influence of lighting conditions on system per-
formance.

Overall, the deployment of YOLOvV7 demonstrat-
ed its potential to enhance quality control in the furni-
ture manufacturing industry. The model’s ability to
process images in real time, coupled with its high ac-
curacy, made it an invaluable tool in minimizing de-
fects, reducing production costs, and ensuring product
quality. This application not only verifies the model’s
efficacy in an industrial setting but also highlights its
scalability and potential for widespread use in similar
production environments.

4 CONCLUSIONS
4. ZAKLJUCAK

The results of this study have important theoreti-
cal and practical implications. From a theoretical per-
spective, this research explores the potential of
YOLOv7-Tiny, a lightweight version of the YOLOv7
architecture, in the context of edge computing.
YOLOV7-Tiny is designed to be computationally effi-
cient while maintaining high performance, making it
an ideal candidate for deployment in industrial embed-
ded systems with limited processing power. Compact
model architecture allows for real-time defect detec-
tion on edge devices, such as industrial cameras and
embedded processors, without the need for cloud-
based infrastructure. This capability is especially valu-
able in settings where low latency is critical, such as in
high-speed production lines. By demonstrating the fea-
sibility of deploying YOLOv7-Tiny on edge devices,
this study contributes to the growing body of work on
embedded vision systems, highlighting the potential
for such lightweight models to address the computa-
tional constraints of industrial applications. Moreover,
compared with existing studies, this work further con-
tributes by exploring the integration pathway between
deep learning and furniture manufacturing processes,
thereby offering not only an engineering application
but also an academic case for defect detection in noisy
industrial environments.

From a practical standpoint, the deployment of
YOLOv7-Tiny for defect detection in edge banding
panels offers substantial cost-saving potential for man-
ufacturers. Traditional defect inspection processes, of-
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ten relying on manual labor or older automated sys-
tems, incur significant operational costs. The
YOLOv7-Tiny-based system, by contrast, can auto-
mate defect detection with greater accuracy and speed,
reducing the reliance on human inspectors, including a
decrease in the need for manual labor, faster defect de-
tection, and improved overall product quality that re-
duces the need for costly rework and customer returns.
Furthermore, the real-time detection capabilities of the
system enable timely interventions, ensuring that de-
fective products are identified and addressed immedi-
ately, thereby enhancing overall production efficiency.
However, there are several limitations that must
be addressed. One of the primary limitations of this
study is the lack of data diversity. The model was
trained using data from only four production lines,
which may not fully capture the variability present in
different production environments or across diverse
types of edge banding panels. As such, the model’s per-
formance might be limited when applied to other pro-
duction settings with different materials, defect types,
or manufacturing conditions. Expanding the dataset to
include a wider variety of production lines and defect
categories would help to improve the generalizability
of the model. Additionally, this study did not account
for the effects of lighting variations, a factor that can
significantly influence the performance of machine vi-
sion systems. In real-world industrial settings, lighting
conditions are often dynamic, and changes in light in-
tensity, shadows, or reflections can affect the accuracy
of defect detection. Future research should explore the
impact of lighting changes on model performance and
develop strategies to mitigate these challenges, such as
incorporating dynamic lighting compensation algo-
rithms or enhancing image preprocessing techniques.
Looking ahead, there are several promising di-
rections for future work. One potential avenue for im-
proving defect detection is the integration of multi-
modal data, such as combining 3D point clouds with
traditional RGB images. The addition of depth infor-
mation could enhance the model’s ability to detect sub-
tle surface defects that may not be apparent in 2D im-
ages, such as slight indentations or surface
deformations. By incorporating 3D imaging technolo-
gies, the model could be made more robust to varia-
tions in the geometry and surface textures of the pan-
els. Another area of future development is the creation
of an adaptive threshold adjustment algorithm to opti-
mize detection performance in real-time. In many de-
fect detection applications, it is essential to balance the
detection of false positives (incorrectly flagged de-
fects) and false negatives (missed defects). By dynami-
cally adjusting the detection threshold based on contex-
tual factors, such as defect type, environmental
conditions, or production speed, it would be possible to
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reduce misdetections while maintaining high detection
accuracy. These improvements could significantly en-
hance the robustness and reliability of the system, mak-
ing it even more suitable for industrial deployment.

In conclusion, this study demonstrates the effec-
tiveness of YOLOv7-Tiny as a lightweight and efficient
solution for defect detection in edge banding panels. De-
spite limitations related to data diversity and the impact
of lighting changes, the findings indicate that the model
is a viable option for real-time defect detection in indus-
trial settings. Importantly, the research extends beyond
engineering practice by providing a transferable meth-
odological framework for defect detection in high-tex-
ture-complexity materials such as wood, offering valu-
able theoretical insights for academic research while
also serving as a practical tool for automated quality
control in the furniture manufacturing industry.
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ABSTRACT - This paper investigated the withdrawal capacity of the double-threaded nuts mounted in 3D-
printed materials. The basic technical properties and the withdrawal force of the double-threaded nuts for the
specimens made of PLA, WPLA, and layered WPLA+PLA configuration (with and without STP adhesive) were
investigated. The results are compared with the literature data of withdrawal force for beech wood, MDF, and par-
ticleboard with and without the adhesive. The research has determined the effects of the properties of 3D printed
materials (density, compressive and tensile strength), the infill and printing patterns, and adhesive on withdrawal
capacity of double-threaded nuts. Double-threaded nuts mounted with adhesive had higher withdrawal forces
(about 25 % for PLA and WPLA specimens, and 15 % for layered WPLA+PLA specimens) than those mounted
without adhesive. The highest values of withdrawal forces, regardless of the adhesive, were obtained for layered
WPLA+PLA configuration, followed by WPLA, and the lowest for PLA. No significant difference was found be-
tween the withdrawal forces for WPLA and layered WPLA+PLA specimens for both cases — with and without an
adhesive. The withdrawal forces of double-threaded nuts for the PLA specimens were higher than the withdrawal
forces for the beech (16.7 % mounted without adhesive and 11.6 % mounted with an adhesive), and other combi-
nations showed a difference higher than 35 % in favor of 3D printed materials. The present analysis, which deter-
mines and compares used traditional dismountable connectors in 3D-printed furniture elements, is applicable for
research and practice.

KEYWORDS: 3D printing; wood; wood-plastic composites (WPC); double-threaded nut, withdrawal force
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SAZETAK « U ovom Jje radu istrazivan izvlacni kapacitet dvonavojnih matica montiranih u 3D printane materija-
le. Ispitivana su osnovna tehnicka svojstva i izvlacna sila dvonavojnih matica za uzorke izradene od PLA, WPLA
i slojevite WPLA + PLA konfiguracije (bez STP ljepila i s njim). Rezultati su usporedeni s podatcima iz literature
o izvlacnoj sili za bukovinu, MDF i ivericu bez ljepila i s njim. Istrazivanjem je utvrden utjecaj svojstava 3D
printanih materijala (gustoce, tlacne i viacne cvrstoce), ispune i Sablone printanja te ljepila na izvlacni kapacitet
dvonavojnih matica. Dvonavojne matice montirane uz upotrebu ljepila imale su vece izvlacne sile (oko 25 % za
PLA i WPLA uzorke i 15 % za slojevite WPLA + PLA uzorke) od onih montiranih bez ljepila. Najvece vrijednosti
izvlacne sile, neovisno o ljepilu, dobivene su za slojevitu WPLA + PLA konfiguraciju, zatim slijedi WPLA, a naj-
nize su za PLA. Nije pronadena znacajna razlika izmedu izvlacne sile WPLA i slojevitih WPLA + PLA uzoraka
pripremljenih bez ljepila i s njim. Izvlacne sile dvonavojnih matica za PLA uzorke bile su vece od izvliacnih sila za
bukovinu (16,7 % uzoraka montiranih bez ljepila i 11,6 % montiranih s ljepilom), a ostale kombinacije pokazale
su razliku vecu od 35 % u korist 3D printanih materijala. Prikazana analiza, koja odreduje i usporeduje koristene
tradicionalne rastavljive spojnice u 3D printanim elementima namjestaja, primjenjiva je za istrazivanje i praksu.

KLJUCNE RIJECI: 3D printanje; drvo, drvno-plasticni kompoziti (WPC), dvonavojna matica

1 INTRODUCTION
1. UVOD

Global awareness of environmental protection
and sustainable resource management is rising, there-
fore the development and adoption of new technolo-
gies to enhance production efficiency and environmen-
tal responsibility in furniture industry is becoming
essential. Consumers are demanding products made
from sustainable resources that are biodegradable,
have low environmental impact and pose no health risk
for humans (Krapez Tomec and Kariz, 2022). In this
context, traditional wood industry is facing several
challenges, such as high wood resource consumption,
waste generation and environmental pollution. 3D
printing technology has revolutionized both innovation
and environmental sustainability in traditional wood-
working. Compared to subtractive manufacturing tech-
nologies, such as CNC milling and turning, which are
characterized by the removal of excess material to ob-
tain the desired shape, 3D printing, as an additive man-
ufacturing process, only adds material where it is need-
ed, fusing the material layer-by-layer, which contributes
to significantly reducing waste generation. Also, recy-
cled wood and plastic can be extruded into wood-plas-
tic filaments, that are suitable for 3D printing, therefore
promoting circular economy and leading to low or zero
waste (Wimmer et al., 2015). Case studies show that
3D printing technology demonstrates up to 40 % re-
duction of manufacturing related material waste com-
pared to traditional woodworking furniture production.
Also, 95-98 % of non-melted raw material can be re-
used (Krapez Tomec et al., 2024). Despite the potential
in increasing plastic recycling rates, consumers are de-
manding more environmentally friendly products that
are not petroleum based. Recycled wood and wood
residues generated from primary and secondary wood
processing can be combined with biopolymer polylac-
tic acid (PLA), a compostable synthetic polymer made
from a monomer feedstock derived from corn starch,
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into additive manufacturing. Use of wood-PLA com-
posites (WPLA) in additive manufacturing has gar-
nered considerable attention, primarily due to the fa-
vorable ecological footprint and enhanced material
attributes (Krapez Tomec et al., 2024). According to
Jarza et al. (2023), small-and medium-sized companies
can benefit the most from adopting the additive manu-
facturing. Machines can do jobs instead of workers, the
use of resources is reduced and anybody with lower
manual skills can produce demanding, complicated
and unique products. For large companies, the major
benefit from adopting the additive manufacturing is
fast development of prototypes, testing, finishing and
market presentation, which makes them more competi-
tive, because they can launch a new product on the
market faster than the competition.

Traditionally, mass produced furniture, based on
its function, can have panel or frame structure, or a
combination of both. Integrity and durability of these
structures depend on the quality of the connections be-
tween the constituent elements. Various factors influ-
ence strength and durability of these connections, such
as materials used, the quality of the assembly process,
the type of connection between the structural elements,
and the type of forces the furniture is expected to be
exposed to during exploitation (Bas et al., 2024).

Constructive connections in furniture can be dis-
mountable and glued. If glued connection between
structural elements is used, then disassembly is not pos-
sible without breaking or damaging the connection. Dis-
mountable connections, on the other hand, enable con-
struction disassembly, which can be beneficial for
reducing the costs of transportation, assembly and stor-
age. Lower costs of production increase the competitive-
ness of the product on the market. The most widespread
dismountable connections are the cam fittings and the
bolt and barrel nut connectors (Bas et al., 2024).

The strength and stiffness of furniture construc-
tions primarily depend on the physical and mechanical
properties of the necessary connections between the
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structural elements. Bolt fasteners cannot endure cyclic
stress without loosening, which can lead to serious ac-
cidents, even if anti-loosening bolts are used (Shinbutsu
et al., 2017). In contrast, the double-threaded nuts and
thread bolts connectors, quite common in the production
of tables and beds, have an excellent anti-loosening abil-
ity. The production of this type of connection elements is
very cheap, from the point of production technology,
and also, such elements do not impose great require-
ments during assembly (Mihulja et al., 2012).

During exploitation, furniture is exposed to dif-
ferent forces that cause tension or pressure in the joints,
which has an influence on their strength and durability.
It has been proven that the connections with double-
threaded nuts, exposed to withdrawal forces, tend to
extract from the material, thus considerably weakening
the structures (Ibrisevic et al., 2023). Mihulja et al.
(2012) established that the proper drilling and the di-
ameter of the hole have a large effect on the extraction
of nuts. Considering different types of material that can
be used in furniture production, an additional strength-
ening factor might be needed in order to increase the
strength of the joint. The only possible solution for
strengthening constructive connections with double-
threaded nuts and thread bolts is to impose adhesive.
The type of adhesive, distribution, adhesive line thick-
ness and moisture content have a significant influence
on the strength of the connection (Bas et al., 2024). Ibri-
sevic et al. (2023) examined the influence of the adhe-
sive type and different types of wooden materials
(beech, medium-density fiberboard, and particleboard)
on the withdrawal capacity of double-threaded nuts.
They concluded that the best withdrawal capacity was
obtained for samples with beech wood glued with Silan
terminated polymers (STP), while the lowest withdraw-
al capacity was obtained for samples with particleboard
glued with polyvinyl acetate mounting D2 adhesive.

In recent years, there has been increased interest
in the use of 3D printing technology for prototyping
and manufacturing furniture joints, chair connectors
and threaded fasteners. Smardzewski et al. (2016) in-
vestigated mechanical properties of externally invisi-
ble 3D printed cabinet furniture joints made of wood-
based composites. The results showed that the designed
joints were characterized by high stiffness and strength.
Nikolau et al. (2022) used reinforced polylactic acid
(PLA) with fiberglass (20 wt. %) to design a 3D printed
connector for joining the leg and two stretchers of a
chair made from larch. The authors concluded that the
direction of filament layer deposition correlates with
the joint’s strength. Petrova and Jivkov (2024) investi-
gated bending moments and stiffness of joints of thin
structural elements connected by 3D printed connec-
tors made of polylactic acid (PLA). The results showed
high strength under arm compression bending load.

The stiffness coefficients of 3D-printed joints were
higher than of conventional detachable mitre joints, but
lower than the glued ones. Hajdarevic ef al. (2018) in-
vestigated stress and strain in frontal parallel joints
connected with two different 3D printed connectors
made of PLA and bonded to spruce wooden parts with
one component polyurethane adhesive. The results
showed that the values of normal stress at the point of
failure of the joints and at the proportional limit of
frontal parallel joints with PLA connectors were sig-
nificantly lower compared to clear spruce wood beam.
Also, the values of the effective modulus of elasticity
of the joint with PLA connectors were lower than the
modulus of elasticity of spruce wood. Krzyzaniak and
Smardzewski (2019) analyzed the effect of assembly
forces on stiffness and strength of 3D printed, exter-
nally invisible and demountable, furniture joints made
of polyamide. They concluded that designed 3D print-
ed joints can be used as an alternative to replace metal
joints to assemble furniture, while providing external
invisibility and the possibility not to use tools during
assembly. Hajdarevic at al. (2023) investigated if 3D-
printed connectors could replace the typical L-shaped
joints in the construction of a chair. Different connec-
tors were designed and manufactured using acryloni-
trile butadiene styrene (ABS). The results showed that
joints with 3D-printed connectors had 4251 % lower
strength than traditional wooden mortise-and-tenon
joints. The authors concluded that with the proper de-
sign, optimization and materials selection, 3D-printed
connectors could have similar mechanical characteris-
tics as connectors made from plywood or aluminum.
Eraliev et al. (2022) investigated if 3D printed thread-
ed fasteners could lower their self-loosening. They
used three types of 3D printing materials: acrylonitrile
butadiene styrene (ABS-2), poly lactic acid (PLA), and
glass. The results showed that ABS-2 bolt has good
anti-loosening performance under cyclical temperature
changes. The PLA bolt did not show good performance
in low temperature changes, and the glass bolt showed
the lowest performance in high temperature changes.
Krapez Tomec et al. (2024) evaluated the environmen-
tal aspect of PLA and wood — PLA products and com-
pared them to traditional metal parts used as connec-
tors in traditional wood furniture industry. They
concluded that metal parts manufactured using con-
ventional subtractive processes have higher environ-
mental impact compared to 3D-printed parts obtained
from PLA and wood-PLA. They also concluded that
the mechanical and physical properties of the printed
parts are not significantly lower, compared to conven-
tional wood composites (particleboard and fiberboard).
In order to improve the mechanical and physical prop-
erties of 3D-printed alternatives from renewable mate-
rials, wood fibers and nanocellulose can be added.
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This paper aims to determine how different types
of 3D printed materials affect the withdrawal force of
double-threaded nuts in constructions made of PLA
and wood-PLA composites. Withdrawing force of dou-
ble threaded nuts mounted with and without adhesive
will be tested. The obtained results will be compared
with the results of withdrawal force of double-threaded
nuts in different types of wooden materials in order to
determine if double-threaded nuts can be used in dis-
mountable connections in 3D printed furniture made of
polylactic acid (PLA) and wood-PLA.

2 MATERIALS AND METHODS
2. MATERIJALI I METODE

The idea for this research was to examine whether
traditional dismountable connectors, mostly used in
wooden furniture, could also be used in 3D-printed fur-
niture. Two different kinds of materials: Creality Hyper
PLA (CR-Hyper PLA) and Creality Wood (CR-Wood)
in three different configurations were used to determine
their technical properties and withdrawal capacity of
double-threaded nuts. One set of samples was made of
CR-Hyper PLA, another set of samples was made of
CR-Wood, and a third set of samples was made of lay-
ered CR-Hyper PLA and CR-Wood (samples with CR-
Wood faces and CR-Hyper PLA core). Hyper fast white
PLA (CR-Hyper PLA) was used because of its good
adhesion properties. WPLA (CR-Wood) was made of
white pine wood flour and biodegradable PLA.

2.1 3D printing sample setup
2.1. lzrada 3D printanih uzoraka

Bambu Lab X1 carbon with AMS was used for
printing testing specimens. Bambu Lab X1C was cali-
brated out of the box. For dimensional accuracy test
specimens were printed and measured with Holex digi-
tal caliper. They passed dimensional accuracy of +2 %.
Filament was stored in AMS (Automatic Material Sys-
tem) enclosure during printing, conditions of environ-

108.5

80

ment were consistent (enclosed). The AMS enclosure
helped maintaining a dry environment during printing,
which prevents moisture absorption and filament deg-
radation. Filament settings used were configured ac-
cording to manufacturers’ (Creality) recommendations
for speed and temperature. The 3D printer had a nozzle
diameter of 0.4 mm. The infill density was set to 100 %,
the layer height was 0.2 mm, the print speed was
50 mm/s. The printing temperature was set to 220 °C.
The printing bed temperature was 60 °C. All samples
were printed in the 0° orientation to the build plate.
Brim was used for better adhesion to build-plate in all
printed specimens. Hot adhesive has been used peri-
odically only on 15 printed specimens for tensile
strength testing (Figure 2a), since printing orientation
caused adhesion problems and tool head had collision
with the last layers of printed specimens and moved
them from a build-plate.

2.2 Methods for examining properties
of PLA and WPLA materials and
WPLA+PLA layered configuration

2.2. Metode ispitivanja svojstava PLA i WPLA
materijala te WPLA + PLA uslojene
konfiguracije

Density, tensile strength and compressive
strength of the 3D printed materials were tested. De-
termination of selected mechanical properties was
done according to the ISO 527-2 and ASTM D695
standards for tensile strength and compressive strength,
respectively. Test specimen geometry and dimensions
are shown in Figure 1.

For tensile strength testing, five specimens were
100 % infill PLA, five specimens were 100 % infill
WPLA and five specimens were 100 % infill with PLA,
in combination with WPLA. The testing area of 80 mm
length for WPLA / PLA / WPLA testing specimens was
divided into three parts. The length of PLA in the middle
was 26.5 mm. The rest of the length was WPLA (Fig-
ure 2.a.). For compressive strength testing, a total of 15
test specimens were printed. Five specimens were 100

T

254

| 155

H =, — -

a)

e o

Figure 1 Test specimens: a) tensile strength testing, b) compressive strength testing
Slika 1. Ispitni uzorci: a) za ispitivanje ¢vrstoce na vlak, b) za ispitivanje ¢vrstoce na tlak
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Figure 2 Test specimens for testing mechanical properties of material: a) tensile strength testing, b) compression strength testing
Slika 2. Uzorci za ispitivanje mehanickih svojstava materijala: a) za ispitivanje ¢vrstoce na vlak, b) za ispitivanje ¢vrstoce na tlak

a)

Figure 3 Strength testing: a) tensile strength, b) compressive strength

Slika 3. Ispitivanje: a) ¢vrstoce na vlak, b) ¢vrstoce na tlak

% infill PLA, five specimens were 100 % infill WPLA
and five specimens were 100 % infill with 8.46 mm, or
1/3 of specimen thickness in the middle (core), with
PLA, in combination with WPLA (faces) (Figure 2b).

The tensile strength tests were carried out on a uni-
versal testing machine, Shimadzu, 10kN (Figure 3a.).
The displacement velocity during tests was maintained
at 5 mm/min. The compressive strength tests were car-
ried out on a universal testing machine, ZWICK, 50kN
(Figure 3b.). The tensile/compressive strength (o,; 0,) of
the tested material was determined using the following
equation: 0=F,, /4, MPa, where F, is maximal force
(N) and A, cross-sectional area (mm?).

2.3 Method of examining the withdrawal
capacity of double-threaded nuts
for PLA and WPLA materials and
WPLA+PLA layered configuration

2.3. Metoda ispitivanja izvlacnog kapaciteta
dvonavojnih matica za PLA i WPLA
materijale te WPLA + PLA uslojene
konfiguracije

The geometry and dimensions of the samples for
examining the withdrawal capacity of double-threaded
nuts were 50 x 50 x 18 mm (Figure 4a). These dimen-

sions were chosen because of the better positioning of
the work piece in the process of fastening the nuts. The
diameter and depth of the hole in the middle of each
sample was 8 mm and 13 mm, respectively. Dimen-
sions of double-threaded nuts used to test the with-
drawal capacity are shown in Figure 4b.

Three types of 3D printed materials were used to
test the withdrawal capacity of double-threaded nuts. A
total of 30 test specimens were printed. Ten specimens
were 100 % infill PLA, ten specimens were 100 % in-
fill WPLA, and ten layered specimens were 100 % in-
fill with WPLA faces and PLA core with identical
thickness of each layer (6 mm, or 1/3 of specimen
thickness), as shown in Figure 5a. Before testing, spec-
imens were divided into two groups. In the first group,
there were 15 specimens with double threaded nuts
mounted without adhesive. In the second group, there
were 15 specimens with double threaded nuts mounted
with adhesive. Before mounting the double-threaded
nuts, the adhesive (cca 0.35 cm?®) was put in the holes
to further strengthen the nuts, using a syringe. Silane
terminated polymers — STP adhesive (Kleiberit STP
605.1) was used. Double-threaded nuts were mounted
into the specimens with an electric screwdriver. The
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Figure 4 Geometry and dimensions: a) specimens for withdrawal capacity of double-threaded nuts testing, b) double-

threaded nuts M6x13 (https://www.lccshop.hr; SKU: 008005)

Slika 4. Geometrija i dimenzije: a) uzorci za ispitivanje izvlacne sile dvonavojnih matica, b) dvonavojne matice M6 x 13

(https://www.lccshop.hr; SKU: 008005)

a)

b)

Figure 5 Withdrawal capacity testing: a) 3D printed specimens, b) testing device
Slika 5. Ispitivanje izvlacne sile: a) 3D printani uzorci, b) pristroj za ispitivanje

tests were carried out on a universal testing machine
(ZWICK, 50 kN), as shown in Figure 5b. The with-
drawal force of the double-threaded nuts was read on
the force indicator.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Properties of PLA and WPLA materials
and WPLA+PLA layered configuration

3.1. Svojstva PLA i WPLA materijala i WPLA
+ PLA uslojene konfiguracije

Table 1 gives the results of density, compression
strength, and tensile strength of the specimens made of
PLA, WPLA, and layered WPLA + PLA filament. The
mean density of the WPLA specimens was 6 % lower
than those of the PLA specimens, and 5 % lower than
the layered composite WPLA + PLA specimens. All
groups of specimens had a low and similar coefficient
of density variations. Additionally, the t-test was used
to determine if the means of two sets of experimental

424 ) DRVNA INDUSTRIJA 76 (4) 419-430 (2025)

results were significantly different from each other. No
significant difference (p = 0.135) was observed with a
95 % confidence level (0=0.05) between density of the
PLA samples and layered WPLA + PLA samples.

Compressive strength was higher than tension
strength for all three groups of printed specimens. The
mean compression strength of the PLA specimens was
79.3 %, and of the layered WPLA+PLA 10.9 % higher
than that of the WPLA specimens. A significant differ-
ence was observed between compression strength for
all three groups of samples. The differences are domi-
nantly the result of different responses of the material
to the compression load shown in the force-displace-
ment diagrams of the tested specimens (Figure 6a). The
PLA specimens had a wide defined elastic region, i.e.
proportional zones with high failure points as brittle
material. The diagram and deformed WPLA and lay-
ered WPLA+PLA specimens show the ductile charac-
teristics (Figure 6b). Forces at the yield points are tak-
en to calculate compression strength.
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Table 1 Density, compression strength, and tensile strength of printed material
Tablica 1. Gustoca, ¢vrstoca na tlak i ¢vrstoca na vlak printanog materijala

e PLA WPLA+PLA WPLA

o Mean Std. Coef.of var. Mean Std. Coef.of var. Mean Std. Coef.of var.
Dev. % Dev. % Dev. %

p, g/em? 1.17 0.01 0.85 1.16 0.01 0.86 1.10 0.01 091

6., MPa 73.49 2.35 3.19 45.47 0.28 0.61 40.99 1.27 3.09

0, MPa 28.82 0.54 1.86 10.12 0.51 5.01 10.10 0.47 4.64

p — density, o, — compression strength, g, — tensile strength / p — gustoca, o, — évrstoca na tlak, o,— ¢vrstoca na viak

Farce

- / !

o/ )

Furmens 7/

Fuew

PLA WPLA+PLA WPLA Deformation

a)

b)

Figure 6 Compression strength: a) sketch of deformation — force diagram, b) characteristic failures (specimens from left to

right: PLA, WPLA+PLA, and WPLA)

Slika 6. Cvrstoéa na tlak: a) skica dijagrama deformacija — sila, b) karakteristiéni lomovi (uzorci slijeva nadesno:

PLA, WPLA + PLA i WPLA)

------- — PLA
WPLA+PLA
-------- WPLA
1400
1200 Pl -
_ :
- 1000 g | l
£ 800 > | l
2 600 P :
£ s | I
£ 400 o / - | |
- 1o :
200 2 1
/ (| | |
0
0.0 0.5 1.0 1.5 2.0 25

Displacement / pomak, mm

a)

The deformation — force diagrams obtained by
testing the tensile strength of six randomly selected
samples are shown in Figure 7a. The mean tensile
strength of the PLA specimens was 2.85x, and a lay-
ered WPLA+PLA 0.2 % higher than the WPLA speci-
mens. No significant difference was observed between
tensile strength for the layered WPLA+PLA and
WPLA (p = 0.9606). The angle between printed orien-
tation and the tensile force line (90°), and the adhesion
properties of printed materials had a dominant influ-

b)

Figure 7 Tensile strength: a) deformation — force diagram of randomly selected samples, b) characteristic failures
(specimens from top to bottom: WPLA, WPLA+PLA, and PLA)

Slika 7. Cvrstoéa na vlak: a) dijagram deformacija sila za slu¢ajno izabrane uzorke, b) karakteristiéni lomovi
(uzorci od vrha prema dnu: WPLA, WPLA + PLA i PLA)

ence on tensile strength value. The results showed no
differences in adhesion between the WPLA layers and
adhesion in the contact surface of the WPLA and PLA
layers (Figure 7b).

Figure 8 shows a 20x magnified view of the char-
acteristic deformations and fracture zones of PLA, lay-
ered WPLA+PLA, and WPLA materials after strength
testing. After the compression strength test, the PLA
material showed no significant deformation and notice-
able failure, in contrast to the WPLA material, which
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Figure 8 Specimens failures (from left to right: PLA, WPLA+PLA, and WPLA): a) compression strength, b) tensile strength
Slika 8. Lomovi uzoraka (slijeva nadesno: PLA, WPLA + PLA i WPLA): a) ¢vrstoca na tlak, b) ¢vrsto¢a na vlak

Table 2 Withdrawal force of double-threaded nuts (F,,,,)
Tablica 2. Izvla¢na sila dvonavojnih matica (£,,,)

Specimens PLA WPLA+PLA WPLA
Uszorci No adhesive Adhesive No adhesive Adhesive No adhesive Adhesive
Bez ljepila S ljepilom Bez ljepila S ljepilom Bez ljepila S ljepilom
1. 3433.50 3963.24 4689.18 5248.35 3659.13 4836.33
2. 3109.77 3953.43 4542.03 4924.62 4208.49 5052.15
3. 2962.62 4208.49 4973.67 5356.26 3796.47 5248.35
4. 3149.01 4355.64 4179.06 5317.02 4394.88 4767.66
5. 3796.47 4071.15 4247.73 5297.40 3865.14 5071.77
Mean, N 3290.27 4110.39 4526.33 5228.73 3984.82 4995.25
Std.Dev., N 330.39 171.46 326.00 174.39 305.80 193.78
Coef.of var., % 10.04 4.17 7.20 3.34 7.67 3.88

exhibited yielding and large plastic deformation with a
rough surface. Delamination of the layer was a typical
fracture of PLA and WPLA material under tension.

3.2 Withdrawal capacity of double-
threaded nuts mounted into PLA and
WPLA materials and WPLA+PLA
layered configuration

3.2. lzvla¢ni kapacitet dvonavojnih matica
montiranih u PLA i WPLA materijale te u
WPLA + PLA uslojenu konfiguraciju

The results of the maximum withdrawal forces
(Fax) of the double-threaded nuts (mounted with and
without STP adhesive) are given in Table 2. Mean val-
ues of withdrawal forces of the double-threaded nuts
mounted with adhesive were higher than those mount-
ed without adhesive for all three groups of printed
specimens. The withdrawal forces of specimens with-
out adhesive exhibit approximately twice as high vari-
ability as those with the adhesive.

The PLA specimens with adhesive had 24.9 %,
the layered WPLA+PLA specimens with adhesive
15.5 %, and the WPLA specimens with adhesive
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25.4 % higher mean withdrawal forces of the double-
threaded nuts for the same group of specimens without
adhesive. Withdrawal forces of double-threaded nuts
for the layered WPLA+PLA specimens were 13.6 %
and 37.6 % higher for specimens without adhesive, and
4.7 % and 27.2 % higher for the specimens with adhe-
sive, than the withdrawal forces of the WPLA and PLA
specimens, respectively. For WPLA specimens, the
withdrawal force was approximately 21 % higher than
for the PLA specimens, regardless of the adhesive ap-
plication. The minimal percentage difference in with-
drawal force was 3.1 %, between WPLA without adhe-
sive and PLA with adhesive, and the maximal percentage
difference in withdrawal force was 45.5 %, between
PLA without adhesive and WPLA+PLA with adhesive.

The characteristic patterns of the fractures of the
double-threaded nuts caused by the withdrawal forces
are shown in Figure 9. The fracture modes of the dou-
ble-threaded nuts are similar to common fractures in
wood, or other fiber materials. The nut started to pull
out after the material around the thread failed. The ma-
terial remains partially attached to the thread while the
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Figure 9 Failures caused by withdrawal force of double-threaded nuts: a) specimens without adhesive (left), specimens with
adhesive (right), b) failures of PLA, WPLA+PLA, and WPLA material
Slika 9. Lomovi uzrokovani izvlaéenjem dvonavojnih matica: a) uzorci bez ljepila (lijevo) i uzorci s ljepilom (desno),

b) lomovi PLA, WPLA + PLA i WPLA materijala

outer layers delaminate and/or the fibers break. The
amount of the pulled-out material and size of the de-
graded zone of material in the outer layers and/or the
amount of the material that remains attached to the dou-
ble-threaded nuts after fractures are generally higher for
double-threaded nut samples mounted with adhesive,
particularly so for WPLA and WPLA+PLA samples.
Comparative distributions of results of maximum
withdrawal forces (£,,,) of the double-threaded nuts of
the three groups of samples mounted with and without

adhesive are shown in Figure 10. The samples with ad-
hesives from the same group of materials, e.g. PLA
group, have higher withdrawal forces (F,,,,) of the dou-
ble-threaded nuts than those without adhesive. Results
of the T-test showed a significant difference between
the withdrawal forces of the double-threaded nuts be-
tween samples without adhesive and the samples with
adhesive for the same group of printed materials used.

No significant difference was found between the
withdrawal forces (F,,,) of the double-threaded nuts

[ PLA — with adhesive

B PLA - without adhesive [ WPLA+PLA — without adhesive ] WPLA — without adhesive
[ WPLA+PLA — with adhesive

B WPLA — with adhesive

6000

_

4000

Withdrawal force, N
izvlacna sila, N

2000

1000

Figure 10 Distribution of results of withdrawal forces of double-thread nuts mounted into PLA, WPLA+PLA, and WPLA

printed material

Slika 10. Distribucija rezultata izvla¢ne sile dvonavojnih matica montiranih u PLA, WPLA + PLA i WPLA printani materijal
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Figure 11 Failures caused by withdrawal force of double-
threaded nuts mounted into beech wood, MDF, and
particleboard

Slika 11. Lomovi uzrokovani izvla¢enjem dvonavojnih
matica montiranih u bukovo drvo, MDF i ivericu

for WPLA specimens and layered WPLA+PLA speci-
mens without adhesive (p = 0.0998), or for the same
groups of specimens with adhesive (p = 0.1186). Also,
no significant difference was found between the with-
drawal forces (F,,,) of the double-threaded nuts for
PLA specimens with adhesive and WPLA specimens
without adhesive (p = 0.3577), or for PLA specimens
with adhesive and layered WPLA+PLA specimens
without adhesive (p = 0.0832).

Table 3 Descriptive statistics of withdrawal force (|
(Ibrisevic et al., 2023)
Tablica 3. Deskriptivna statistika izvlacne sile (F,,

3.3 Comparison of withdrawal capacity of
double-threaded nuts mounted into
PLA and WPLA materials and wooden
materials

Usporedba izvlaénog kapaciteta
dvonavojne matice montirane u PLA i
WPLA materijale i drvne materijale

The withdrawal forces (F,,) of the double-
threaded nuts mounted into PLA, layered WPLA+PLA,
and WPLA specimens were compared with the results
of withdrawal forces for wood (beech) and coated wood
composites (medium-density fiberboard (MDF) and
particleboard), as shown in Figure 11. The data used is
from the paper that analyzed the effect of wooden mate-
rial types and adhesive types on the withdrawal capacity
of double-threaded nuts (Ibrisevic et al., 2023).

The results of the withdrawal force (F,,,,) of dou-
ble-threaded nuts (without adhesive and with STP ad-
hesive; 15 specimens for each combination) given in
Table 3 are comparable because they were obtained us-
ing the same type of double-threaded nuts, the same
amount of STP adhesive and the same methodology
described in this paper.

Withdrawal forces of the double-threaded nuts
mounted with adhesive were higher than those mounted

3.3.

nax) Of double-threaded nuts for beech wood, MDF, and particleboard

) dvonavojnih matica za bukovo drvo, MDF i ivericu (Ibrisevic et al., 2023.)

Withdrawal force Beech / Bukovina MDF Particleboard / Iverica
Fows F . Mean | Std. dev. | Coef. of var. | Mean | Std. dev. | Coef. of var. | Mean | Std. dev. | Coef. of var.
Izvlacna sila F,,,, N
No adhesive 28202 | 384.8 0.1 12962 | 1823 0.1 977.0 | 188.7 0.2
Bez ljepila
STP adhesive
Sa STP ljepilom 3684.0 | 399.5 0.1 1881.0 | 194.0 0.1 1337.3 | 140.8 0.1
- PLA — no adhesive - WPLA+PLA — no adhesive D WPLA — no adhesive
D Beech — no adhesive . MDF — no adhesive - Particleboard — no adhesive
6000
5000

4000

3000

Withdrawal force, N
izvlacna sila, N

2000

1000

0

Figure 12 Distribution of withdrawal force results of double-threaded nuts mounted without adhesive into PLA,

WPLA+PLA, WPLA, beech wood, MDF, and particleboard

Slika 12. Distribucija rezultata izvlacne sile dvonavojnih matica montiranih bez ljepila u PLA, WPLA + PLA, WPLA,

bukovo drvo, MDF i ivericu
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B PLA - with adhesive
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Figure 13 Distribution of withdrawal force results of double-threaded nuts mounted with adhesive into PLA, WPLA+PLA,

WPLA, beech wood, MDF, and particleboard

Slika 13. Distribucija rezultata izvlacne sile dvonavojnih matica montiranih uz pomo¢ ljepila u PLA, WPLA + PLA, WPLA,

bukovo drvo, MDF i ivericu

without adhesive for all wooden materials. The beech
specimens with adhesive had 30.6 %, the MDF speci-
mens with adhesive 45.1 %, and particleboard specimens
with adhesive 36.9 % higher withdrawal forces of the
double-threaded nuts for the same group of specimens
without adhesive. Namely, gluing creates a solid bond
between the surfaces of two different materials (metal
and wood, or wood-based materials), and a different dis-
tribution of internal forces occurs in the loaded joint, i.e.,
a stress distribution, which ultimately affects the value of
the withdrawal force. Furthermore, the withdrawal force
for beech specimens was approximately 2x higher than
the mean withdrawal force for MDF specimens, and ap-
proximately 3x higher than for particleboard specimens,
regardless of whether adhesive was used. The withdraw-
al forces of the MDF specimens were 32.7 % without
adhesive and 40.6 % with adhesive higher than the mean
withdrawal force of the particleboard specimens.

Comparative distributions of the maximum with-
drawal forces (F,,,,) results of the double-threaded nuts
for the 3D printed materials and wooden materials
mounted with and without adhesive are shown in Fig-
ure 12 and Figure 13. A comparison of the withdrawal
forces results between 3D printed materials and wood-
en materials showed that withdrawal forces of double-
threaded nuts for the PLA specimens without adhesive
were 16.7 % higher and for specimens with adhesive
11.6 % higher than the withdrawal forces of the beech
with and without adhesive, respectively. All other com-
binations showed a difference higher than 35 % in fa-
vor of 3D printed materials.

No significant difference was found between the
withdrawal forces (F,,,) of the double-threaded nuts
for the beech specimens with adhesive and PLA speci-
mens without adhesive (p = 0.0604), for the beech

specimens with adhesive and WPLA specimens with-
out adhesive (p = 0.1129), and for the particleboard
specimens with adhesive and MDF specimens without
adhesive (p = 0.3849). In general, the withdrawal ca-
pacity of double-threaded nuts mounted in materials
with adhesive can reach the value of the withdrawal
capacity for materials that have better physical and me-
chanical properties, i.e. density and strength.

4 CONCLUSIONS
4. ZAKLJUCAK

This paper analyzed the withdrawal capacity of
the double-threaded nuts mounted in 3D-printed materi-
als with and without STP adhesive. The basic technical
properties and the withdrawal force of the double-
threaded nuts for the specimens made of PLA, WPLA,
and layered WPLA+PLA configuration, with 100 % in-
fill, were investigated. The values of the withdrawal
force of six specimen groups are compared with the lit-
erature data of withdrawal force for beech wood, MDF,
and particleboard with and without the same adhesive.

The results showed that the specimens, made
with 100 % infill, had a higher density than 1.1 g/cm?.
Compressive strength was higher than tension strength,
and, for both strengths, PLA had higher values than
WPLA and layered WPLA+PLA. Their values and
failure modes resulted from the material used, the com-
bination of materials, and dominantly the printing pat-
tern. No significant difference was observed between
tensile strength for the layered WPLA+PLA and
WPLA, which is a consequence of adhesion in the con-
tact surface of the layers.

Withdrawal forces of the double-threaded nuts
mounted with adhesive were higher (about 25 % for PLA
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and WPLA specimens, and 15 % for layered WPLA+PLA
specimens) and they showed approximately less variabil-
ity than those mounted without adhesive for all three
groups of printed specimens. The highest values of with-
drawal forces (for both with and without an adhesive)
were obtained for layered WPLA+PLA configuration,
followed by WPLA and the lowest for PLA. No signifi-
cant difference was found between the withdrawal forces
for WPLA and layered WPLA+PLA specimen for both
cases, with and without an adhesive. Also, no significant
difference was found between the withdrawal forces for
PLA specimens with adhesive and WPLA or layered
WPLA+PLA specimens without adhesive. The test re-
sults showed a significant influence of the properties of
3D printed materials (density, brittle, and ductile charac-
teristics), the infill and printing pattern, and adhesive used
on the withdrawal capacity of the double-threaded nuts.

Withdrawal forces of double-threaded nuts for
the PLA specimens were higher than the withdrawal
forces of the beech specimens (16.7 % for specimens
mounted without adhesive and 11.6 % for specimens
mounted with adhesive), and other combinations
showed a difference higher than 35 % in favor of 3D
printed materials. No significant difference was found
between the withdrawal forces for the beech specimens
with adhesive and for PLA or WPLA specimens with-
out adhesive. The results showed that the analyzed
configurations of 3D printed materials have a higher
withdrawal capacity of the double-threaded nuts than
hardwood and wood-based materials.

The results of the present analysis show that
common double-threaded nuts can be used in dis-
mountable connections in 3D printed furniture, or fur-
niture parts made of PLA and wood-PLA. It enables
manufacturers to create and produce dismountable fur-
niture construction, furniture parts on demand, and re-
pair more easily damaged construction parts made of
3D-printed wood-plastic composites.
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ABSTRACT -« Charcoal production sites serve as palaeoarchives and contain wood charcoal, which can be
identified taxonomically and be utilized to obtain information and reconstruct the past vegetation, based on the
occurrence of woody taxa. In the present research, the study material was collected from the Black Forest south of
Freiburg (Germany), in the Schauinsland region. Charcoal samples were gathered from the surface as well as from
various depths in the soil (30 cm, 60 cm and 90 cm). The main identified taxa were Abies and Fagus, almost at the
same percentage of constitution, providing evidence for their growth in the area and their selection for charcoal
production. The number of growth rings and samples dimensions were measured, in order to gather information
of the climatic conditions and the productivity of those past time periods.

KEYWORDS: archaeological wood; charred wood; charcoal assemblages, growth rings

SAZETAK « Lokacije za proizvodnju drvenog ugljena sluze kao paleoarhivi i sadrzavaju drveni ugljen koji se
moze taksonomski identificirati te na temelju pojave drvenastih taksona iskoristiti za dobivanje informacija i
rekonstrukciju nekadasnje vegetacije. Materijal za istrazivanje prikupljen je iz Crne Sume juzno od Freiburga
(Njemacka), u regiji Schauinsland. Uzorci drvenog ugljena prikupljeni su s povrsine i s razlicitih dubina u tlu (30,
60 i 90 cm). Glavni identificirani taksoni bili su Abies i Fagus, gotovo jednakog postotka konstitucije, Sto potvr-
duje njihov rast na tom podrucju i objasnjava njihov odabir za proizvodnju drvenog ugljena. Izmjereni su broj
godova i dimenzije uzoraka kako bi se prikupile informacije o klimatskim uvjetima i produktivnosti u tim proslim
vremenskim razdobljima.

KLJUCNE RIJECI: drvo s arheoloskog nalazista; pougljenjeno drvo, nalazista drvenog ugljena, godovi
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1 INTRODUCTION
1. UVOD

Wood as a raw material has been exploited by
mankind since its appearance on earth and contributed
not only to its survival but to the establishment of civili-
zation as well (Tsoumis, 1983). During industrial revo-
lution, wood was massively used in the form of charcoal
for the production of energy. As a result, many charcoal
production sites were established all over the forests of
Europe. The locations and studies of these sites provide
valuable information about the composition of the veg-
etation in the past, in terms of wood species and timber
production taxa (Braadbaart and Poole, 2008; Figueiral
and Mosbrugger, 2000; Gocel-Chalté et al., 2020). In
the Mediterranean region, wood exploitation for char-
coal began over two thousand years ago and had almost
completely ceased by the late 19" century. Many kiln
sites are located in forests dominated mainly by oak, due
to their large size, as well as by beech and other types of
forests (Carrari et al., 2017).

Archaeological charred wood can be described as
a non-active, black material that has been exposed to
temperatures that exceeded 350 °C for a duration of 15
minutes and was turned into charcoal due to either car-
bonization without oxygen or incomplete charring with
a very low presence of oxygen (Braadbaart and Poole,
2008). Analysis of charcoal includes the examination
and identification of wood remains based on the obser-
vation of the anatomical characteristics of wood in
three-dimensional form (Kabukcu ef al., 2018).

Charcoal assemblages can be studied and identi-
fied based on their structure, which remains largely in-
tact in quality when wood is incompletely combusted, as
the anatomical features are not significantly altered
(Koeppen, 1972; Beall et al., 1974). Furthermore, in the
case of large samples, the width of the growth rings can
be measured as well. The data obtained can reveal the
selection of wood species used for energy production in
the past (Marguerie and Hunot, 2007). The identification
can be implemented with various techniques depending
on the study material and available equipment such as
reflected light microscopy or 3D-reflected light micros-
copy (3DRLM) and field emission scanning electron
microscopy. However, 3DRLM has proved to be more
effective for charcoal identification (Zemke et al., 2020).
The surface quality is critical, since in most cases char-
coal findings are handled as they are with no previous
preparation, giving only partial areas that are in focus.
Although significant differences in surface roughness
have been recorded among different trees, not signifi-
cant differences have been detected between heartwood
and sapwood or in different heights of a tree (Chave-
netidou and Kamperidou, 2024).

Fragments of charcoal are buried in the soil or
even lay on its surface and are found easily all over the
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world. Charred wood is not so sensitive to microbial
attack and can preserve its natural wood anatomy.
Thus, its analysis is a cornerstone for paleoenviron-
mental science (Nelle et al, 2013). The analysis of
charcoal in the aspect of taxonomic classification was
applied during the 19* century, though it was mostly
developed in the 1970’s (Thinon, 1978). Charcoal
identification can provide knowledge about climatic
changes of the past. The identification is based on the
knowledge of the macroscopic and microscopic fea-
tures of wood, which constitute its structure and anato-
my (Koeppen, 1972; Wheeler and Baas, 1998).

In most cases, charcoal findings are of small di-
mensions, reaching a size of several centimeters. How-
ever, there are cases where larger parts of buildings and
constructions have been found, giving the opportunity
to obtain additional information. For instance, the find-
ings of excavations around Naples (southern Italy)
suggest that mainly conifers were selected as a build-
ing material, such as Abies alba and Cupressus sem-
pervirens, species that nowadays are rarely found or, in
the case of cypress, almost extinct from Naples and It-
aly. Moreover, the collected samples of Larix and Pi-
cea abies indicate the import of wood from foreign
countries (Moser ef al., 2018).

Anthracological studies may reveal the existence
of woody plants in the past but also provide informa-
tion about the evolution and the changes of the envi-
ronment, as well as the way people interacted with it.
In France, the studies suggest that the species chosen
for fuel production were selected according to their
technical features, such as oak, as well as their availa-
bility (Marguerie and Hunot, 2007). In Germany, char-
coal findings dated to High and Late Medieval Times
as well as Roman Iron Age indicate that the dominant
species was Quercus, followed by significant percent-
age of Ericaceae. At the top layers, which are regarded
to be younger, various species were found, including
Quercus, Fagus, Betula, Alnus, Fraxinus, Corylus, Sa-
lix, Acer, Pinus and others in smaller proportions
(Jansen et al., 2013). Moreover, the analysis of charred
wood can lead to findings related to the interaction of
natural and anthropogenic environment. In the case of
research in Harz Mountains (Germany) kiln sites, the
findings suggest that the species used for energy pro-
duction were determined by the topography of the area
and the available wood species, rather than by selec-
tion (Knapp et al., 2015). Even today, a large portion of
wood production is still used for charcoal manufactur-
ing, according to FAO (2017). Research by Haag et al.
(2020) examined 150 charcoal samples from 11 coun-
tries in Europe and found that a significant share of
timber originated from tropical and subtropical species
(approximately 46 %), while the remainder came from
Europe timber species. The study highlights the neces-
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sity to include charcoal into the scope of European
Timber Regulations (EUTR).

There are cases where the disappearance of for-
ests is attributed to humans. In Tibet (China), anthraco-
logical analyses revealed the existence of tree and
shrub vegetation, which consisted mostly of Juniperus,
Salix, Betula and Hippofae. At present, this area is sim-
ilar to the desert with grasses and small herbs (Kaiser
et al., 2009).

Since the analysis of charcoal is influenced by
various factors, the connection with data from other sec-
tors of science combining geomorphological, archaco-
logical and palaecobotanical data is necessary for more
accurate conclusions (Jansen et al., 2013; Knapp et al.,
2015). Moreover, the preservation of charred wood is a
result of climatic as well as anthropogenic factors that
affect its mechanical, physical and chemical properties.
Decayed wood charcoal has less mechanical resistance
than undecayed wood charcoal. However, most species
exhibit similar properties, when transformed to char-
coal, with only minor differences observed between co-
nifers and broadleaved trees (Braadbaart and Poole,
2008; Théry-Parisot et al., 2010).

The combination of charcoal analysis and den-
drochronological estimations provide more detailed as-
sessment of former conditions and vegetation, as well
as the evolution of the landscape. Thus, the presence or
absence of specific species can be identified in areas
where kiln sites were established. In northern Belgium,
where such sites were located and dated at 1300-1900
AD, the main species used for charcoal production was
alder probably from coppice stands, when the domi-
nant vegetation consisted of oak trees, probably due to
conversion of woodland to grassland (Deforce et al.,
2013). Charred wood from the late Holocene was in-
vestigated in Bosnia- Herzegovina to reveal various
genera with the most dominant those of Quercus, Os-
trya, Carpinus, Acer, Fagus and Pinus (Schroedter et
al., 2013). In Alpine and Subalpine areas of Trentino
(Italy), during the Holocene a forest expansion was de-
tected, according to studies, at the Lateglacial around
10 500 cal. BP with Pinus sylvestris, Pinus mugo and
Larix decidua, whereas sites used for grazing during
the Bronze Age were naturally reforested after aban-
donment (Favilli ef al., 2010).

Dendrochronology is related to tree ring meas-
urements for the estimation of wood age. In temperate
zone, the growth rings of a tree show a periodicity in
their formation, which in most cases reflects the annual
cycle of growth, thus enabling the estimation of wood
age. The rings are not of the same width, reflecting the
environmental conditions (mainly rainfall and temper-
ature) of each growth period. Species grown in specific
geographic area are exposed to similar environments,
so their tree-ring series can be cross dated and provide

chronologies for dating and for calibration of the radio-
carbon dating method (Creber, 1977; Schweingruber,
2012). Radiocarbon dating is a technique based on the
analysis of carbon '*C in biological matter and pro-
vides more accurate results when it comes to charcoal
remains, which usually have small dimensions and not
many obvious growth rings. However, in some cases
(Rybnicek et al., 2022) charcoal dating with radiocar-
bon technique can be insufficient. Wood is suitable for
the application of this method, especially because it
enables the use of wiggle-matching method.

The aim of this research was a detailed analysis
and identification of charred samples from charcoal
production site K600 in Black Forest, Schauinsland re-
gion, from the period of late medieval to early modern
times, as an effort to enrich the archaeological archives
of charcoal in Germany and contribute to the botanical
mapping of the past. Furthermore, a study of the ana-
tomical characteristics and the growth rings of the sam-
ples was implemented.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The research material was collected from the
Black Forest south of Freiburg (Germany), in the
Schauinsland region (Figurel), during a field trip to the
area. The charcoal findings were attributed to the late
medieval/early modern times charcoal production sites
in Baden-Wiirttemberg.

After digging the soil, sampling material was col-
lected at different depth profiles (0-30cm, 30-60 cm,
60-90 cm) including surface samples (Figure 2) in or-
der to identify the species and see the evolution of their
exploitation through different periods of time.

Then, they were stored in plastic bags and in a
next step they were left to dry in open boxes, until their
moisture content reached the equilibrium moisture
content levels related to the stable relative humidity
and were easy to handle without collapsing (Figure 3).

The charred wood was broken with a sharp knife,
so as to have freshly broken surfaces (transversal, ra-
dial and tangential) and be easily observed in reflec-
tance light microscope equipment with a stereo lens
and a microscope (Figure 4). After identification, the
samples were preserved in paper envelopes.

The estimation of the age of the trees used to pro-
duce charcoal was conducted based on the circle tool
for the estimation of wood diameter size (Ludemann,
2006; Piskin et al., 2018). At the same time, growth
rings number estimation was conducted during micro-
scopic observation of the largest samples.

An estimation of the age of charred wood is also
possible with the use of a circle tool that represents a
cross section of the tree (Figure 5). Depending on the
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Figure 1 Research area of Black Forest in Germany (https://www.worldatlas.com/maps/germany, https://www.schauinsland.

de/museums-bergwerk/wp-content/uploads/2019/09/anfahrtsskizze.jpg)
Slika 1. Podrucje istrazivanja Crne Sume u Njemackoj (https://www.worldatlas.com/maps/germany, https://www.

schauinsland.de/museums-bergwerk/wp-content/uploads/2019/09/anfahrtsskizze.jpg)
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Figure 2 Fieldwork: a) digging, b) pit depth, c) collection of samples
Slika 2. Terenski rad: a) kopanje, b) odredivanje dubine jame, c) prikupljanje uzoraka
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Figure 3 a) storage of samples, b) placement in open boxes for drying out
Slika 3. a) Skladistenje uzoraka, b) stavljanje uzoraka u otvorene kutije za susenje

Figure 4 Observation with the use of a) sterescope Nikon SMZ1270, b) microscope with an attached camera Nikon DS-Ri2

(Nikon Eclipse LV100ND)

Slika 4. Promatranje uzoraka: a) stereoskopom Nikon SMZ1270, b) mikroskopom s kamerom Nikon DS-Ri2 (Nikon Eclipse

LV100ND)

curves of the growth rings, the dating of the charcoal
sample is possible, atlthough not so accurate (Piskin et
al., 2018).

The statistical analysis of the results was performed
by using IBM SPSS software, version 23 (IBM, 2015)
and an analysis of Variance (Anova) was implemented as
well as a Kolmogorov-Smirnoff test, so as to identify
whether any differences were stastitically important.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

In total, 113 charcoal assemplages were exam-
ined from different soil depths of the study area (Table
1). The main identified genera were Abies and Fagus
(Figure 0).

Figure 6 a, b shows a charcoal sample of conifer
tree, with no resin canals, uniserate rays with absence
of radial tracheids. Based on the distribution of the

species in the past area, the dominant conifer tree
with such wood anatomy is Abies alba (Schweingru-
ber, 1990). Figure 6b depicts a diffuse porous hard-
wood with small vessels, which are slightly larger in

Figure 5 Circle tool for the estimation of wood diameter
size applied in an anthracological sample (Ludemann, 2006;
Piskin et al., 2018)

Slika 5. Kruzni alat za procjenu promjera drva
antrakoloskog uzorka (Ludemann, 2006.; Piskin i dr., 2018.)
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Figure 6 Stereoscopic pictures of transverse sections of: a), b) Abies; ¢), d) Fagus (bar = 100pm)
Slika 6. Stereoskopske slike popre¢nih presjeka: a) i b) Abies; ¢) 1 d) Fagus (oznaka = 100um)

Table 1 Total number of charcoal samples
Tablica 1. Ukupan broj uzoraka drvenog ugljena

K600 samples / K600 uzorci | Sample descriptipn / Opis uzoraka N Abies Fagus
K600a Samples collected from the surface before digging were 20 11 9
seperated in two categories based on their size.
K600b Uzorci prikupljeni s povrsine prije kopanja podijeljeni su u 19 12 7
dvije kategorije na temelju njihove velicine.
K600 — surface Samplles c.ollec'ted. from tl}f: surface after dlgglng. 16 5 1
Uzorci prikupljeni s povrsine nakon kopanja.
K600 profile 0 —30 cm Samples from the material collected at different depths and 20 5 15
K600 profile 30 — 60 cm after drying in the lab. 20 13 7
Uzorci prikupljenog materijala s razlicitih dubina i nakon
K600 profile 60 —90 cm . . 17 7 10
- — susenja u laboratoriju.
N _Total / ukupno 112 53 59
120
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Figure 7 Distribution of species among charred wood samples
Slika 7. Raspodjela vrsta drva pougljenih uzoraka

436 Q) DRVNA INDUSTRIJA 76 (4) 431-439 (2025)




Chavenetidou, Nelle: Identification of Charred Wood from an Ancient Charcoal Production Site in the Black Forest of Germany

Table 2 Analysis of variance for data collected
Tablica 2. Analiza varijance prikupljenih podataka

Analysis of variance / Analiza varijance (ANOVA)
Sum of squares Mean square .
Zbroj kvadrata & Srednji kvadrat F Sig
Between groups / medu grupama 1702.190 4 425.548 24.551 .040
Abies Within groups / unutar grupa 34.667 2 17.333
Total / ukupno 1736.857 6
Between groups / medu grupama 2082.190 4 520.548 30.032 .032
Fagus Within groups / unutar grupa 34.667 2 17.333
Total / ukupno 2116.857 6
60 45
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Sample radial width / radijalna Sirina uzorka, cm

Figure 8 Graphical distribution of the number of rings per sample, in relation to radial width of the sample: a) Abies, b) Fagus
Slika 8. Graficka raspodjela godova po uzorku s obzirom na radijalnu Sirinu uzorka: a) Abies, b) Fagus

the earlywood, either solitary or in clusters, and often
with tyloses, multiseriate rays of two sizes, i.e. 3-5
cells wide or more than 10 cells, and distinct growth
ring boundaries. Based on wood anatomy features,
the sample corresponds to Fagus sp. in the sampling
area represented by Fagus sylvatica (Schweingruber,
1990).

According to the following table, 112 samples
were studied in total. Abies alba (European silver fir)
was detected in 53 of them, whereas the rest 59 were
Fagus sylvatica (European beech) (Figurel).

The findings are in line with previous studies,
since Fagus sylvatica and Abies alba were two of the
dominant species in the area of Black Forest in the
postmedieval times. (Ludemann, 2010).

According to Figure 7, the depth was not a fac-
tor of influence on the selection of wood species,
since no certain tendency of the species appearance
was observed.

Analysis of variance (ANOVA) showed that
there are statistically significant differences between
groups in the values of the variable for the species
Abies (F =24.551, p = 0.040) and Fagus (F =30.032,
p =0.032). The F values (24.551 and 30.032) are quite
high, meaning that the variation between groups is
much greater than the variation within groups.

When small samples, meaning those with a
small radial width, contain many growth rings, this
may indicate a period of slow growth in the past, or
that the samples originated from branches, which typ-

ically have a different structure compared to the
trunk. In the case of Abies, the tendency noticed is
that small samples include lower number of growth
rings. On the other hand, in Fagus a greater distribu-
tion is observed. In case small charcoal samples in-
clude a great number of growth rings, this might indi-
cate that charcoal was made from branches. However,
R? is very low in both cases, and they do not demon-
strate any clear trend.

4 CONCLUSIONS
4. ZAKLJUCAK

Charcoal production sites function as palaeo-
archives and contain wood charcoal that can be taxo-
nomically identified to provide information about
past vegetation. In a case study conducted in the
Black Forest, south of Freiburg (Germany), charcoal
remains dated to the late medieval and early modern
periods indicate that the dominant species used for
charcoal production were Abies alba and Fagus syl-
vatica, as identified in the charcoal assemblages.
Depth of sampling did not significantly affect species
proportions. Tree ring width varied considerably but
showed no correlation with sample size. Precise
measurements of tree ring width and number, along
with their absolute dating, other proxies (e.g. pollen
analyses) and broader sampling could provide more
comprehensive insights into vegetation in the area
during the specific time period.
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ABSTRACT - During a period of intensive changes in the market, when profits cannot be increased by raising
sales prices, companies focus on improving production processes and reducing costs. Intensified competition and
business development demand improved cost tracking within companies and by individual products. Accurate cal-
culation of product costs is crucial because the final product generates revenue and impacts its growth or decline.
Introducing a new model for calculating and allocating costs per product unit aims to review the concept of fixed
cost distribution in the company and the calculation of product costs to assess the profitability of This model shows
that most selected products are profitable to produce. Observing overall profits for selected products, Model E is
the only one that ultimately shows a gain. It provides information on the actual cost of each product, enabling
the company to decide whether to produce, wait for a price change, or discontinue a product. Model E suggests
dividing costs into fixed and variable, then allocating variable costs to each product’s cost. The difference between
each product’s revenue and its variable costs represents the contribution margin used to cover fixed costs. Apply-
ing Model E is expected to yield better business results over time by clearly indicating which products should be
supported and which should be terminated.

KEYWORDS: wood industry, cost price; contribution margin; cost price calculation models

SAZETAK « Tijekom razdoblja intenzivnih promjena na trzistu, kada se profit ne moze povecati podizanjem pro-
dajnih cijena, tvrtke se usredotocuju na poboljsanje proizvodnih procesa i smanjenje troskova proizvodnje. Inten-
zivnija konkurencija i razvoj poslovanja zahtijevaju pazljivije pracenje troskova unutar tvrtki, kao i za pojedinacne
proizvode. Tocan izracun troskova proizvoda kljucan je korak u tom procesu jer konacni proizvod generira prihod
i utjece na njegov rast ili pad. Cilj uvodenja novog modela za izracun i raspodjelu troskova po jedinici proizvoda
Jest preispitivanje koncepta raspodjele fiksnih troskova u tvrtki i izracun troskova proizvoda kako bi se procijenila
profitabilnost svakog proizvoda. Testirani su razliciti modeli obracuna troskova (od A do E), a model E pokazao
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se optimalnim. Njime je potvrdeno da je proizvodnja vecine ispitivanih proizvoda isplativa. Promatrajuci ukupnu
dobit za odabrane proizvode, model E je jedini koji je u konacnici potvrdio dobit. Njime se dobivaju informacije
o stvarnom trosku svakog proizvoda, sto omogucuje tvrtki da odluci hoce li konkretni proizvod i dalje proizvoditi,
Cekati promjenu cijene ili ga sasvim prestati proizvoditi. Prema modelu E, predlaze se podjela troskova na fiksne
i varijabilne, a zatim dodjeljivanje varijabilnih troskova trosku svakog proizvoda. Razlika izmedu prihoda svakog
proizvoda i njegovih varijabilnih troskova ¢ini doprinosnu marzu koja je namijenjena pokrivanju fiksnih troskova.
Ocekuje se da ¢e primjena modela E s vremenom donijeti bolje poslovne rezultate jasnim naznacivanjem proizvo-
da koje treba podrzati, kao i onih koje treba prestati proizvoditi.

KLJUCNE RIJECI: drvna industrija; cijena kostanja; kontribucijska marza; modeli izracuna cijene kostanja

1 INTRODUCTION
1. UVOD

The demand for wood continues to grow steadily,
yet the availability and production of wood raw materi-
als remain limited. This situation lowers the prospects
for the timber business, as the wood industry struggles
to meet market demand, leading to higher prices for
wood products.

Costs are the basis for many business decisions.
Wood processing companies must constantly strive to
improve or at least maintain their market share (Oblak
and Glavonji¢, 2014). There are several ways to
achieve this. Increased costs reduce company profits,
i.e. a company that cares about its profits will strictly
monitor its costs in order to maintain profitability (Mo-
tik, 2004; Muhdi and Hanafiah, 2022). For any busi-
ness situation, the rule is that the company must be the
lowest cost provider in the long term, that its costs
must tend to fall and that it must have a complete pic-
ture of costs and profits for each product at all times. It
is not sufficient to analyse the costs for a single or lim-
ited business area, but the entire business process
chain, i.e. from the supplier to the customer of products
or services (Posavec et al., 2022). In this way, costs are
managed throughout the entire business process
(Figuri¢, 2003). In times of difficult economic condi-
tions, managers have to make numerous decisions and
take various measures on a daily basis to ensure the
long-term profitability of the company and maximise
profits at the lowest possible cost. Accordingly, cost
management is of central importance, which, accord-
ing to Belak et al. (2009) pursues two fundamental ob-
jectives, cost reduction and cost control. It is possible
to manage costs in different ways and with different
models, but in order to achieve a positive outcome of
the cost management process, it is important to know
the existing structure of the organisation’s total costs.
This should be the first step towards cost management
and towards achieving the company’s goals. The most
effective cost management is reflected in the manage-
ment of business processes. Therefore, improving the
methods of collecting and reporting financial cost data
is critical to support management decision-making
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(Zimmerman, 2011). In today’s fast-paced and dynam-
ic market, knowing how to manage costs appropriately
and to a high standard is a complex process that re-
quires the application of modern methods. For a long
time, cost management was carried out using tradition-
al methods and the resulting allocation key. However,
due to major market changes in the forestry and wood
processing industries, there was a need to develop new
methods and business models whose cost allocation
keys are more appropriate and precise than those of tra-
ditional methods (Kajanus et al., 2019).

The wood-based sector development strategies
include modernising production and increasing the
proportion of end products with higher added value
(Posavec and Vuleti¢, 2004). The industry in Europe
has called for better recognition of its potential as a
driver for sustainability in key EU policies, including
the EU Industrial Strategy, the EU Green Deal, and the
EU Bioeconomy Strategy (European Economic and
Social Committee, 2024). In 2020, the share of wood
processing and furniture manufacturing in the GDP of
the Republic of Croatia was around 1 %. Wood pro-
cessing (C 16) (according to the National Classifica-
tion of Activities — NKD2007) accounted for 0.7 %,
and furniture production (according to NKD C 31) for
0.3 %. In total, there were around 2,000 business entities
that, together with forestry, employ around 53,000 peo-
ple. Additionally, wood processing accounted for 66.40
% of the total annual revenue of both activities and
73.88 % of total foreign trade, while furniture produc-
tion accounted for 33.60 % and foreign trade for 26.12
%. The average monthly net wage per employee in wood
processing was EUR 662.15. The activities provided the
supply of goods to the European Union market and ex-
ports to third countries to the value of 957 million euros,
and at the same time the value of the acquisition and
import of goods amounted to 672 million euros, result-
ing in a surplus in foreign trade of 285 million euros
(GoC, 2023). However, in 2022 there were more than
1340 companies operating in the Republic of Croatia,
registered according to their main economic activity
(NKD 2007) in the sector Processing of wood and wood
products (C 16). According to the Croatian Bureau of
Statistics and Croatian Financial Agency, in 2022 wood
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processing generated an income of 2.1 billion euros em-
ploying around 18,000 people. The average monthly net
wage per employee in wood processing was 770 euros.
The activities provided the supply of goods to the Euro-
pean Union market and exports to third countries to the
value of 981 million euros.

Although new wood-based materials have en-
tered the market, coniferous sawn wood remains the
most significant solid wood product in terms of both
production volume and economic importance (An-
dersch et al., 2013).

A similar situation is observed in the Croatian
market, where the competitiveness of primary wood
processing is a key challenge. In line with this, the
main aim of this paper is to explore possibilities for
reducing the cost price in the manufacturing process of
primary wood products, as a means to increase com-
petitiveness. Using a selected medium sized wood pro-
cessing company as a case study, the research has two
specific objectives:

i. to analyse the current system of cost calculation
and overhead allocation, and

ii. to present and compare alternative costing models
— full costing, partial costing, and direct costing
— in order to identify which model best supports
business success.

The development of models and the proposal for
the application of an appropriate method for calculat-
ing the cost price will contribute to the improvement of
the business activities of companies in the field of pri-
mary wood processing. On the example of the selected
wood processing company, the cost price will be deter-
mined and calculated using different cost calculating
methods (division calculation, additional calculations,
and calculations of by-products).

2 THEORETICAL BACKGROUND
2. TEORIJSKA PODLOGA

The accounting system is one of the most impor-
tant foundations for the success of any company, as the
correct and efficient application of the accounting sys-
tem contributes to enhancing the economic efficiency of
the company, reduces the excess costs, and reduces the
risks that the company may encounter (Kamal, 2015).

Costs are an integral part of any business, includ-
ing manufacturing companies. In the context of manu-
facturing, costs are incurred in order to achieve useful
effects, i.e. the production of finished products. Many
costs are incurred in the production process (product
costs, direct labour costs, general production costs, ma-
terial costs, depreciation costs, etc.). It is necessary for
the management of a production company to know
how to recognise costs, in which phases costs arise and
which products cause these costs. We need to know the

costs in order to determine the cost price and thus the
selling price of the product and to see how it behaves in
relation to competitive prices on the domestic and for-
eign market (Skrti¢, 2015).

The goal of every company is to produce as much
as possible with as few costs as possible, i.e. to gener-
ate as much profit as possible (Skrti¢, 2015).

Prices are exogenous factors when viewed from
the perspective of a company’s business policy. Price is
a consequence of the relationship between supply and
demand, but it is also the cause of supply and demand
and has its own constituent elements. The relationship
among the elements within the price represents the
structure of the price.

Although the specific costs estimated vary among
fields, the generic categories of costs are often similar
(e.g. equipment, human resources, and consumables
(Brunetti et al., 2013). Other disciplines also provide
lessons on how to report costs in a transparent manner,
such as capturing generic units (e.g. person hours or
days) rather than monetary estimates due to context de-
pendence (e.g. geographic and temporal variation) of
costs (Baltussen et al., 2003).

Some elements of the cost price structure of a
manufacturing company are production materials, de-
preciation, unit labour costs, external services, general
management and distribution costs, i.e. production
costs. Cost calculation starts with calculating the direct
material cost (Andersch et al., 2013).

Similarly, the structure of the selling price is in-
fluenced by the utility of a product, the costs of trans-
portation, trade, capital and distribution, and the influ-
ence of the state through taxes, customs duties,
surcharges and various fees may also be present.

As it is not possible to avoid costs in the produc-
tion process, it is necessary to plan, identify, manage
and correctly allocate them to the products and services
in which the costs were incurred. In order for the com-
pany to better manage costs in the future and achieve
higher profits, management must plan costs well. For
successful cost planning, it is important that the same
conditions prevail in the future business as in the past,
and management also needs to know how the increase
(decrease) in production will affect the change in cost
levels. Management often requests cost reports that are
classified in such a way that they serve the purpose
most effectively, i.e. that they are most suitable for
management when making important decisions for the
company as a whole.

The weighting coefficient for analysing the con-
tribution of jobs in the creation of added value makes it
possible to control the cost price of products. Activities
related to labour costs are important signals for the
competitiveness of traded goods, as labour costs ac-
count for a significant proportion of the cost price of
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products (Stutely, 2011). Products inevitably have a
significant impact on competitiveness, and this means
that the correct calculation of cost price is crucial
(Kourdi, 2011). Managers often overlook rising indi-
rect costs and tend to focus almost exclusively on di-
rect costs. The introduction of sophisticated informa-
tion technology (IT) systems and automated processes
lowers direct costs but increases indirect costs as ex-
tensive maintenance and computer programmers are
required to prepare the production lines on the ma-
chines (Porter, 2008). Profitable companies are aware
of the simple fact that there are costs wherever produc-
tion takes place and that every unit of money in unnec-
essary costs reduces the company’s profit by exactly
that amount (Samuelson et al., 2021).

Cost management is defined as the achievement
of business goals on the basis of optimised costs under
certain corporate conditions. This definition is based
on the observation of the relationship between costs
and benefits, i.e. on the so-called COST — BENEFIT
philosophy, which is the fundamental approach in the
field of cost management (De Rus, 2021).

3 MATERIALS AND METHODS
3. MATERIJALI | METODE

3.1 Research polygon
3.1. Istrazivacki poligon

The research polygon represents a medium sized
company in which the following products are manu-
factured as part of its production programme: fir and
beech sawn timber, fir elements for pallets, pallets, in-
terlayers for parquet and panels for building formwork,
various wall panelling and flooring (panelling, mould-
ings, decking, and farmhouse floorings), and pellets.
The production facility of the polygon is divided into
six departments (work units): Raw Material Prepara-
tion, Sawmill, Cutting (Decimating), Refining, Finish-
ing, and Pellet Mill, in which 86 people are employed.
The data collection for the selected business year com-
pany report was 2021 and data were processed in 2022.

In the production process, 90 % of fir and 10 % of
beech raw material is processed. The raw material is
classified into three classes of technical roundwood
and three thickness classes. The production programme
is based on fir raw materials of the second and third
class of technical roundwood, while wall panelling and
flooring are made from the first class, and joinery work
is carried out separately. The beech raw material is
mainly supplied in the third class of technical round-
wood and is used for the production of blocks for pal-
lets. The production plant is an integral part of the
polygon, as well as the maintenance department and
management. Eight people are employed in the man-
agement. The maintenance department is composed of
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electrical maintenance (with three employees), me-
chanical maintenance (three employees), the grindery
(two employees), and the boiler room (five employ-
ees). In the department for the preparation of raw ma-
terials, a raw material warechouse and a debarking unit
are located. Six workers are employed in this depart-
ment. The debarked logs are transported to the saw-
mill, where they are sawn into timber of different
thicknesses depending on the work order. For special
orders related to roof construction, prisms are produced
directly during sawing on a band saw. The sawn timber
is transported by side forklifts to either the material
warehouse or for further processing to the cutting de-
partment, where two prism production lines are in-
stalled, consisting of a multi-blade circular saw and a
double-sided profiler. Eighteen workers are employed
in this department across two shifts.

The waste generated during timber sawing is
transported, along with low-grade timber, to the Refin-
ing and Finishing Department by a side loader. First-
class raw materials are used for the production of join-
ery, wall panelling, and flooring, depending on market
demand. The joinery production process is initiated in
the sawmill, where timber with a thickness of 25 mm
and 50 mm is sawn from first-class raw material. After
drying, the material is transported to the Cutting Room,
where it is processed into cants, packaged, and dis-
patched to the end customer. The production process
for wall panelling and flooring is also initiated in the
sawmill with timber sawing. Timber of 175 mm, 150
mm, and 120 mm thickness is sawn. The prisms are
arranged into packages, which are then transported to
the dryers by loader. Once dried, the packages are
transported by forklift to the four-sided milling ma-
chine, where wall panelling and flooring are produced
in accordance with market requirements. In the Pellet
Mill, the process is started with the loading of sawdust
into the dosing bunker. From the dosing bunker, the
sawdust is conveyed via a screw conveyor to the in-
clined rubber conveyor, which is used to dose the large
mill. Woodchips and sawdust are fed into the mill
through a sieve with 7 mm diameter holes and are
transported by ventilation into the large sawmill silo.
The material from the silo is dosed into the dryer. The
dried material is separated and fed into the pellet-mak-
ing machine. The final product is packed into 15 kg
bags. The Pellet Production Department is staffed by
eight workers who work in shifts.

3.2 Data collection
3.2. Prikupljanje podataka

Primary and secondary data sources were used for
the research. Secondary data was collected within the
research polygon from business, financial and account-
ing reports. Primary data was collected in the research
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area by observing the production process in order to ob-
tain information on the quantity produced, capacity uti-
lisation, price of raw materials with transport, material
costs of production, production time and all unit costs,
so that the cost price of a single product could be deter-
mined as a result. The monetary values expressed in the
national currency, the Croatian kuna (KN), were con-
verted into euros (1 EUR = 7.53450 KN).

In the first phase of the research, the following
basic factors influencing production and the cost price
were defined: the cost of raw materials with transport,
percentage utilisation of raw materials, production
time, hourly labour rate, total wage costs for the prod-
uct, labour cost per m* and proportion of fixed costs per
work unit in relation to the total cost.

The prices of sawn logs and the prices of their
transport are given for the types of wood (raw materi-
als) processed in the research polygon (beech and fir
with spruce). For each type of sawn log, the number of
sawing days and the total number of working days in
the current year are given, the monthly data are sum-
marised, and the monthly and daily average of sawing
work and the corresponding monthly and daily costs of
raw materials and transport costs are calculated. Utili-
sation is calculated by daily monitoring of the amount
of input and output of raw materials in production by
the individual work unit. Utilisation is monitored from
the log to the finished product. When a new dimension
is introduced in production, the recordings of the work-
ing day are made and the production time for each
product is calculated. As not all products place the
same burden on each work unit, a table was created in
which the production time of an individual product was
recorded by each work unit, as well as the total time
required to manufacture the product. For each product,
the time required to produce 1 m3 of the final product
is calculated for all production stages, i.e. for all work
units. In the accounting programme, the workers of the
research polygon are deployed across the production
departments. Employees in the maintenance and man-
agement departments are categorised according to a
specific key. Monthly data on salary payments were
collected and a table of total salaries per month was
created, in which the gross hourly value was calculated
for the entire research polygon. In another table, the
total salary and the hourly value were calculated by
production department.

In the course of consumption, non-current assets
(fixed assets) transfer part of their value to the products,
which is why depreciation is calculated as the cost of the
obtained product and is included in its cost price. The
research polygon is divided into four work units, and the
work machines with their monetary values are also
grouped in this way. Depreciation was calculated sepa-
rately for each work unit, while the depreciation costs of

the other parts of the research polygon were allocated to
the work units according to a specific key. This is based
on the distribution of workers in each unit.

The share of fixed costs in total costs was calcu-
lated on the basis of accounting data. For the sawmill,
cutting, refining and finishing work units, it is 25 %,
while in the pellet mill it is 30 %.

3.3 Product selection
3.3. Odabir proizvoda

When a new dimension is introduced in produc-
tion, the footage of the working day is recorded, and
the production time is calculated for each product. As
not all products place the same burden on each work
unit, a table was created in which the production time
of an individual product was recorded for each work
unit and the total time required to manufacture the
product. For each product, the time required to produce
1 m? of the final product is calculated for all production
stages, i.e. for all work units. Due to the large number
of different products in the production process, four-
teen different products were selected for the purpose of
this work, which best represent the production process
in the sawmill and cutting work unit. At the same time,
most of the finished products in the research area are
manufactured in these work units. The selected prod-
ucts account for 40 % of the total number of products
manufactured in these work units.

Table 1 shows the selected products (pure dimen-
sion — length x width x thickness):

- unedged board/sawmill 4000 x 98 x 23 mm (P1),

- scantling/sawmill 5000 x 120 x 120 mm (P2),

- edged board/cutting unit 5000 x 150 x 25 mm (K1),

- scantling/cutting unit 5000 x 80 x 80 mm (K2),

- fixed board/cutting unit 3985 x 74 x 25 mm (K3),

- scantling/cutting unit 3985 x 59 x 59 mm (K4),

- scantling/cutting unit 3985 x 60 x 36 mm (K5),

- scantling/cutting unit 3980 x 73 x 73 mm (K6),

- scantling/cutting unit 4000 x 74 x 7 mm (K7),

- scantling/cutting unit 3980 x 76 x 76 mm (KS8),

- scantling/cutting unit 3980 x 78 x 36 mm (K9),

- scantling/cutting unit 3980 x 86 x 43 mm (K10),

- edged prism/cutting unit 3980 x 100 x 24 mm (K11),

- and edged prism/cutting unit 3980 x 150 x 48 mm
(K12)

with details of the volume, number of pieces per cubic

metre, number of pieces in the finished package, qual-

ity, construction price and production quantity.

The production time and utilisation of logs for the
production of individual (selected) products was deter-
mined by monitoring production and recording the
working day, as shown in Table 2. Prisms with a thick-
ness of 19 to 25 mm (K3, K11 and K12) have the longest
production time in the cutting unit, which is due to both
the number of pieces processed and the production time,
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Table 1 Products selected for analysis
Tablica 1. Proizvodi odabrani za analizu

V), m¥/piece | Q,, piece/m’ | V,, m*/piece | GQ | Pc,, EUR/piece | Pc,, EUR/m | Q,, piece | Q,,m’ | Pc, EUR
P1 0.00902 111 1.3000 11T 1.05 116.45 35001 315.567 | 36746.45
P2 0.07200 14 1.0000 11 12.04 167.23 332 23.934 4002.50
K1 0.01875 53 2.5000 1T 2.85 151.97 6167 115.625 | 17571.26
K2 0.03200 31 4.1600 1T 5.39 168.56 4728 151.296 | 25502.15
K3 0.00737 136 2.3000 /11 1.84 249.56 9359 69.000 17219.41
K4 0.01387 72 1.8778 1/111 2.45 176.57 31416 435.792 | 76947.99
K5 0.00861 116 2.2010 /11T 2.32 269.46 4091 35.216 9489.42
K6 0.02121 47 2.2060 /11 5.01 236.09 36612 776.512 | 183329.13
K7 0.02190 46 2.2670 1/111 5.23 238.71 21527 471.536 | 112560.21
K8 0.02299 44 2.2070 [I/111 6.00 261.21 29185 670.928 | 175251.88
K9 0.01118 89 2.2800 /110 3.17 283.25 22849 | 255.360 | 72331.90
K10 0.01472 68 2.2670 /111 3.97 269.46 2464 36.272 9773.98
K11 0.00955 105 2.8217 ¢pe —11 2.38 248.86 4333 41.392 10300.62
K12 0.02866 35 2.7269 ¢pc — 11 7.42 258.81 10802 309.534 | 80110.33

Legend: V, — volume; Q, — quantity, ¥, — volume; GQ — group quality; Pc, — price; Pc, —price; O, — produced quantity; Q,, — producted

quanitity; P, — total price

Legenda: V, — volumen; Q, — kolicina; V, — volumen; GQ — grupna kvaliteta; Pc, — cijena; Pc, — cijena; Q,. — proizvedena kolicina; Q,, —

proizvedena kolic¢ina; Pc — ukupna cijena

Table 2 Production time and percentage utilisation of the selected products by work unit and in total
Tablica 2. Vrijeme proizvodnje i postotna iskoristenost odabranih proizvoda prema radnim jedinicama i ukupno

I, % I, % I, % H,, min/m’ H,, min/m? H,, min/m? H, h/m?
P1 75.0 % - 75.0 % 37.00 0.00 37.00 0.617
P2 40.0 % - 40.0 % 50.00 0.00 50.00 0.833
K1 75.0 % 47.0 % 353 % 32.00 0.00 32.00 0.533
K2 70.0 % 61.0 % 42.7 % 20.00 17.84 37.84 0.631
K3 75.0 % 50.0 % 37.5% 20.00 37.67 57.67 0.961
K4 66.0 % 63.0 % 41.6 % 22.00 21.30 43.30 0.722
K5 66.0 % 58.0 % 38.3% 21.00 25.40 46.40 0.773
K6 66.0 % 65.0 % 42.9 % 20.00 17.29 37.29 0.622
K7 66.0 % 66.0 % 43.6 % 20.00 17.40 37.40 0.623
K8 66.0 % 63.0 % 41.6 % 21.00 18.30 39.30 0.655
K9 66.0 % 58.0 % 383 % 20.00 23.76 43.76 0.729
K10 66.0 % 66.0 % 43.6 % 20.00 20.64 40.64 0.677
K11 75.0% 47.0 % 353 % 37.00 59.13 96.13 1.602
K12 75.0 % 55.0 % 41.3 % 30.00 27.33 57.33 0.956

Legend: /, — sawmill capacity utilisation; [, — cutting capacity utilisation; /,, — total capacity utilisation; /2, — manufacturing time, sawmill; /4,
— manufacturing time, cutting; 4, — total manufacturing time; / — manufacturing time.

Legenda: I, — iskoristenost kapaciteta pilane; I, — iskoriStenost kapaciteta krojacnice; I, — ukupna iskoristenost kapaciteta; h, — vrijeme
proizvodnje, pilana; h, — vrijeme proizvodnje, krojacnica; hy, — ukupno vrijeme proizvodnje; H — vrijeme proizvodnje

as the time for passing through the machine must be re-
duced because of the load on the machine.

3.4 Choice of methods for calculating the
cost price of the product

3.4. Odabir metoda za kalkulaciju troSkova
proizvodnje

In the research polygon, there is no standardised
end product. The end products are similar but differ in
terms of type, dimensions, shape and quality, and they
also differ in the production stages, i.e. not all products
place the same burden on the production departments. In
this paper, the cost price is calculated using the full cost
price, i.e. using the division, the additional calculation
and the calculation of the related products. Since it is not
possible to track how much each product contributes to
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covering fixed costs with the existing methods, the cost
price is also calculated using the direct cost method.

3.4.1 Division calculation with equivalent
numbers

3.4.1. Djelidbena kalkulacija s ekvivalentnim
brojevima

For this type of calculation, it was necessary to
determine the production stages for each product and
group them in such a way that equal equivalent num-
bers could be used for equal stages. The production
time was measured for each product per production
stage, as were the associated costs. Production wages
are used as an equivalent number as they can be calcu-
lated for all products. It was also necessary to deter-
mine the product on the basis of which the equivalent
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figures are calculated separately for each production
stage (Figuri¢, 2003). In order to determine the cost
price, it was necessary to calculate the amount of pro-
duction by types and production stage, then to multiply
the amount of production by the corresponding equiva-
lent numbers, and the equivalent amounts thus ob-
tained had to be added up separately for each produc-
tion stage (Blasko, 1980). By multiplying the cost price
of a product unit by its equivalent number, the amount
of costs incurred separately for each product unit at
each stage of production is obtained. By adding the
amounts received per product unit for each product
separately, the total cost price of each product unit by
production stage is calculated.

3.4.2 Additional calculation
3.4.2. Dodatna kalkulacija

In the research polygon, the costs per work unit
are monitored daily. For each work unit, depreciation
costs, labour costs, energy costs and overhead costs
were monitored and added to the direct production
costs according to a specific key. This is exactly what is
required with this method — to group overhead costs by
work units. The key for calculating overheads is calcu-
lated separately for each work unit and the individual
products are charged proportionally with the overheads
of the labour unit in which the product was processed.
First, the direct costs are incorporated in the products
pricing, then the overhead costs are added to the price
of the product according to the appropriate key. When
using this method, the cost calculation is carried out in
several steps: 1. determination of costs relating to all
work units and all products; 2. determination of costs
relating to only some cost centres of the basic activity,
which are unevenly represented; 3. determination of
costs of the basic activities successively in the order of
production phases by work units up to the last cost cen-
tre. In this procedure, the costs of the first and second
step only represent overheads that are allocated ac-
cording to a specific key. The costs of subsequent steps
are made up of direct costs and overheads. The over-
heads of these steps are transferred to the following
cost centres on the basis of the same key, up to the last
one, where the final price of all products is formed.

3.4.3 Calculation of by-products
3.4.3. Kalkulacija vezanih proizvoda

In the research polygon, by-products are created
in addition to the main products, so that the cost price
is calculated using this method. In the first phase, the
products are divided by work units into the main and
by-products. There are several main products and sev-
eral by-products, and the main products are even pro-
duced from some by-products through further process-
ing. In the second phase, a calculation is carried out
using the subtraction method for individual work units.

Woodchips and sawdust are by-products that are com-
mon to all work units. In the work units of the sawmill,
refining and finishing, it is a by-product, while in the
work unit of the pellet mill it is the raw material from
which the main product, pellets, is made. The by-prod-
uct in the cutting unit is, apart from sawdust, useful
waste. During further processing in the refining unit,
the useful waste from the cutting unit is used to pro-
duce elements for pallets, which are the main product
in this work unit, the finished pallets. In the pellet mill
unit, in addition to the main product, pellets, a by-prod-
uct in the form of briquettes is produced, which is used
as fuel for the boiler room in the research polygon. The
by- products are not sold in the research polygon but
are used in further production. The market prices for
the individual by-products are therefore used to deter-
mine the cost price using this method.

3.4.4 Direct costing method
3.4.4. Metoda direktnih troskova

When applying this method, it was necessary to
distinguish between fixed and variable costs. Financial
cost data are valuable on their own and can contribute
to a full economic costing of an intervention when
paired with nonmonetary costs, such as opportunity
costs (Drummond et al., 2005). In order to apply this
method, the costs are first divided into direct and over-
head, i.e. fixed costs. Since only the direct costs are
included in the cost price, the following is calculated
for each product: production materials, salaries of em-
ployees in production, direct external services and the
variable part of overhead costs. In the direct cost meth-
od, the difference between the selling price of the prod-
uct and the variable costs is called the contribution
margin and is the basic indicator of how much a prod-
uct contributes to covering the fixed costs in the re-
search polygon. When calculating the cost price, the
main and by-products are defined by work units, as
material costs, production wages and other variable
costs are not included in the by-products.

4 RESULTS AND DISCUSSION
4. REZULTATI | RASPRAVA

4.1 Choice of model for the cost price
calculation

4.1. Izbor modela izracuna cijene kostanja

Due to the large number of different products in
the production process, fourteen different products were
selected for the purpose of this work, which best repre-
sent the production process in the sawmill and cutting
work units. At the same time, most of the finished prod-
ucts are also manufactured in these work units.

The depreciation values were determined from
the accounting data of the fixed assets for the research
year. Data on total depreciation costs per work unit and
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data on the total number of hours per work unit were
used to calculate depreciation costs per hour. Machin-
ery, buildings and vehicles are divided into work units,
and the depreciation costs can be accurately calculated
separately for each work unit. For buildings and ma-
chines that are not located within the production units,
the depreciation costs are allocated to the production
units according to a specific key. The key is determined
according to the needs of the individual work units or
their utilisation. Production operations are conducted
on all machines.

The values of the total salaries of the workers
amounting to 931.107.45 EUR were taken from ac-
counting data. The hourly value for the selected products
was calculated by dividing the sum of the total gross
hours of the sawmill department and the total gross
hours of the cutting department divided by the sum of
the total hours of the sawmill department and the total
hours of the cutting department. It amounts to 5.57
EUR/h (594618.52 EUR / 106760.66 h = 5.57 EUR/h).

Furthermore, the average raw material price in-
cluding transport for the selected products P1 to K10 is
56.94 euros, while the average price per m3 for prod-
ucts K11 and K12 is 84.94 euros.

Table 3 shows the products selected from the
sawmill and cutting work units. Table 3 will be the base
table for most models, and additional columns will be
added depending on the type of calculation.

4.2 Model A and Model B
4.2. Model A i model B

Cost monitoring in the polygon is based on the
Traditional Product Costing (TPC) Model. This means

Table 3 Products selected from sawmill and cutting work units

Tablica 3. Odabrani proizvodi iz pilane i pogona za rezanje

that the costs for direct materials and direct labour are
included in the accounting — direct costs, while the
overheads — indirect costs — are added to the direct pro-
duction costs according to a specific key. The profit and
loss account is prepared monthly. In terms of account-
ing, the polygon is divided into two production units:
Sawmill (in which there are departments for raw mate-
rial preparation, sawmilling, cutting, refining and fin-
ishing) and Pellet Mill. Such a division is acceptable
for accounting purposes, but in this way, it is not pos-
sible to track costs per product. At the end of each
month, the average cost price for each unit is calculated
using the full cost price. For the Pellet Mill production
unit, which has only one product, the calculated price
represents the actual cost price of this product, while
for the Sawmill production unit this price represents
only the break-even point of all products manufactured
in this production unit. Such a cost tracking model for
calculating the cost price has not proven to be effective
as it is of limited use in production decisions. A major
problem is that the cost price is not calculated per prod-
uct, so it is not possible to determine which product is
profitable for further production and which should be
removed from the production process. The sales price
in the research polygon is determined by the market
and cannot be influenced, but it is also not possible to
react quickly to its change, as a certain amount of time
must pass before all production costs are calculated.
Average production costs are monitored by each de-
partment. The average daily costs per department are
calculated on the basis of previous years. Production is
entered daily in the tables, and the results can be com-
pared with the sales price on the basis of the daily

0y I 0. Pc, P+tran | MC H H,.. sc Sc

m’ % m? EUR EUR/M’ | Wm’ EUR/h EUR EUR/m’
Pl 420.76 | 75.00% | 31557 | 23957.04 | 7592 | 0.62 5.57 1083.73 3.43
P2 59.84 [ 40.00% | 23.93 340689 | 14235 | 0.83 5.57 111.07 4.64
K1 32801 [3525% | 11563 | 18676.50 | 161.53 | 0.53 5.57 343.42 2.97
K2 35432 [ 42.70% | 15130 | 2017448 | 13334 | 0.63 5.57 531.38 3.51
K3 184.00 | 3750 % | 69.00 10476.61 | 151.83 | 0.96 5.57 369.34 5.35
K4 | 1048.08 | 41.58% | 43579 | 5967571 | 13694 | 0.72 5.57 1751.45 4.02
K5 92.00 [ 3828% | 3522 523807 | 14874 | 077 5.57 151.67 431
K6 [ 1810.05 | 42.90% | 776.51 | 103060.85 | 132.72 [ 0.62 5.57 2687.64 3.46
K7 | 1082.50 | 43.56% | 471.54 | 6163535 | 130.71 | 0.62 5.57 1636.88 3.47
K8 | 1613.58 | 41.58% | 67093 | 9187435 | 13694 | 0.66 5.57 2447.36 3.65
K9 667.08 | 38.28% | 25536 | 37982.52 | 148.74 | 0.3 5.57 1037.19 4.06
K10 | 8327 |4356% | 36.27 4741.18 | 13071 | 0.68 5.57 136.82 3.77
K1l | 11742 [3525% | 4139 997431 | 240.97 | 1.60 5.57 369.32 8.92
K12 | 75039 | 4125% | 309.53 [ 63739.69 | 20592 | 0.96 5.57 1647.10 5.32
Total | 8611.30 3707.964 | 514613.55 | 2077.36 1430439 | 60.89

Legend: Q,,— quantity input; Q,, — produced quantity; /;x — total capacity utilisation
MC — material costs; H — production time; H,
Legenda: Q,p— kolicina ulazne sirovine; Qm — proizvedena kolicina, I, — ukupna iskoristenost kapaciteta; P,/P + tran — cijena ulazne sirovine
ukljucujuci transport; MC — troSak materijala;, H — vrijeme proizvodnje; H,

place po proizvodu

price

; P/P+tran

s £ el

— input raw material price including transport;

— the value of working hours; SC — total salary costs; Sc — salary cost per product
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price

— vrijednost radnog sata; SC — ukupni trosak placa, Sc — trosak
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Table 4 Model A — Existing and Model B — Divisive calculation
Tablica 4. Model A — postoje¢i model i model B — djelidbena kalkulacija

Model A Model B
Ck y Pf e Qe Tm tm Ck P Pf
EUR/m* | EUR/m? EUR m?3 EUR EUR/m? EUR/m* | EUR/m? EUR
P1 224.53 -108.08 | -34107.76 | 0.94 | 297.10 | 27878.63 88.34 167.70 -51.25 | -16172.96
P2 224.53 -57.30 -1371.40 | 1.27 | 3045 2857.35 119.38 266.37 -99.14 | -2372.81
K1 224.53 -72.56 -8390.01 | 0.81 | 94.15 8834.46 76.41 240.90 -88.94 | -10283.13
K2 224.53 -55.97 -8468.32 | 0.96 | 145.68 13669.63 90.35 227.21 -58.65 | -8873.35
K3 224.53 25.03 1726.85 | 1.47 | 101.25 9501.17 137.70 294.89 -45.33 | -3127.71
K4 224.53 -47.96 -20900.32 | 1.10 | 480.15 | 45055.24 103.39 244.34 -67.77 | -29534.42
K5 224.53 4493 1582.38 | 1.18 | 41.58 3901.54 110.79 263.84 5.63 198.15
K6 224.53 11.56 8979.02 | 0.95 | 736.80 | 69138.31 89.04 22522 10.87 8442.33
K7 224.53 14.18 6686.31 | 0.95 | 448.74 | 42108.00 89.30 223.48 15.23 7179.98
K8 224.53 36.68 24608.53 | 1.00 | 670.93 62957.38 93.84 234.42 26.79 17972.78
K9 224.53 58.72 1499596 | 1.11 | 284.34 | 26681.39 104.49 257.29 25.97 6630.80
K10 | 224.53 4493 1629.83 | 1.03 | 37.51 3519.68 97.04 231.52 37.94 1376.29
K11 224.53 24.33 1006.88 | 2.45 | 101.25 9500.65 229.53 479.42 -230.57 | -9543.67
K12 | 224.53 34.28 10610.72 | 1.46 | 451.54 | 42370.98 136.89 348.13 -89.32 | -27647.44
total -1411.31 3921.45 | 367974.42 -65755.14

Legend: Ck — cost price; p — profit; Pr — profit; e — equivalent number; Qe — equivalent quantity; 7m — total other costs of selected products; tm

— average other costs of selected products

Legenda: Ck — cijena kostanja; p — dobit; Pr— profit; e — ekvivalentni broj; Qe — ekvivalentna kolicina; Tm — ukupni ostali troskovi odabranih

proizvoda; tm — prosjecni ostali troskovi odabranih proizvoda

costs. This method of cost monitoring helps to manage
production by department as it shows when production
is positive and when it is not, but it still does not show
the profitability of the product itself and the cost price
of an individual product.

In Model A, the cost price is presented according
to the existing method for calculating the cost price in
the research polygon. According to the existing meth-
od, the average cost price for all products produced in
the research polygon, with the exception of the pellet
mill unit, is calculated using the full cost price and
amounts to 224.53 EUR/m’ in 2021.

Table 4 was created by adding to Table 3 a col-
umn with the cost price according to the existing mod-
el, which is the same for all selected products and
amounts to 224.53 EUR/m® regardless of the actual
material cost per product, recognising that for a single
product the material costs are higher than the cost price
for this product. It is evident from the table that prod-
ucts P1, P2, K1, K2 and K4 do not generate a profit but
a loss and that the profitability of their production is
questionable, while products K3, K5, K6, K7, K8, K9,
K10, K11 and K12 generate a profit. The table also
shows that the products that generate a profit do not
compensate for the loss of the other products, so the
overall result is negative.

In Model B, the cost price for the selected prod-
ucts was calculated using a divisive calculation with
equivalent numbers. The production wages were used
to allocate the other costs to the products. The basis for
the calculation of the equivalent numbers is the pro-
duction wages, and the product K8 was selected as the

reference product for the calculation of the equivalent
numbers as it is produced most frequently in the re-
search polygon. The price of one equivalent unit is
102.11 EUR (Tm = 367974.42 EUR; Qe = 3603.82
m?). The table also shows that products P1, P2, K1, K2,
K4, K11 and K12 do not generate a profit but a loss and
that the profitability of their production is questionable,
while products K5 to K10 generate a profit. It is evi-
dent from the table that products that generate a profit
do not compensate for the loss of the other products, so
the overall result is negative.

4.3 Model C
4.3. Model C

Model C shows the cost price for selected prod-
ucts calculated with the help of additional calculation
(Table 5). The basis for the distribution of overheads
are the production wages. For the first two selected
products, the depreciation value was taken only for the
Sawmill, while for the other products the depreciation
values of the Sawmill and the Cutting unit were added
together (4m = QI/P — quantity used (m*) x H — pro-
duction time (h/m?®) x value of the depreciation hour
(EUR/h)). The distribution coefficient for the produc-
tion costs is calculated by dividing the total production
costs by the total production wages (production wages
— see Table 3; column SC (in ERU) = 14304.39 EUR),
and it amounts to 10.110. Table 5 shows that products
P1, P2, K1, K2, K3, K4, K11 and K12 do not make a
profit but a loss and that the profitability of their pro-
duction is questionable, while products K5, K6, K7,
K8, K9 and K10 make a profit. On the other hand, the
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Table 5 Model C — Additional calculation
Tablica 5. Model C — dodatna kalkulacija

tom Am am T, t, T, t, Ck )4 Pf
EUR/h EUR EUR/m? EUR EUR/m? EUR EUR/m’ | EUR/m’ | EUR/m’ EUR
Pl 0.57 110.88 0.35 11009.25 34.89 15255.39 48.34 162.95 -46.51 -14675.74
P2 0.57 11.26 0.47 1117.62 46.70 1548.68 64.72 258.86 -91.63 -2192.66
K1 1.13 69.54 0.60 3448.42 29.82 4778.44 41.33 236.23 -84.26 -9743.00
K2 1.13 108.17 0.71 5363.57 35.45 7432.24 49.12 222.14 -53.58 -8107.01
K3 1.13 75.17 1.09 3727.30 54.02 5164.88 74.85 287.14 -37.59 -2593.40
K4 1.13 356.06 0.82 17655.67 | 40.51 24465.26 56.14 238.42 -61.85 -26952.19
K5 1.13 30.77 0.87 1526.00 43.33 2114.56 60.04 257.27 12.19 429.47
K6 1.13 546.32 0.70 27090.26 | 34.89 37538.67 48.34 220.11 15.98 12411.32
K7 1.13 331.76 0.70 16450.71 34.89 22795.56 48.34 218.10 20.61 9719.25
K8 1.13 502.50 0.75 24916.99 | 37.14 34527.19 51.46 229.96 31.25 20964.78
K9 1.13 211.54 0.83 10489.39 | 41.08 14535.03 56.92 251.63 31.62 8075.22
K10 1.13 27.99 0.77 1387.81 38.26 1923.08 53.02 226.55 4291 1556.28
K11 1.13 75.15 1.82 3726.40 90.03 5163.63 124.76 466.49 | -217.63 -9007.70
K12 1.13 337.20 1.09 1672047 | 54.02 23169.36 74.85 341.23 -82.42 -25511.43
total 2794.30 144629.85 200411.97 -45626.80

Legend: ¢, — value of depreciation hour; cost of depreciation; 4m — total cost of depreciation; am — cost of depreciation; 7} — production cost; , —
production cost (EUR/m); T, — management and distribution cost; #,, — management and distribution cost; Ck — cost price; p — profit; P,— profit
Legenda: t,, — vrijednost sata amortizacije; trosak amortizacije; Am — ukupni trosak amortizacije; am — trosak amortizacije; T, — trosak

proizvodnje; t, — trosak proizvodnje (EUR/m?); T,
cijena kosStanja, p — dobit; P,— profit

ip

products that make a profit do not cover the loss of the
other products and the overall result is negative.

4.4 Model D - additional calculation
4.4. Model D — dodatna kalkulacija

Model D shows the cost price for the selected
products, which is calculated based on the related prod-
ucts. This calculation method assumes the production
of a by-product alongside the main product, i.e. a by-
product is also manufactured, which cannot be influ-
enced. In this model, the subtraction method is used, in
which the value of the by-products is subtracted from
the costs incurred in the production process that result-
ed in the related products, and which cannot be directly
allocated to each product individually, so that the re-
mainder is the costs attributable to the selected prod-
ucts. By-products generated in the production process
in the Sawmill work unit are woodchips with sawdust
and residues, and in the Cutting department, these are
wood chips with sawdust, and useful waste is defined as
residues in this paper. The basis for calculating the
equivalent numbers is the production wages, and the
product K8 was chosen as the base product for calculat-
ing the equivalent numbers because it is most often pro-
duced in the research polygon. The total revenue from
by-products (UPs) amounts to 41122.84 euros. The dis-
tribution coefficient is obtained by deducting the reve-
nue from by-products (UPs) from the other costs of the
selected products (they amount to 40 % of the total
other costs of the Sawmill and Cutting department) (see
Table 4; column Tm) and dividing it by the total equiva-
lent production. The distribution coefficient is 83.35.
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— troSak upravljanja i distribucije; t,, — trosak upravijanja i distribucije (EUR/m’); C, —

Table 6 shows that products P1, P2, K1, K2, K4,
K11 and K12 do not make a profit but a loss and that
the profitability of their production is questionable,
while products K3, K5, K6, K7, K8, K9 and K10 make
a profit. It is evident from the table that the products
that make a profit do not compensate for the loss of the
other products, so the overall result is negative.

4.5 Model E - calculation of the cost price
using the direct costing method

4.5. Model E — izra¢un cijene kostanja
metodom izravnih troskova

The main advantage of the direct cost method is
that only the variable costs is considered when calcu-
lating the cost price of the individual products, i.e. the
costs that are incurred as production increases. The
product with the highest contribution margin (the dif-
ference between the revenue and the variable costs) is
the most useful, not the one whose sales price is higher
than the full cost price, because the product with the
highest contribution margin largely compensates for
the fixed costs and thus contributes to a more success-
ful business. When calculating the cost price, the main
and by-products are defined, as material costs, produc-
tion wages and other variable costs are not included in
by-products. By-products (woodchips with sawdust,
residues and useful waste) are created as a product of
the main products, but they generate revenue on the
market, therefore their market value is added to the
contribution margin of the main products and the total
contribution margin for this group of products is ob-
tained. The total revenue of the by-products in the saw-
mills and cutters department (UPs) is 41.122,84 euros.
The fixed costs amount to 30 % of the total costs. The
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Table 6 Model D — Application of the related calculation with equivalent numbers
Tablica 6. Model D — primjena vezane kalkulacije s ekvivalentnim brojevima

e 0 T,. t. C, y P;

m? EUR EUR/m? EUR/m? EUR/m’? EUR
P1 0.94 297.10 26945.62 85.39 164.74 -48.29 -15239.95
P2 1.27 3045 2761.72 115.39 262.38 -95.14 -2277.19
K1 0.81 94.15 8538.80 73.85 238.35 -86.38 -9987.47
K2 0.96 145.68 13212.15 87.33 224.18 -55.63 -8415.87
K3 1.47 101.25 9183.20 133.09 290.28 -40.72 -2809.74
K4 1.10 480.15 43547.39 99.93 240.88 -64.31 -28026.56

K5 1.18 41.58 3770.97 107.08 260.13 9.33 328.72
K6 0.95 736.80 66824.47 86.06 222.24 13.85 10756.17
K7 0.95 448.74 40698.78 86.31 220.49 18.22 8589.20
K8 1.00 670.93 60850.40 90.70 231.28 29.93 20079.77
K9 1.11 284.34 25788.44 100.99 253.79 29.46 7523.74
K10 1.03 37.51 3401.89 93.79 228.27 41.19 1494.09
K11 2.45 101.25 9182.70 221.85 471.74 -222.39 -9225.71
K12 1.46 451.54 40952.95 132.31 343.55 -84.74 -26229.41
3921.45 326851.46 -53440.20

Legend: C, — cost price; p —average profit; P, — profit; e — equivalent number; O, — equivalent quantity; 7}, .— other costs of the selected products
minus the revenues of the by- products; ¢, ,— average other costs of the selected products minus the revenues of the by- products (eur/m?)

Legenda: C,— cijena kostanja; p — prosjecan profit; P,— profit; e — ekvivalentni broj; Q. — ekvivalentna kolicina; T,

— ostali troskovi odabranih

m-s

proizvoda umanjeni za prihod sporednih proizvoda, t, ,— prosjecni ostali troskovi odabranih proizvoda umanjeni za prihod sporednih proizvoda

(EUR/m*)

data used to calculate the other variable costs are the
depreciation costs, energy costs and other costs (main-
tenance and management costs and distribution costs).
They were calculated by multiplying the quantity pro-
duced (Qm) by the production time (H) and the value
per hour (Hprice). In addition, the total variable costs
per unit were calculated by adding the raw material
price per product unit (Pc2), the labour costs per prod-
uct unit (sc) and the other variable costs per product
unit. The contribution margin (Cm) was calculated by
subtracting the total variable costs (V) from the total
value produced (see Table 1; column Pc), while the con-
tribution margin per unit of product (km) was calculat-
ed by dividing the contribution margin for the product
(Cm) by the quantity produced (Qm). The profit gained
for each selected group of products was calculated by
de-ducting the fixed costs for this product (F) from the
contribution margin of the selected product (Km).
Table 7 shows that products K1 and K11 do not
generate a profit but a loss and that the profitability of
their production is questionable, while products P1, P2,
K2,K3,K4,K5,K6,K7, K8, K9, K10 and K12 generate
a profit. The table shows that the products that make a
profit cover for the loss of the other products and that the
overall result is positive, amounting to 259.666,02 euros.
However, the total contribution margin for all se-
lected items (X Cm = Cm P1 + Cm P2 + Cm K1 + Cm
K2+CmK3+CmK4+CmK5+CmK6+ CmKI7+
Cm K8+ CmK9+CmKIO+ CmKIl +CmKI2)is
increased by the realised revenue of by- products
(UPs). The total contribution margin increased by the
realised revenue of by- products (X Cm + UPs) amounts
to 313554,87 euros, and the total profit of the selected

products (X Cm + UPs) — F) in this case amounts to
300788,87 euros.

4.6 Comparison of cost prices in selected
models

4.6. Usporedba cijena koStanja u odabranim
modelima

As depicted in Figure 1, Model A illustrates the
cost price according to the existing method for its cal-
culation in the research polygon. According to the ex-
isting method, the average cost price is calculated us-
ing the full cost price for all products manufactured in
the research polygon, except for the pellet mill depart-
ment, and it amounts to 224,53 EUR/m?® in 2021. In the
existing model, the cost price is the same for all prod-
ucts and shows that it is worthwhile to produce only
the products whose selling price is equal to or higher
than the average cost price. It is evident from the table
that products P1, P2, K1, K2 and K4 do not make a
profit but a loss and that the profitability of their pro-
duction is questionable, while products K3, K5, K6,
K7, K8, K9, K10, K11 and K12 make a profit. In addi-
tion, according to Table 3 (MC column) and Table 4
(Ck for Model A), 9 of 14 selected products have a
higher selling price, but if the Material cost column is
considered, it can be seen that the material cost of some
products is higher than the cost price, while according
to the existing model, they make a profit, thus giving a
false picture of the profitability of that product. Look-
ing at the total profit for the selected products, Model A
shows a loss of 1411,31 euros.

In Model B, a division formula with equivalent
numbers was used to calculate the cost price. Of 14
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Table 7 Model E — Calculation of the cost price using the direct costing method

Tablica 7. Model E — izracun cijene kostanja metodom izravnih troskova
V, v, Vv Ck Cm cm F Pf

EUR EUR/m? EUR EUR/m’ EUR EUR/m? EUR EUR
P1 1269.70 4.02 26310.47 83.38 10435.98 33.07 544.19 9891.79
P2 130.13 5.44 3648.10 152.42 354.40 14.81 55.78 298.63
K1 743.65 6.43 19763.57 | 170.93 -2192.32 -18.96 318.71 -2511.03
K2 1150.66 7.61 21856.52 | 144.46 3645.62 24.10 493.14 3152.48
K3 799.77 11.59 11645.72 | 168.78 5573.69 80.78 342.76 5230.93
K4 3792.58 8.70 65219.74 | 149.66 11728.25 26.91 1625.39 10102.86
K5 328.42 9.33 5718.15 162.37 3771.27 107.09 140.75 3630.52
K6 5819.79 7.49 111568.28 | 143.68 71760.85 92.41 2494.20 69266.65
K7 3544.49 7.52 66816.71 141.70 45743.50 97.01 1519.07 44224 .43
K8 5299.51 7.90 99621.22 | 148.48 75630.66 112.73 2271.22 73359.44
K9 2245.94 8.80 41265.65 | 161.60 31066.25 121.66 962.54 30103.71
K10 296.27 8.17 5174.28 142.65 4599.70 126.81 126.97 4472.73
K11 799.73 19.32 11143.36 | 269.22 -842.74 -20.36 342.74 -1185.48
K12 3566.62 11.52 68953.41 | 222.77 11156.92 36.04 1528.55 9628.37

558705.19 272432.03 12766.00 | 259666.02

Legend: V, — other variable costs of a specific production stage; v,

, — other variable costs of a specific production stage; V' — total variable costs;

Cm — total contribution margin; cm — contribution margin; F' — fixed costs; Pr — profit
Legenda: V, — ostali varijabilni troskovi odredene faze proizvodnje; v, — ostali varijabilni troskovi odredene faze proizvodnje; V — ukupni
varijabilni troskovi; Cm — ukupna kontribucijska marza; cm — kontribucijska marza; F — fiksni troskovi; Pr — profit
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420

B model A (p) model B (p)
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Figure 1 Cost prices and realised profit/loss of products P1, P2, and K1 — K12
Slika 1. Cijene kostanja i ostvarena dobit/gubitak proizvoda P1, P2 i K1 — K12

selected products, only 5 generate a profit. According
to this model, it turns out that most of the selected
products are not worth producing, and when looking at
the total profit for the selected products, Model B re-
sults in a loss of 65.755,14 euros.

In Model C, the cost price for selected products is
calculated with the help of an additional calculation.
The production wages are the basis for the distribution
of general costs. The total profit for the selected prod-
ucts according to Model C is negative, i.e. a loss is re-
alised as 9 products out of 14 selected products make a
loss, and the cost price is higher than the sales prices.
According to this model, it turns out that the seven se-
lected products are not worth producing. Looking at
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the total profit for the selected products, Model C re-
sults in a loss of 45.626,80 euros.

In Model D, the cost price for the selected prod-
ucts was calculated using the calculation of related
products. It is based on the fact that in addition to the
main product, by-products whose manufacture cannot
be influenced, are also produced. The subtraction
method is used here. This means that the value of the
by-products is subtracted from the costs incurred in the
manufacturing process that generated the by-products,
and which cannot be directly allocated to each product
individually, so that the remainder is the costs attribut-
able to the selected products. The total profit for the
selected products according to Model C is negative;
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out of 14 selected products, 8 products make a loss, i.e.
the cost price is higher than the selling price. Accord-
ing to this model, it turns out that most of the selected
products are not worth producing. Looking at the total
profit for the selected products, Model D results in a
loss of 53.440,20 euros.

In Model E, the cost price of the selected products
was calculated using the direct co-sting method. When
calculating the cost price of the individual products, only
the variable costs are considered, i.e. the costs that are
generated when production increases. The most profita-
ble product is the one with the highest contribution mar-
gin, not the one whose sales price is higher than the cost
price, because the product with the highest contribution
margin mostly covers the fixed costs and therefore con-
tributes to a more successful business.

Figure 1 shows that out of 14 products, only 2 do
not achieve a positive result. In addition, the total rev-
enue for products selected according to Model E is
positive. According to this Model, products K1 and
K11 are not profitable, while products K6, K7, K8 and
K9 achieve the highest contribution margin, showing
that they are most profitable and contribute to a more
successful business in the research polygon. According
to this model, it turns out that most of the selected
products are worth producing, and when looking at the
total profit for the selected products, Model E is the
only one that shows a profit of 259,666.02 euros. Mod-
el E provides the company with information on the ac-
tual cost price of an individual product and, in view of
the change in the sales price over the course of the year,
it helps determine which product is worth producing,
which is better suited to waiting for a change in the
sales price and which is not worth producing at all.

4 CONCLUSIONS
4. ZAKLJUCAK

If the company uses the full cost price when cal-
culating the cost price in the production of primary
wood products, it will probably not be able to dynami-
cally monitor the production costs of a particular prod-
uct. In addition, when using this method, all fixed and
variable costs are included in the cost price of the prod-
uct, with the cost of raw materials being considered a
variable cost and allocated directly to the product,
while all other costs are allocated to products accord-
ing to specific keys. In this case, the company cannot
know which product contributes most to a positive
business result. In this way, completely wrong conclu-
sions are often drawn and products that are not the
most profitable are promoted, while products that con-
tribute significantly to the company’s success are re-
moved from the production programme.

The aim of this article was to emphasise the im-
portance of choosing the right method for calculating

the cost price of products in the production of primary
wood products. When considering the cost price and
profit in all five selected models, it becomes clear that
both the cost price and the profit change depending on
the distribution of costs.

By analysing and processing the data obtained
from the research polygon and using the example of
five selected models, the results have shown that Mod-
el E is optimal, while the most acceptable costs are to
be divided into fixed and variable costs and then the
variable costs are to be included in the cost price of
each product. The difference between the revenue of
each individual product and the variable costs of these
same products is the contribution margin, which covers
the fixed costs of the research polygon.

The other selected models A, B, and C used for
the calculations generate negative business result (loss)
for most of the selected products in wood processing
company. The reason for that could be input of differ-
ent fixed and variable costs or market influence on
sales prices for selected products or assortments during
the analysed year.

Model E used in this work follows the cost prices
of the products and is the most acceptable in the re-
search polygon. Therefore, it can be concluded that a
well-chosen cost price calculation model can deter-
mine which product makes the greatest contribution to
cost recovery. It is expected that the application of
Model E in the research polygon will lead to better
business results in the coming period, because by ap-
plying this model the company receives clear informa-
tion about which products should be developed, and
which should be removed from the production pro-
gramme. By investing in the modernisation of produc-
tion, it is expected that product quality will increase,
new products will be introduced, the cost price and the
cost of manual labour will decrease, as well as the total
cost of production.

Research limitations are related to the inputs, such
as input costs of raw material, services and salaries,
which could influence the result of different model-
based calculations. The research is based on a sample of
14 products, which cover approximately 40 % of total
production, and does not cover all production depart-
ments or the entire product range. All models were tested
within one business year. Business seasonality and mar-
ket changes over a longer period were not considered.

It is necessary to continue the research in this
area, i.e. to apply Model E to the entire production pro-
cess and, based on calculations, to develop computer
software that monitors the production process on the
basis of various purchase prices for raw materials and
planned sales prices on the market determined by sup-
ply and demand. This would enable long-term plan-
ning of the product range, with greater added value or
profit in the wood processing market. The innovative
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application of new raw materials, products and calcula-
tion models (Kropivsek et al 2021) can also improve
the company’s business results.

In the Republic of Croatia, there are more than

800 small or micro companies engaged in a similar
production programme that monitor production and
process costs as the analysed company after the past
period (ex post). By applying the proposed method for
calculating the cost price, these business entities can
improve their work processes in the production of
wood products with higher added value. Future re-
search should be focused on implementing the calcula-
tion model in more small and medium sized wood pro-
duction companies to adapt this model to different
production contexts.

5
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ABSTRACT « Consumer satisfaction is closely tied to ethical business conduct, yet unethical sales practices
remain prevalent in the furniture sector. This study, based on a survey conducted in Slovakia, identifies the most
common unethical behaviours perceived by consumers — particularly misleading information about product qual-
ity and materials, unprofessional staff conduct, false discount claims, and refusal to accept legitimate complaints.
The results indicate that these practices significantly affect consumer trust and satisfaction, especially among
older or economically vulnerable groups. In response, the study recommends improving transparency in product
communication, investing in staff training, and strengthening complaint resolution processes. These steps can
enhance customer trust and build long-term loyalty in the furniture market. The research contributes to new
empirical insights into consumer ethics, highlighting both systemic issues and actionable strategies for ethical
improvement within the industry.

KEYWORDS: furniture industry; unethical practices; correlation analysis; cluster analysis

SAZETAK - Zadovoljstvo potrosaca usko je povezano s eticnim poslovnim ponasanjem poduzecd, no u sekto-
ru prodaje namjestaja i dalje previadavaju neeticne prodajne prakse. Ova je studija utemeljena na istrazivanju
provedenome u Slovackoj i identificira najcesce neeticne prakse koje potrosaci percipiraju. To se osobito odnosi
na obmanjujuce informacije o kvaliteti proizvoda i materijalima, neprofesionalno ponasanje zaposlenika, lazne
popuste i neprihvacanje legitimnih i opravdanih prituzbi. Rezultati pokazuju da te prakse znatno utjecu na po-
vjerenje i zadovoljstvo potrosaca, posebice starijih ili ekonomski ranjivih skupina potrosaca. Kao odgovor na te
probleme studija preporucuje povecéanje transparentnosti u komunikaciji o proizvodima, vec¢a ulaganja u obucava-
nje osoblja i u unapredenje procesa rjesavanja prituzbi. Ti koraci mogu pridonijeti povecanju povjerenja kupaca
i izgradnji dugorocne lojalnosti na trzistu namjestaja. Istrazivanje pridonosi novim empirijskim uvidima u etiku
potroSaca, isticuci i sistemske probleme i prakticne strategije za eticna poboljsanja unutar industrije.

KLJUCNE RIJECI: industrija namjestaja; neeticne prakse; korelacijska analiza; klasterska analiza
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1 INTRODUCTION
1. UVOD

Ethics is a set of moral guidelines that influence
the choices that individuals or groups make. Applying
moral rights and wrongs, or norms of justice, to market-
ing decision-making, behaviour, and practice within the
company is known as “practicing ethics in marketing.”
A company may be expected to act in what it considers
to be its own best interest in a market economy. Gaining
a competitive edge is the goal of marketing. Businesses
that cultivate this edge can meet the needs of their clients
as well as their own needs (Sihem, 2013).

Business ethics refers to the moral principles that
shape corporate behaviour toward consumers, stake-
holders, and the wider society. In the retail sector, this
is reflected in transparency, fairness, and respect for
consumer rights. These ethical responsibilities extend
to multiple actors—consumers, producers, employees,
and investors—though their scope and nature differ
across groups (Liitge and Uhl, 2021; Vieweg, 2021).
Violations of these principles undermine customer
trust and jeopardise long-term brand loyalty (Vitell and
Muncy, 1992; Ferrell et al., 2019; Tanveer et al., 2021).
By contrast, ethical marketing practices foster consum-
er confidence and loyalty while aligning business ob-
jectives with broader moral values (Kamila and Jasro-
tia, 2023; Kobiyh et al., 2024).

In the past twenty years, firms have enhanced
their competitiveness through internationalisation,
more sophisticated marketing, and expanded sales op-
erations. Nevertheless, the contemporary business en-
vironment is increasingly defined by volatility, uncer-
tainty, complexity, and ambiguity (Ameer and Halinen,
2019; Pomirleanu et al., Townsend, 2022; Anand et al.,
2023). Unfortunately, in an effort to quickly enter the
market, secure a strong position, and maximise profits,
some companies engage in unethical or even illegal
practices that harm both competition and consumer
rights (Chavda and Deshpande, 2022). Although these
strategies may yield short-term gains, they can seri-
ously damage consumer trust and a company’s long-
term reputation.

To address unethical business conduct, the Euro-
pean Union introduced a legal framework centred on
Directive 2005/29/EC, which defines unfair commer-
cial practices as aggressive or deceptive. Misleading
marketing, including exaggerated claims, omission of
key information, manipulated visuals, or fine print dis-
claimers is a typical example (Ahmed et al., 2025).
Such practices highlight the need for strong consumer
protection and ethical business principles. While they
may boost short-term sales, they ultimately erode con-
sumer trust, damage brand reputation, and threaten
long-term business stability. As a result, customer sat-
isfaction has become a strategic priority, particularly in
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sectors where unethical conduct can severely under-
mine not only satisfaction but the entire consumer ex-
perience (Mbonigaba et al., 2024).

Unethical behaviour is encountered in virtually
all areas of the market, and the furniture sector is no
exception. Various forms of misleading customers oc-
cur in the sale of furniture, whether it be false claims
about quality, origin of materials, environmental
friendliness of products, or hidden charges and opaque
terms and conditions.

An important area of many discussions is the
questionable quality of the materials used to make the
furniture and its durability. Many furniture companies
prefer cheap and less durable materials to high-quality,
environmentally responsible alternatives for the sole
reason of maximizing profits. This limited thinking of
companies has a negative impact not only on the envi-
ronment (excessive carbon dioxide emissions, defor-
estation, huge amounts of waste) but also, of course, on
the consumer, who, when investing in furniture, ex-
pects it to serve its purpose for a longer period of time
(Friedrich, 2022).

In an era of growing environmental awareness,
many furniture manufacturers have begun to present
themselves as responsible and sustainable, labelling
their products with various “green” certificates and slo-
gans promising to be ethical and environmentally
friendly. In recent years, greenwashing has emerged as
a widespread trend in the corporate world. Large enter-
prises enthusiastically promote their environmental
initiatives, yet in many cases, these efforts are little
more than empty slogans and vague concepts (Huang
etal.,2022).

In this context, greenwashing has become a com-
mon practice where companies deliberately misrepre-
sent the environmental or social impact of their prod-
ucts. It misleads consumers and damages the reputation
of businesses genuinely committed to sustainability.
Such practices erode public trust, encourage unsustain-
able consumption, and create unfair competition by
disadvantaging transparent companies. Moreover,
greenwashing slows progress toward a truly sustaina-
ble future by giving consumers a false sense of respon-
sibility, reducing their motivation to demand real
change and accountability (Ecobalanza.com, 2024).

Growing attention to ethical conduct in business
is reflected in the increasing number of studies and sur-
veys assessing how companies implement and main-
tain ethical standards. Previous research has addressed
ethical issues in marketing, including sales practices,
promotional activities, and product safety (Hermann,
2022; Martinez et al., 2021) and several studies (Vitell
and Muncy, 1992; Rallapalli ef al., 1994) have demon-
strated that unethical practices can negatively influence
customer satisfaction, purchase intentions, and long-
term loyalty.
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Despite growing academic interest in business
ethics, the furniture retail sector remains underexplored
in this regard. Most existing literature addresses ethical
issues at a general level, without considering the spe-
cific dynamics of high-involvement purchases such as
furniture, where expectations regarding durability,
quality, and after-sale service are particularly high.

To address this gap, this study presents findings
from an empirical survey conducted in Slovakia, which
investigates the prevalence of unethical practices in the
furniture retail industry and their perceived impact on
customer satisfaction. Additionally, it examines how
socio-demographic characteristics shape consumer per-
ceptions and responses to unethical business conduct.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The questionnaire was distributed primarily via
social media, and participation in the survey was volun-
tary and anonymous. During the data collection period
(February — April 2025), a total of 221 fully completed
questionnaires were collected. As distribution was car-
ried out in the manner described above, it is not possible
to calculate the exact response rate for the question-
naires; instead, the study is based on the number of valid
responses obtained within the specified time frame.

The questionnaire consisted of 19 questions.
Four questions related to demographic data, allowing
respondents to be categorised by gender, age, achieved
education and economic status. The remaining 15
questions were aimed at these areas:

— Purchasing behaviour in the furniture sector (fre-
quency and recency of furniture, purchases, place of
purchase, type of furniture purchased, influence of
advertising on purchase decisions).

— Product quality and conformity with customer expec-
tations (quality and transparency of information pro-
vided before purchase, compliance with delivery
deadlines, consistency between the ordered and de-
livered product, identification of product deficiencies
after purchase (technical, visual, functional).

— Post-purchase service experience (frequency and rea-
sons of complaints, outcome of complaint resolution
(justified vs. unjustified claims), Perception and oc-
currence of unethical behaviour by furniture retail-
ers, forms of unethical conduct (withholding infor-
mation, deceptive practices), personal experiences
with unethical sellers, consumers responses to un-
ethical practices.

The research aimed to answer two research
questions:

—To what extent is consumer education associated
with the perception of unethical practices in retail?

—How does the perceived relevance of pre-purchase
product information influence overall consumer sat-
isfaction?

Regarding the research questions, the following
hypotheses were formulated to test the relationships be-
tween the monitored factors and consumer experiences:

HI1: There is a statistically significant relation-
ship between consumer education and consumers’ per-
ception of unethical retail practices.

H2: There is a statistically significant relation-
ship between the perceived relevance of pre-purchase
product information and consumer satisfaction.

To explore relationships between selected varia-
bles, Pearson’s correlation coefficient was used.

The Pearson correlation coefficient r is mathe-
matically defined as follows (Salomao, 2024):

N Z:-ll x;yi—Zf:l xiZ?:].Vi

N (S N (2T

(M

Where:

x and y denote the two variables being compared,

N is the number of data points,

> xy represents the sum of the product of paired values,
>x* and }))”? are the sums of squares for each variable.

It measures the strength and direction of the linear
relationship between two variables, ranging from -1 to 1.
Values close to 1 or -1 indicate a strong positive or nega-
tive correlation, respectively, while values near 0 sug-
gest little to no linear dependence. Understanding this
relationship is essential for correctly interpreting corre-
lation results (Liao ef al., 2015). To clearly present and
interpret these relationships across multiple variables
simultaneously, a correlation matrix was constructed.

The correlation matrix displays the calculated
Pearson coefficients between monitored variables, al-
lowing for a clear overview of their relationships. Each
cell indicates the strength and direction of the associa-
tion between two variables. This method helps to iden-
tify relevant patterns and complements other statistical
analyses used in the study (Wagavkar, 2024).

Subsequently, a hierarchical cluster analysis was
chosen to analyse the data to identify groups of re-
spondents with common features — either demographic
or based on their experiences and attitudes towards un-
ethical behaviour when buying furniture. This ap-
proach is particularly useful when examining multiple
variables simultaneously, where simple pairwise com-
parisons are not sufficient (CodeSignal, 2025).

Cluster analysis is used to group observations into
clusters according to their similarity. Similarity is meas-
ured based on responses to selected questions such as:
— the influence of advertising on the purchase,

— the presence of any shortcomings after the purchase,
— whether the respondent dealt with a complaint,
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—and personal experience of unethical behaviour by
the seller.

The Ward method is an agglomerative clustering
approach that groups elements into a predefined num-
ber of clusters through a series of steps. Initially, each
element is treated as its own separate cluster. Then, at
each step, the algorithm merges the elements that are
closest to one another based on a chosen distance met-
ric. This process continues until all elements are
grouped into clusters. The number of steps can range
from 1, where all elements are combined into a single
cluster to n, where each element remains in its own
individual cluster. Once elements are grouped into a
cluster, they cannot be split apart again. The method
aims to determine the most appropriate number of clus-
tering steps to form meaningful groupings (Aggarwal
and Reddy, 2014; Eszergar-Kiss and Caesar, 2017).

This procedure helps to clearly structure respond-
ent groups, potentially representing different types of
consumers with varying perceptions and experiences
of unethical behaviour in the context of furniture pur-
chases. Such an approach provides valuable insights
into which demographic groups are most exposed to
unethical practices and will also help to identify typical
patterns of behaviour or problem areas in the furniture
sales sector.

Among several hierarchical clustering methods
(e.g. single-linkage, complete-linkage, average-link-
age), Ward’s method was chosen because it is consid-
ered one of the most accurate. It aims to minimise the
internal variability within each cluster, thus ensuring
greater homogeneity of respondents within groups. Ac-
cording to Everitt ef al. (2011) and Almeida et al.

Table 1 Sociodemographic structure of respondents
Tablica 1. Sociodemografska struktura ispitanika

(2007), Ward’s method has the advantage of forming
clusters of similar size and consistency but can be sen-
sitive to the occurrence of outliers.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Actotal of 221 questionnaires were correctly com-
pleted, and the data were subsequently analysed using
selected methods of one-dimensional and multi-di-
mensional analysis.

Table 1 presents distribution of respondents by
gender, age, education, and economic status (in the ab-
solute as well as relative values).

Most respondents were women (67 %) aged 26
— 45 with a high school education and employed. This
group presents a key market segment and is highly ac-
tive in furniture purchases. Based on the characteristics
of this key consumer segment, several patterns in pur-
chasing behaviour have emerged.

— Consumers prefer bricks-and-mortar stores (61.5 %),
but online sales are also growing in importance (38.5
%). This trend points to the need for the same level of
consumer rights protection on both retail channels.

— Practical pieces of furniture (such as wardrobes and
sofas) dominate, indicating that customers more of-
ten choose furniture with a high degree of utilisation.
Marketing tools (mainly promotion) have limited in-
fluence on their purchasing decisions, personal expe-
rience and recommendations are decisive.

— A significant number of customers declared that they
were correctly and sufficiently informed about the
products and up to 90.5 % were satisfied with their

Variable Category Absolute value Relative value
Varijabla Kategorija Apsolutna vrijednost | Relativna vrijednost
Gender Female / zenski 148 67.0 %
spol Male / muski 73 33.0%
to 25 years / godina 92 41.6 %
Age 26 — 45 years / godina 95 43.0 %
dob 46 — 60 years / godina 28 12.7 %
over 61 years / godina 6 2.7%
Secondary education with school leaving exam
. . SRR 110 49.8 %
srednje obrazovanje sa zavrsnim ispitom
Secondary education without school leaving exam
. . . . - 23 10.4 %
Education srednje obrazovanje bez zavrinog ispita
obrazovanje Tertiary education (1 degree)
) . . 60 27.1 %
visoko obrazovanje (1. stupanj)
o 1 nd
T.ertlary educatloq 2 degree). 3 12.7 %
visoko obrazovanje (2. stupanj)
Employed / zaposlen 116 52.5%
B ic stat Student / student 78 353 %
conomic status ; — o
chonomski status Maternity leave / na porodiljnom dopustu 11 5.0 %
Unemployed / nezaposlen 8 3.6 %
Retired / umirovijenik 8 3.6 %
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M Misleading or irrelevant product information (quality, material, certificates)
B Unprofessional or rude behavior
Misleading price informati on
M Inaccurate product descriptions / photos that do not reflect the actual product
Poor product quality / use of low-quality materials
W Lack of knowledge / insufficient product information
Refusal to accept legitimate claims

Manipulati ve sales techniques (e.g. pressure to buy)

wnnn

0 5 10 15

Figure 1 Most common unethical practices in furniture sales
Slika 1. Najc¢esce neeti¢ne prakse u prodaji namjestaja

purchase, indicating a generally positive experience
— but not without exceptions.

— Despite the positive aspects, the incidence of unethical
practices is significant and widespread. Figure 1 pre-
sents the most common misleading practices applied in
selling furniture.

Although most consumers reported satisfaction
with their furniture purchases, unethical practices re-
main common. The most frequent issue, reported by 36
respondents, is misleading or irrelevant product infor-
mation, including false claims about quality, materials,
and certifications, which erodes consumer trust. Unpro-
fessional or rude staff behaviour is the second most cited
problem, underscoring the importance of respectful cus-
tomer service. Other concerns include misleading pric-
ing, inaccurate descriptions, refusal to accept valid com-
plaints, poor product knowledge, low-quality materials,
and manipulative sales tactics. Overall, dishonest prac-
tices in furniture sales often involve poor service, lack of
transparency, and false information, negatively affecting
consumer experience and retailer reputation.

The following suggestions reflect the most fre-
quently identified problems and aim to eliminate them:
— Adopt a binding code of conduct for furniture retail-

ers to ensure honest and complete product informa-
tion (origin, quality, features), developed jointly by
industry and consumer organisations.

— Equal rules for online and offline sales must be en-
sured, including mandatory access to full product de-
tails and clear visualisations to allow easy product
verification.

— Standardise the complaint process, requiring written
justification for rejected claims and enabling appeals
to an independent body (e.g. consumer ombudsman).

25 30 35 40

— Promote consumer education through campaigns on
buyer rights, complaint procedures, and recognition
of manipulative tactics.

— Create a simple online consumer guide with practical
tips, available on official consumer and government
websites.

— Establish a public rating system for furniture sellers
based on customer satisfaction and complaint han-
dling, with an option to award a trustmark to ethical
retailers.

To further understand the correlation between the
observed variables in which unethical traits occur and
demographic characteristics, a correlation analysis was
conducted. The relationships between the variables un-
der study are shown within the correlation matrix (see
Table 1).

The correlation analysis provided a deeper in-
sight into the relationships among the monitored vari-
ables and made it possible to verify the extent to which
the individual factors are related to each other. In Table
2, the colour of the coefficients indicates their statisti-
cal significance. Values shown in red represent correla-
tions that are statistically significant at the 5 % level
(p <0.05), whereas values in black denote correlations
that are not statistically significant. This distinction
helps to quickly identify which relationships among
the variables are supported by the data and which may
be due to random variation.

Weak to slightly negative relationships were ob-
served among the demographic variables: age, gen-
der, education, and economic situation. There is a
moderate negative correlation between age and eco-
nomic status (» = -0.283), which may indicate that
older respondents are more likely to be in a more dif-
ficult economic situation (e.g. retired). Similarly, the
weak negative correlation between age and education
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(r =-0.148) may reflect differences in access to edu-
cation across generations.

The quality and relevance of information play a
key role in how consumers perceive marketing practices
—a lack of it is associated with perceptions of unethical
behaviour and lower satisfaction. Thus, ethical market-
ing is not only morally right, but also practically effec-
tive in terms of trust and customer satisfaction.

The most
emerged among the variables related to purchase expe-
rience. The moderately strong correlation observed be-

significant positive correlations

tween the relevance of information during purchase
and whether the product met expectations (r = 0.445)
confirms that good quality, accurate and transparent in-
formation contribute significantly to customer satisfac-
tion. These results are further supported by the positive
correlation between information relevance and the ex-
perience of unethical behaviour (» = 0.332) as well as
the handling of complaints (» = 0.232). This means that
inadequate or misleading information may lead to un-
met expectations, which in turn creates the perception
of unethical behaviour on the part of the retailer and a
higher likelihood of a complaint.

Based on the correlation analysis, Hypothesis
H1, which assumed a statistically significant relation-
ship between consumers’ education and the perceived
likelihood of experiencing unethical retail practices,
was not confirmed. The observed correlations between
education and perceived unethical practices were weak
and statistically insignificant, indicating that education
level did not play a decisive role in shaping consumers’
perception of unethical behaviour.

In contrast, Hypothesis H2 was confirmed. A
moderate positive correlation (» = 0.445, p < 0.05) was
found between the perceived relevance of pre-purchase
product information and consumer satisfaction. This
result highlights the crucial role of transparent and ac-
curate information in increasing customer satisfaction
and reducing the perception of unethical practices in
the furniture market.

These findings are consistent with previous re-
search (e.g., Vitell and Muncy, 1992; Rallapalli et al.,
1994) that highlights the negative impact of unethical
behaviour on consumer attitudes, satisfaction, and loy-
alty (Lim et al., 2023). The correlations between the
variables clearly indicate that the different aspects of
the buying process are closely interrelated and form a
complete picture of the customer’s experience. The re-
sults thus underline the need for an ethical approach,
transparent communication and an effective complaint
handling system. In the future, we recommend that in-
creased attention be paid to the individualisation of
marketing communications by demographic segments
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and that research into trust and perceptions of ethics in
relation to long-term customer loyalty be deepened.

Cluster analysis using Ward’s method and Eu-
clidean distance metric was applied to analyse the rela-
tionship among a set of 10 variables related to socio-
demographic characteristics of the respondents and
chosen tools of marketing mix with unethical occur-
rence. The resulting dendrogram (see Figure 2) identi-
fies several significant relationships among monitored
variables that may indicate latent patterns in respond-
ents’ behaviour.

Cluster analysis reveals that demographic char-
acteristics such as gender and economic situation of
individuals play an important role in their furniture
buying behaviour. These characteristics influence
where customers buy (online vs. brick-and-mortar
stores) and the extent to which they are influenced by
marketing communications such as advertisements,
discounts, and promotions. Women and men may have
different preferences in terms of which sales outlets
they prefer. Women may prefer brick-and-mortar stores
more because of the ability to physically view the
product, while men may prefer the convenience of on-
line shopping. At the same time, customers with lower
economic status may be more sensitive to promotions
and discounts, while those with higher status may be
more focused on other features related to the furniture,
such as its design, quality or brand.

The grouping of these four variables therefore
suggests that marketing strategies and business deci-
sions should take these contexts into account. Advertis-
ing targeting, the choice of sales channels, or the type of
communication should consider the demographic char-
acteristics of the selected customer groups, as these fac-
tors influence their behaviour and decision-making.

The cluster analysis reveals a strong connection
between the relevance of information at the point of pur-
chase, fulfilment of product expectations, experiences of
unethical behaviour, and complaint resolution. These
factors together shape the overall customer experience
and significantly affect satisfaction levels. When cus-
tomers receive clear, accurate, and trustworthy informa-
tion, the product is more likely to meet their expecta-
tions, reducing the risk of disappointment. Conversely,
incomplete or misleading information can lead to dis-
satisfaction, complaints, and feelings of being deceived.
An effective complaint resolution system plays a vital
role in addressing these issues, helping to mitigate nega-
tive experiences and rebuild customer confidence.

Outside our survey, several other surveys have al-
ready been carried out. They have focused on consumer
attitudes towards unethical practices, the identification
of the factors that influence these attitudes, and their im-
pact on consumer behaviour. Demographic variables
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Tree Diagram for 10 Variables / dijagram stabla za 10 varijabli
Ward's method / Wardova metoda

Euclidean distances / euklidske udaljenosti

Influence of promotion / utjecaj promocije 1
Experience with unethical behaviour / iskustvo s neeticnim ponasanjem 1

Complaint handling / rjeSavanje prituzbi 1

Place of purchase / mjesto kupnje 1

Relevance of information when buying furniture / relevantnost informacija pri kupnji namjestaja

The product met expectations / proizvod je ispunio ocekivanja

Economic status / ekonomski status g

Gender / spol 1

Age / dob 1

[ |

Education / obrazovanje 1

0 5 10 15 20 25 30 35

Linkage Distance / udaljenost
povezivanja

Figure 2 Cluster analysis of relationship of demographic variables and chosen tools of marketing mix with unethical

occurrence

Slika 2. Klasterska analiza odnosa demografskih varijabli i odabranih alata marketinskog miksa s neeti¢nim pojavama

such as age, education, and income, along with person-
ality traits, have been shown to significantly influence
ethical judgments. At the same time, unethical market-
ing practices have been proved to have a negative im-
pact on consumers’ expectations, attitudes, satisfaction
levels, and intention to continue purchasing, irrespective
of whether the experience is personal or mediated (Vitell
and Muncy, 1992, Rallapalli ef al., 1994).

Ingram et al. (2005) found that a strong consum-
er-brand relationship can lessen perceptions of minor
unethical behaviour. However, as the severity of the
wrongdoing increases, even loyal customers become
less forgiving. The study emphasises the importance of
ethical conduct, as perceived unethical behaviour can
drive away loyal customers—posing a significant risk
for firms, since retaining customers is generally less
costly than acquiring new ones.

All these findings highlight the importance of
ethical communication and customer-centric approach-
es in retail strategy. In each marketing mix tool, it is
essential to meet the requirements of fairness, transpar-
ency, and responsiveness, which are important com-
petitive advantages that companies can build on. More-
over, given the proven sensitivity of consumers to
unethical behaviour, companies should integrate ethi-
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cal guidelines not only in sales but also in internal cor-
porate culture and training.

The present study is subject to several limita-
tions. First, the research sample focuses on consumer
experiences with furniture purchases in Slovakia,
which restricts the generalisability of the findings to
other cultural or regulatory contexts. Second, the col-
lected data reflect consumers’ subjective perceptions of
retailer behaviour and product quality rather than ob-
jective measures. Third, the method of data collection
may have influenced the composition of the sample,
which might not fully represent the demographic di-
versity of the consumer population. In particular, the
online format of the survey may have excluded indi-
viduals with limited internet access or lower digital
literacy, especially among older respondents. Future
studies should therefore consider alternative sampling
strategies to enhance representativeness and improve
the robustness of the findings.

4 CONCLUSIONS
4. ZAKLJUCAK

The furniture industry is currently facing increas-
ing criticism from both consumers and experts, primar-
ily due to unethical business practices. Among the
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most frequently mentioned are the sale of low-quality
products, withholding information about the materials
used, deliberately shortening product lifespan, and in-
sufficient communication regarding complaint proce-
dures. While these practices may contribute to in-
creased profits in the short term, they contradict the
principles of sustainable business and indicate the ab-
sence of a responsible business model. A sustainable
business model should not be understood solely as an
environmentally friendly production process but,
above all, as a comprehensive and transparent ap-
proach to customers, based on ethics, quality, trust, and
efficient resource management.

In the context of the furniture industry, imple-
menting these principles would not only emphasise
product durability and promote the reuse of materials
through circular design but also maintain open com-
munication about the origin of raw materials, produc-
tion conditions, and environmental impacts. Linking
sustainability with the business model thus represents
not only a tool for eliminating unethical practices but
also a potential means to build a competitive advantage
based on customer-perceived value — not only through
price but also through the moral and ecological aspects
of the product.

Based on the results of the cluster analysis car-
ried out, several recommendations for improving cur-
rent practices can be identified. Particularly significant
is the discovered relationship between consumer gen-
der and their responsiveness to marketing messages,
suggesting that targeted, personalised marketing cam-
paigns may be more effective. However, personalisa-
tion must be carried out in accordance with ethical
standards—the communication with customers should
be transparent, respectful, and inclusive, without any
manipulative or discriminatory elements. Only in this
way can trust be strengthened and stable, and long-
term consumer relationships be established.

Among the tested hypotheses, the relevance of
pre-purchase information showed the strongest statisti-
cal relationship with customer satisfaction, indicating
its central role in shaping consumer experiences. This
relationship highlights the need to enhance transpar-
ency and professionalism throughout the entire sales
process. It is therefore recommended to consistently
build an ethical approach to customers at all stages of
the sale to minimise the occurrence of unethical or mis-
leading practices.

Finally, it is essential to invest in a high-quality
customer service system and efficient complaint han-
dling. The ability to respond promptly and fairly to
customer dissatisfaction plays a decisive role in main-
taining trust and preventing damage to the company’s
reputation. From a long-term perspective, an ethical
and sustainable approach to business thus represents

not only a moral obligation but also a strategic advan-
tage that can significantly influence brand perception
and customer loyalty.
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Drvo poljskog jasena

Uz sliku s naslovnice

Fraxinus angustifolia Vahl

MIKROSKOPSKA OBILJEZJA

Drvo poljskog jasena prstenasto je porozno. Tra-
heje ranog drva su ovalne do okrugle, rasporedene
pojedinacno ili u parovima te u jedan do Cetiri reda u
nizu. Vrlo su velike, tangentnog promjera do 345 pm.
Traheje kasnog drva rijetko su
pojedinacne, te u malim skupinama ili kratkim radijal-
nim nizovima, promjera oko 50 pm. Perforacija
¢lanaka traheja je potpuna. Drvna vlakanca su duljine
150 do 1600 um, sa stanicnom stijenkom srednje de-
bljine. Drvni traci su homocelularni, viseredni (Sirine
1 — 4 stanice, visine do 500 um) i gustoée od 5 do 9/
mm u tangentnom smjeru. Aksijalni je parenhim para-
trahealno vazicentrian, konfluentan. U stanicama
drvnog traka nema kristala.

rasporedene,

RELEVANTNE SPOZNAJE O STRUKTURI,
SVOJSTVIMA | VARIJACIJAMA DRVA
POLJSKOG JASENA

Pregled ograni¢enog broja istrazivanja drva
poljskog jasena donosi spoznaje: a) o sli¢nosti svojsta-
va drva poljskog jasena sa svojstvima obi¢nog jasena
(Tirak Hizal 1 Erdin, 2020.); b) o vecoj gustoéi drva,
debljim stani¢nim stijenkama drvnih vlakanaca, man-
joj gustodi pora ranoga drva, vecoj i/ili sli¢noj Sirini
drvnih trakova, kra¢im porama ranoga drva te o manjoj
visini 1 duljini drvnih trakova u stabala iz plantaznog
uzgoja (Tirak Hizal i Erdin, 2020.); ¢) o razlici u otpor-
nosti drva iz plantaznog uzgoja i onoga iz prirodnih
populacija prema bijelim 1 smedim gljivama
truleznicama koja nije znacajna (Tirak Hizal i Erdin,
2016.); d) o smanjenju sadrzaja celuloze s porastom
visine u trupcu, dok vertikalan polozaj nije utjecao na
sadrzaj lignina (Popovi¢ i dr., 2016.); ¢) o povecanju
promjera lumena pora i debljine stijenki drvnih vlakan-
aca u radijalnom smjeru, od sr¢ike prema kori, sman-
jenju promjera lumena drvnih vlakanaca u istom sm-
jeru te o povecanju duljine drvnih vlakanaca u smjeru
prema kori, pri éemu dosezu maksimalnu vrijednost na
sredini radijusa (Popovi¢ i dr., 2023.).

MICROSCOPIC CHARACTERISTICS

Narrow-leaved ash wood is ring porous. Early-
wood vessels are oval to round, arranged individually
or in pairs, one to four in rows. They are very large,
with a tangential diameter of up to 345 um. Latewood
vessels are arranged individually, in pairs and in short
radial rows, and are about 50 pm in diameter. Perfora-
tion plates are simple. Wood fibers are 150 to 1600 um
in length, with medium wall thickness. Wood rays are
homocellular, multiseriate (1-4 cells in width, with a
length up to 500 pm) and with a density of 5 to 9 per
tangential mm, paratracheal axial parenchyma vasicen-
tric and confluent. Crystals in wood rays are not ob-
served.

RELEVANT KNOWLEDGE ABOUT
NARROW-LEAVED ASH WOOD
STRUCTURE, PROPERTIES AND THEIR
VARIATIONS

A review of limited research on narrow-leaved
ash wood provides the following knowledge: a) wood
characteristics of narrow leaved ash show similarities
to common ash (Tirak Hizal and Erdin, 2020); (b)
planted trees have higher density, thicker double fiber
cell wall, lower earlywood vessel frequency, higher
and/or similar ray width, shorter earlywood vessels and
lower multiseriate ray height and length (Tirak Hizal
and Erdin, 2020); (c); no significant difference is ob-
served between plantation and natural grown narrow-
leaved ash wood durability against brown and white rot
fungi (Tirak Hizal and Erdin, 2016); (d) the cellulose
content decreases with the increase in height of the tree
trunk, while the vertical position has no significant ef-
fect on the lignin content (Popovié¢ et al., 2016); (e)
both the lumen width of vessels and the cell wall thick-
ness of mechanical fibers increase in the radial direc-
tion, from the core towards the bark, the lumen width
of fibers decreases in the same direction and the length
of mechanical fibers increases towards the bark, reach-
ing its maximum value at the middle section of the ra-
dius (Popovié ef al., 2023).
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Upute autorima
Opce odredbe

Casopis Drvna industrija objavljuje znanstvene radove (izvorne
znanstvene radove, pregledne radove, prethodna priopéenja), struéne
radove, izlaganja sa savjetovanja, struéne obavijesti, bibliografske
radove, preglede te ostale priloge s podrucja biologije, kemije, fizike
i tehnologije drva, pulpe i papira te drvnih proizvoda, ukljucujuéi i
proizvodnu, upravljacku i trzisnu problematiku u drvnoj industriji.
Predaja rukopisa podrazumijeva uvjet da rad nije ve¢ predan negdje
drugdje radi objavljivanja ili da nije ve¢ objavljen (osim sazetka,
dijelova objavljenih predavanja ili magistarskih radova odnosno di-
sertacija, Sto mora biti navedeno u napomeni) te da su objavljivanje
odobrili svi suautori (ako rad ima vi$e autora) i ovlastene osobe usta-
nove u kojoj je istrazivanje provedeno. Cjelokupni sadrzaj Drvne in-
dustrije dostupan je za skidanje s interneta, tiskanje, daljnju distribu-
ciju, ¢itanje i ponovno kori$tenje bez ogranicenja sve dok se naznace
autor(i) i originalni izvor prema Creative Commons Attribution 4.0
International License (CC BY). Autor(i) zadrzavaju izdavacka prava
bez ogranicenja.

Znanstveni i stru¢ni radovi objavljuju se na engleskom jeziku, uz sa-
zetak na hrvatskome. Takoder, naslov, podnaslovi i svi vazni rezulta-
ti trebaju biti napisani dvojezi¢no. Uredni$tvo osigurava inozemnim
autorima prijevod na hrvatski. Ostali se ¢lanci uglavnom objavlju-
ju na hrvatskome. Znanstveni i stru¢ni radovi podlijezu temeljitoj
recenziji najmanje dvaju recenzenata. Izbor recenzenata i odluku o
klasifikaciji i prihvacanju ¢lanka (prema preporukama recenzenata)
donosi Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora
zahtijevati da tekst prilagode preporukama recenzenata i lektora,
te zadrzavaju i pravo da predloze skracivanje ili poboljSanje teksta.
Autori su potpuno odgovorni za svoje priloge. Podrazumijeva se
da je autor pribavio dozvolu za objavljivanje dijelova teksta $to su
ve¢ negdje objavljeni te da objavljivanje ¢lanka ne ugrozava prava
pojedinca ili pravne osobe. Radovi moraju izvjestavati o istinitim
znanstvenim ili tehni¢kim postignu¢ima. Autori su odgovorni za ter-
minolosku i metrolosku uskladenost svojih priloga. Radovi se Salju
elektronicki putem poveznice http://journal.sdewes.org/drvind

Upute

Predani radovi smiju sadrzavati najvise 15 jednostrano pisanih A4
listova s dvostrukim proredom (30 redaka na stranici), ukljucujuéi
i tablice, slike te popis literature, dodatke i ostale priloge. Dulje je
¢lanke preporucljivo podijeliti na dva ili viSe nastavaka. Tekst treba
biti u doc formatu, u potpunosti napisan fontom 7imes New Roman
(tekst, grafikoni i slike), normalnim stilom, bez dodatnog uredenja
teksta.

Prva stranica poslanog rada treba sadrzavati puni naslov, ime(na) i
prezime(na) autora, podatke o zaposlenju autora (ustanova, grad i
drzava) te sazetak s kljuénim rije¢ima (duljina sazetka priblizno 1/2
stranice A4).

Posljednja stranica treba sadrzavati titule, zanimanje, zvanje i adresu
(svakog) autora, s naznakom osobe s kojom ¢e Uredni$tvo biti u vezi.
Znanstveni i struéni radovi moraju biti sazeti i precizni. Osnovna
poglavlja trebaju biti oznacena odgovaraju¢im podnaslovima. Na-
pomene se ispisuju na dnu pripadajuce stranice, a obrojcavaju se
susljedno. One koje se odnose na naslov oznacuju se zvjezdicom,
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose
na tablice piSu se ispod tablica, a oznacavaju se uzdignutim malim
pisanim slovima, abecednim redom.

Latinska imena trebaju biti pisana kosim slovima (italicom), a ako
je cijeli tekst pisan kosim slovima, latinska imena trebaju biti pod-
crtana.

U uvodu treba definirati problem i, koliko je moguce, predociti gra-
nice postojec¢ih spoznaja, tako da se Citateljima koji se ne bave po-
dru¢jem o kojemu je rije¢ omoguéi razumijevanje ciljeva rada.
Materijal i metode trebaju biti Sto preciznije opisane da omoguce
drugim znanstvenicima ponavljanje pokusa. Glavni eksperimentalni
podaci trebaju biti dvojezi¢no navedeni.

Rezultati trebaju obuhvatiti samo materijal koji se izravno odnosi na
predmet. Obvezatna je primjena metrickog sustava. Preporucuje se
upotreba SI jedinica. Rjede rabljene fizikalne vrijednosti, simboli i
jedinice trebaju biti objasnjeni pri njihovu prvom spominjanju u tek-
stu. Za pisanje formula valja se koristiti Equation Editorom (progra-
mom za pisanje formula u MS Wordu). Jedinice se piSu normalnim
(uspravnim) slovima, a fizikalni simboli i faktori kosima (italicom).

Formule se susljedno obroj¢avaju arapskim brojkama u zagradama,
npr. (1) na kraju retka.

Broj slika mora biti ograni¢en samo na one koje su prijeko potrebne
za objasnjenje teksta. Isti podaci ne smiju biti navedeni i u tablici i
na slici. Slike i tablice trebaju biti zasebno obroj¢ane, arapskim broj-
kama, a u tekstu se na njih upucuje jasnim naznakama (“tablica 1”
ili “slika 17). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i
tablicama treba biti napisan hrvatskim i engleskim jezikom.

Slike je potrebno rasporediti na odgovarajuca mjesta u tekstu, trebaju
biti izradene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u
koloru moguce je na zahtjev autora), formata jpg ili tiff, potpune i
jasno razumljive bez pozivanja na tekst priloga.

Svi grafikoni i tablice izraduju se kao crno-bijeli prilozi (osim na
zahtjev). Tablice i grafikoni trebaju biti na svojim mjestima u tekstu
te originalnog formata u kojemu su izradeni radi naknadnog ubaci-
vanja hrvatskog prijevoda. Ako ne postoji moguénost za to, potrebno
je poslati originalne dokumente u formatu u kojemu su napravljeni
(excel ili statistica format).

Naslovi slika i crteza ne piSu se velikim tiskanim slovima. Crtezi
i grafikoni trebaju odgovarati stilu ¢asopisa (fontovima i izgledu).
Slova i brojke moraju biti dovoljno veliki da budu lako ¢itljivi na-
kon smanjenja $irine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecanja, pozeljno u mikrometrima. Uvecanje moze biti
dodatno naznaceno na kraju naslova slike, npr. “uvecanje 7500 : 1”.
Diskusija i zaklju¢ak mogu, ako autori zele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem
postavljen u uvodu i u odnosu prema odgovarajué¢im zapazanjima
autora ili drugih istrazivaca. Valja izbjegavati ponavljanje podataka
ve¢ iznesenih u odjeljku Rezultati. Mogu se razmotriti naznake za
daljnja istrazivanja ili primjenu. Ako su rezultati i diskusija spojeni u
isti odjeljak, zakljucke je nuzno napisati izdvojeno. Zahvale se navo-
de na kraju rukopisa. Odgovarajucu literaturu treba citirati u tekstu,
i to prema harvardskom sustavu (ime — godina), npr. (Badun, 1965).
Nadalje, bibliografija mora biti navedena na kraju teksta, i to abe-
cednim redom prezimena autora, s naslovima i potpunim navodima
bibliografskih referenci. Popis literature mora biti selektivan, a svaka
referenca na kraju mora imati naveden DOI broj, ako ga posjeduje
(http://www.doi.org) (provjeriti na http://www.crossref.org).

Primjeri navodenija literature

Clanci u ¢asopisima: Prezime autora, inicijal(i) osobnog imena, go-
dina: Naslov. Naziv ¢asopisa, godiste (ev. broj): stranice (od — do).
Doi broj.

Primjer

Karki, T., 2001: Variation of wood density and shrinkage in Europe-

an aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Knjige: Prezime autora, inicijal(i) osobnog imena, godina: Naslov.
(ev. izdavac/editor): izdanje (ev. svezak). Mjesto izdanja, izdavac
(ev. stranice od — do).

Primjeri

Krpan, J., 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb,
Tehnicka knjiga.

Wilson, J. W.; Wellwood, R. W., 1965: Intra-increment chemical
properties of certain western Canadian coniferous species. U: W. A.
Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551- 559.

Ostale publikacije (brosure, studije itd.)

Miiller, D., 1977: Beitrag ziir Klassifizierung asiatischer Baumar-
ten. Mitteilung der Bundesforschungsanstalt fiir Forstund Holzvvirt
schaft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.

Web stranice

**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (pristupljeno 27. sijecnja 2010).

Autoru se prije konac¢nog tiska Salje pdf rada. Rad je potrebno pazlji-
vo procitati, ispraviti te vratiti Uredni$tvu s listom ispravaka. Autori
znanstvenih i stru¢nih radova besplatno dobivaju po jedan primjerak
Casopisa. Autoru svakog priloga takoder se dostavlja besplatan pri-
mjerak ¢asopisa.

Dodatne informacije o nacinu pisanja znanstvenih radova mogu se
naci na web adresi:

hww.ease.0rg.uklnublications/author—guidelines




Instructions for authors

General terms

The “Drvna industrija” (““Wood Industry”) journal publishes scientific
papers (original scientific papers, review papers, previous notes),
professional papers, conference papers, professional information,
bibliographical and survey articles and other contributions related
to biology, chemistry, physics and technology of wood, pulp and
paper and wood products, including production, management and
marketing issues in the wood industry.

Submission of a paper implies that the work has not been submitted
for publication elsewhere or published before (except in the form of
an abstract or as part of a published lecture, review or thesis, in which
case it must be stated in a footnote); that the publication is approved
by all co-authors (if any) and by the authorities of the institution
where the research has been carried out. The complete content of the
journal Drvna industrija (Wood Industry) is available on the Internet
permitting any users to download, print, further distribute, read and
reuse it with no limits provided that the author(s) and the original
source are identified in accordance with the Creative Commons
Attribution 4.0 International License (CC BY). The authors retain
their copyrights.

The scientific and professional papers shall be published in English
with summary in Croatian. The titles, headings and all the relevant
results shall be also presented bilingually. The Editor’s Office shall
provide the translation into Croatian for foreign authors. Other
articles are generally published in Croatian. The scientific and
professional papers will be subject to a thorough review by at least
two selected referees. The Editorial Board shall make the choice of
reviewers, as well as the decision about the classification of the paper
and its acceptance (based on reviewers’ recommendations).

All contributions are subject to proofreading. The editors will require
authors to modify the text in the light of the recommendations made
by reviewers and language advisers, and they reserve the right to
suggest abbreviations and text improvements. Authors are fully
responsible for the contents of their contributions. It shall be assumed
that the author has obtained the permission for the reproduction of
portions of text published elsewhere, and that the publication of the
paper in question does not infringe upon any individual or corporate
rights. Papers shall report on true scientific or technical achievement.
Authors are responsible for the terminological and metrological
consistency of their contributions. The contributions are to be
submitted by the link http://journal.sdewes.org/drvind

Details

Papers submitted shall consist of no more than 15 single-sided DIN
A-4 sheets of 30 double-spaced lines, including tables, figures and
references, appendices and other supplements. Longer papers should
be divided into two or more continuing series. The text should be
written in doc format, fully written using Times New Roman font (text,
graphs and figures), in normal style without additional text editing.
The first page of the paper submitted should contain full title, name(s)
of author(s) with professional affiliation (institution, city and state),
abstract with keywords (approx. 1/2 sheet DIN A4).

The last page should provide the full titles, posts and address(es) of
each author with indication of the contact person for the Editor’s
Office.

Scientific and professional papers shall be precise and concise. The
main chapters should be characterized by appropriate headings.
Footnotes shall be placed at the bottom of the same page and
consecutively numbered. Those relating to the title should be marked
by an asterix, others by superscript Arabic numerals. Footnotes
relating to the tables shall be printed under the table and marked by
small letters in alphabetical order.

Latin names shall be printed in italics and underlined.

Introduction should define the problem and if possible the framework
of existing knowledge, to ensure that readers not working in that
particular field are able to understand author’s intentions.

Materials and methods should be as precise as possible to enable
other scientists to repeat the experiment. The main experimental data
should be presented bilingually.

The results should involve only material pertinent to the subject. The
metric system shall be used. SI units are recommended. Rarely used
physical values, symbols and units should be explained at their first
appearance in the text. Formulas should be written by using Equation
Editor (program for writing formulas in MS Word). Units shall be
written in normal (upright) letters, physical symbols and factors
in italics. Formulas shall be consecutively numbered with Arabic
numerals in parenthesis (e.g. (1)) at the end of the line.

The number of figures shall be limited to those absolutely necessary
for clarification of the text. The same information must not be
presented in both a table and a figure. Figures and tables should be
numbered separately with Arabic numerals, and should be referred
to in the text with clear remarks (“Table 1” or “Figure 1”). Titles,
headings, legends and all the other text in figures and tables should
be written in both Croatian and English.

Figures should be inserted into the text. They should be of 600 dpi
resolution, black and white (color photographs only on request),
in jpg or tiff format, completely clear and understandable without
reference to the text of the contribution.

All graphs and tables shall be black and white (unless requested
otherwise). Tables and graphs should be inserted into the text in their
original format in order to insert them subsequently into the Croatian
version. If this is not possible, original document should be sent in
the format in which it was made (excel or statistica format).

The captions to figures and drawings shall not be written in block
letters. Line drawings and graphs should conform to the style of
the journal (font size and appearance). Letters and numbers shall
be sufficiently large to be readily legible after reduction of the
width of a figure or table. Photomicrographs should have a mark
indicating magnification, preferably in micrometers. Magnification
can be additionally indicated at the end of the figure title, e.g. “Mag.
7500:1”.

Discussion and conclusion may, if desired by authors, be combined
into one chapter. This text should interpret the results relating to
the problem outlined in the introduction and to related observations
by the author(s) or other researchers. Repeating the data already
presented in the “Results” chapter should be avoided. Implications
for further studies or application may be discussed. A conclusion
shall be expressed separately if results and discussion are combined
in the same chapter. Acknowledgements are presented at the end of
the paper. Relevant literature shall be cited in the text according to
the Harvard system (“name — year”), e.g. (Badun, 1965). In addition,
the bibliography shall be listed at the end of the text in alphabetical
order of the author’s names, together with the title and full quotation
of the bibliographical reference. The list of references shall be
selective, and each reference shall have its DOI number (http://www.
doi.org) (check at http://www.crossref.org).:

Example of references

Journal articles: Author’s second name, initial(s) of the first name,
year: Title. Journal name, volume (ev. issue): pages (from - to). DOI
number.

Example:

Karki, T., 2001: Variation of wood density and shrinkage in European
aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Books:

Author’s second name, initial(s) of the first name, year: Title.
(ev. Publisher/editor): edition, (ev. volume). Place of publishing,
publisher (ev. pages from - to).

Examples:

Krpan, J. 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb:
Tehnicka knjiga.

Wilson, J.W.; Wellwood, R.W. 1965: Intra-increment chemical
properties of certain western Canadian coniferous species. U: W.

A. Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551-559.

Other publications (brochures, studies, etc.):

Miller, D. 1977: Beitrag zur Klassifizierung asiatischer
Baumarten. Mitteilung der Bundesforschungsanslalt fiir Forst- und
Holzwirtschaft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.

Websites:

**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (Accessed Jan. 27, 2010).

The paper will be sent to the author in pdf format before printing.
The paper should be carefully corrected and sent back to the Editor’s
Office with the list of corrections made. Each contributor will receive
1 copy of the journal.

Further information on the way of writing scientific papers can be
found on the following website:

&ww.ease.0rg.uk/gublications/author—guidelinej
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Osnovana je na temelju Zakona o Hrvatskoj
komori inZenjera Sumarstva i drvne tehnalogije. Zadaci Komore:

Komora je samostalna i neovisna strukovna
organizacija koja obavlja povjerene joj javne
ovlasti, €uva ugled, cast i prava svojih clanova,
skrbi da ovlasteni inZenjeri obavljaju svoje
poslove savjesno i u skladu sa zakonom, promice,
zastupali uskladuje njihove interese pred

i drugim tijelima u zemlji i inozemstvu.

‘7

promicanje razvoja struke i skrb o struénom
usavrsavanju ¢lanova,

poticanje dono3enja propisa kojima se utvrduju
javne ovlasti Komore,

»  reagiranje struke na pripremu propisa iz podrucja
Sumarstva, lovstva i drvne tehnplogiie,

suradnja s nadleznim institucijama i zastupanje
struke u odnosu prema njima,

\7%

‘7

Clanovi komore:

»  organizacija stru¢noga usavrsavanja,

»  zastupanje interesa svojih ¢lanova,

» izdavanje pecata i iskaznice ovlastenim
inZenjeri Sumarstva i drvne tehnologije koji inZenjerima,
obavljaju stru¢ne poslove iz podrucja Sumarstva, »  brigainadzor postivanja kodeksa strukovne etike,
lovstva i drvne tehnologije. >  osiguravanje ¢lanova Komore za tetu koja bi

| mogla nastati investitorima i trecim osobamaii sl.
Strucni poslovi:

.
. .
|

|
proiektii’anie, izrada, procjena, izvodenje i nadzor
radova iz podrudja uzgajanja, uredivanja,
iskoristavanja i otvaranja Suma, lovstva, zastite
Suma, hortikulture, rasadnicarske proizvodnje,
savjetovanija, ispitivanja kvalitete proizvoda,
sudskoga vjestacenija, izrade i revizije stru¢nih
studija ijplanova, kontrola projekata i stru¢ne
dokumentacije, izgradnja uredaja, izbor opreme,
objekata, procesa i sustava, stru¢no
osposobljavanje i licenciranje radova u Sumarstvu,
lovstvu | preradi drva.

Clanovima Komore izdaje se rjeSenje, pecat i
iskaznica ovladtenoga inZenjera.

Za uspjesno obavljanje zadataka te za postizanje
ciljeva ravnopravnoga i jednakovrijednoga
zastupanja struka udruZenih u Komoru, ¢lanovi
Komore organizirani su u razrede:

» Razred inZenjera Sumarstva
» Razred inZenjera drvne tehnologije

HRVATSKA KOMORA INZENJERA SUMARSTVA | DRVNE TEHNOLOGIJE
Prilaz Gjure Dezeli¢a 63
10000 ZAGREB

telefon:
++ 385 1376-5501 ¢
e-mail: ‘
info@hkisdt.hr

www.hkisdt.hr
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