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FOREWORD

Welcome to th&3 International Conference on Wood Science and Technél6QWST
2025, themed "Unleashing the Potential of Weddsed Materials.It is with great excitement
that we delve into a rich tradition that has evolved over the years, connecting experts,
researchers, and enthusiasts in the field of wood science and technology. Building upon the
success of previous conferences, ICWSTad682et to be a catalyst for innovative discussions,
collaborations, and breakthroughs in the everexpanding realm of wood science.

Our conference is honoured to be hosted by esteemed institutions such as the Faculty of
Forestry, University of Zagreb; Biotechnical Faculty, University of LjubljaRagulty of
Design and Technology of Furniture and Interior, ss. Cyril and Methodius Unive8tpje;

Faculty of Forest Industry, University of Forestr$ofia, and InnovaWood. This collaborative
effort reflects the commitment of diverse scientific communities to the advancement of wood
science and its applications.

In the spirit of tradition and progress, ICWST 80eks to create a multidisciplinary
platform where the exchange of ideas transcends borders. We anticipate the convergence of
scientists and researchers from a variety of backgrounds, fostering an environment conducive
to scientific novelty, industrial gghicability, and comprehensive syntheses of Higpact
subjects.

As we reflect on the achievements of the past, present, and future, ICWSIS 208ud
to unveil a program that encapsulates the essence of wood science. Distinguished speakers will
explore a wide range of topics. We are honoured to host renowned experts who will share their
insights, contributing to the rich tapestry of wood sceediscourse.

This year's conference aims to go beyond the realms of wood science and technology,
touching upon interconnected topics such as materials, technologies, design, and more. We
aspire to raise awareness about the vital role of wood as a natural resoueceia@tionomy,
advocating for its use as a green building material in the fight against climate change.

We look forward to a conference filled with intellectual exchange, collaboration, and the
exploration of the untapped potential within welsased materials. May ICWST Z0be a
stepping stone towards a future where the sustainable utilization of wood contributes to the
betterment of our world.

Editors
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Driftwood asa Material for Making Unique Furniture

Bego,Margaritd;Mar t i,8amdrd Uo b a g K, Uris'aGrei nl jliukg

! Department of Art and Restoration, University of Dubrovnik, Dubrovnik, Croatia
2 Department of Wood Technology, Mechanical Engineering Faculty, University of Sarajevo, Bosnia and
Herzegovina
*Corresponding author:margarita.bego@unidu.hr

ABSTRACT

This paper explores the potential of using driftwood, collected from the Dubrovnik area (Republic
of Croatia), as a sustainable material for furniture design. Building on previous research into its
mechanical properties: compressive strength paralleletgtain, bending strength, and modulus of
elasticity, this study highlights the reduced processing quality of driftwood due to prolonged exposure
to external influences. Within the framework of
uniquecoffee table was designed and produced at the Department of Art and Restoration, University of
Dubrovnik. Special attention was given to aesthetic qualities, particularly the characteristic color
changes of driftwood, which were enhanced through surfaaérent. The project demonstrates how
recycled wood can be carefully selected and applied in modular furniture design, contributing both to
sustainable practices and innovative artistic expression.

Key words: driftwood, sustainable materials, furniture design, modular furniture

1. INTRODUCTION

Driftwood, a wood shaped and naturally modified by the {wmwg action of the sea,
represents a valuable example of natural recyclingaiérials.

Exposed to the time and the influence of the sea, the wood undergoes physical and aesthetic
methamorphosis. Through processing and the combination of different fragments, a new object
emerges, one that simultaneously tells a story of decay and renewal.

The aim of this research was to explore the potential use of driftwood, collected along the
Dubrovnik coastline, in contemporary and sustainable furniture design. Using driftwood and
discared wooden pices, a table was created that merges natural inggtitfwe material with
a clear, contemporary form.

2. MATERIALS AND METHODS

The work process began with collecting driftwood along the seashore, followed by cutting,
joining, sanding and coloring of the elements according to the table sketch, that was conducted
at the Department of Art and Restoration, University of Dubravnik

Mechanical properties of collected driftwood samples were tested at the Department of
Wood Technology, University of Sarajevo, Mechanical Engineering Faculty, Bosnia and
Herzegovina. The compressive strength parallel to the grain, the bending strengtbdahd
of elasticity of driftwood were determined according to 1ISO 130612017), ISO 13063
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(2014), and 1SO 13064 (2017), respectively. The testing was performed on universal testing
machine Zwick 1282.

An assessment of the woodEs workability
prolonged exposure to environmental factors and the experimental design and production of the
cof fee table prototype were real ifCuiwaland t hi n
Creative Industries 2024. q

3. RESULTS AND DISCUSSION

A unique coffee table, an artistically designed piece, made from marine driftwood, was
created, demonstrating the entire process of making. The physical and mechanical properties of
the driftwood were tested beforehand, in order to confirm its suitafwlityse in sustainable
furniture design.

Based on the macrostructure and microstructure analysis of the driftwooesectiss,
the wood type was identified as poplar wood (Populus spp.) The test samples for compressive
strength testing were divided into clear wood specimens and specimensdofvittoadefects.

The results of compressive strength of driftwood samples are given in Table 1. The results
showed that the compressive strength parallel to the grain of clear wood specimen$s 39.1
higher than the same strength of wood with defects. diitaeined experimental results of
compressive strength parallel to the grain of clear wood specimens agree with the literature data
of 38 MPa for poplar wood (Forest Products Laboratd@g1)

Table 1. Compressive strength of clear wood specimens and specimens with wood defects (Laboratory conditions:
T=20AC, R#W)=65

Compressive Clear wood specimeng Specimens of poplar with
stren F:h MPa of poplar (W=13.41 wood defects
gmn, %) (W=13.77%)
Mean 41.86 30.08
Stan. dev. 1.70 8.64
Range 451 20.95

The test samples for the bending strength and the modulus of elasticity testing were not
divided into clear wood and defective wood specimens. The results of the bending strength and
the modulus of elasticity of the driftwood samples are given in Table 2. The test results showed
that the mean value of bending strength is 45.10 MPa, andivés than the literature value
of bending strength of 70 MPa (Forest Products Labora2681). The mean value of modulus
of elasticity is 6.07 GPa, and it is lower than the literature value of 10.90 GPa (Forest Products
Laboratory 2021), but the maximalalue of modulus of elasticity of 10.47 GPa agree with the
literature data of modulus of elasticity for poplar wood.

Figure 1. shows the curves of fordsplacement diagrams of the bending strength of the
tested driftwood specimens. The high standard deviation and the range of the bending strength
and modulus of elasticity indicate the significant effect of wood defectshe analysed
mechanical properties of driftwood (Begial., 2023).
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Table 2. Bending strength and modulus

elasticity of the driftwood samples (Laborat
conditions: T=20A C, R#W)=65
= 5 e\g%%dns a Bending E modulus,
g P strength, MPa GPa
& poplar
Mean 45.10 6.07
Stan. dev. 18.53 2.50
Range 57.73 8.22

Figure 1. Testing of bendirgjrength: forcedisplacement
curves

Based on the analysis of mechanical properties of driftwood samples it can be concluded
that properties of driftwood vary and are dependent on wood defects, as a result of exposure to
external influences.

Figure 2. Driftwood from the sea (left), joining dfiftwood elements (right)

The results show that clear poplar driftwood can be used for wooden constructions of
wooden furniture. Therefore, with a careful selection of wood, it is possible to clgatts of
functional quality. Figure 2. shows selected driftwood material collected from the seashore that
can be used for furniture making. Figure 3. shows the assembly of driftwood elements in the
process of creating a unique coffee table.
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Figure 3. Driftwood elements that can be modeled differently and change shape

The surface treatment further emphasized the natural variations in a color and texture of
the wood. Through the combination of recycled materials and contemporary design, a modular
and aesthetically valuable piece of furniture was created (Figure 4).

Figure 4. Caffee table after painting (left), and as an exibition artifact (right)

4. CONCLUSIONS

The paper demonstrates how driftwood can be successfully utilized in furniture design.
Mechanical properties testing showed strong effect of wood defects on mechanical properties
of driftwood. Therefore, in order to be used in furniture design, collectéd@bd material
firstly needs to be scanned and sorted, based on the quality, before deciding which pieces can
be used for furniture design. Only highlue driftwood pieces can be used for furniture making.

7
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By using driftwood waste in coffee table design,-&tendly product was created, which
promotes sustainable practices, while simultaneously fostering artistic expression within the
context of contemporary culture and ecology.

5. REFERENCES:

Bego, M.: Lobag Kukavilil, 1 .; ,n®BrBadicPoysidalland S. ;
Mechanical Properties of Driftwood Used for Art Installatiois. Proceeding of the 32nd
International Conference on Wood Science and Technology (ICV¥8d)eb: Faculty of Forestry
and Wood Technologyp.27-34.

*** Forest Products Laborator2021: Wood handbook wood as an engineering material. General
Technical Report FRIGTR-282. Madison, WI: U.S. Department of Agriculture, Forest Service,
Forest Products Laboratony.543.

*»**¥SO 1306117, 2017: Physical and mechanical properties of woddst methods for small clear
wood specimens. Part 17: Determination of ultimate stress in compression parallel to grain.

***|SO 130613, 2014: Physical and mechanical properties of wed@st methods for small clear
wood specimens. Part 2: Determination of ultimate strength in static bending.

***¥SO 130614, 2017: Physical and mechanical properties of wed@st methods for small clear
wood specimens. Part 2: Determination of modulus elasticity in static bending.
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Conservation and Restoration of t he

Begq Margaritd; L a v d@Pera

! Department of Art and Restoration, University of Dubrovnik, Dubrovnik, Croatia

2Gkola drvne tehnologije i gumarstva, Zag!

*Corresponding authomargarita.bego@unidu.hr

ABSTRACT

This paper presents the conservation and restc

from around 1870, crafted by an unknown master and preserved in a private collection. Structural
instability was detected during the condition assessmentiriregthe dismantling of critical parts.
Surface cleaning was followed by the reconstruction of missing wooden elements using the same wood
species, identified by comparison with a veneer atlas. Damaged veneer was replaced with matching
material, while thdinal surface treatment consisted of shellac polish, restoring both protective and
aesthetic values. The intervention successfully halted deterioration and ensured the valorization of the
object for future publ i c prcdos.elnmgcase stuyillusiratds the n t
importance of conservation in safeguarding cultural heritage and emphasizes the role of responsible
material use in line with circular economy principles.

Key words: conservati on, restoration, furniture, Au

1. INTRODUCTION

The preservation of cultural heritage ensures the promotion and contribution to sustainable
devel opment t hrough heritage as a compone
Sustainable management of cultural heritage implies a balance between #reaties of
authenticity and adaptation to the contemporary needs of society, whereby cultural objects are
not treated merely as material remnants of the past but as active bearers of cultural identity and
collective memory (Lowenthal, 1998).For this reasaonservatiomestoration practice
occupies a key position in ensuring the continuity of cultural value through physical
stabilization, aesthetic renewal, |leteym protection, documentation and interpretation of
objects within their original context.

The conservatiomestoration process is viewed as a scientifically based procedure that
integrates historical research, technological matanalysis, and practical skills of treatment
and reconstruction (Halbertsma, 1999). According to Matero (2000), the contemporary
conservatori restorer operates at the intersection of science, art and ethics, where every
intervention decision must be prosesnally justified, documented and aligned with
international principles.

The importance of adhering to the principles of minimal intervention, reversibility and
distinguishability of new additiorisas defined by international documents such as the Venice
Charter (ICOMOS, 1964. And E.C.C.O. Code of Ethics (2008)rms the fomdation of
modern restoration practice. Such an approach enables the preservation not only of the physical
integrity of the object but also of its intangible valliesultural identity, historical continuity
and symbolic meaning (Clavir, 2008).

h e

g

n:
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In this context, conservatidnrestoration interventions are not viewed solely as technical
processes of material renewal but also as a contribution to the preservation of cultural memory
and the interpretation of historical layers that testify to theakoaesthetic and personal
dimensions of the past.

The subject of this paper is the conservatiaestoration of the writing desk of August
Genoa, one of the most prominent Croatian wr
The desk made around 1870 by an unknown craftsman, is part of private family collection

and represents a valuable example of historicist furniture from that period. Is restoration
preserves not only a material object but also a symbol of the culturadeenf Croatian
literaturera t esti mony to the time and environment

2. MATERIALS AND METHODS

The restoration of August GenoaEs writing
combining arti historical research, material analysis, application of conservation technologies
and an understanding of aesthetic and ethical principles of the prafeBseprocedures were
based on the principles of minimal intervention, reversibility and distinguishability of new
additions (E.C.C.O., 2003; ICOMOS, 1964), with continuous documentation of all work
phases. The entire process included research, damagestias, material testing, selection of
appropriate cleaning and consolidation methods, and final protection and presentation of the
object.

The result of the intervention was not only the physical preservation of the object but also
its wvalorization and preparation for futur.
collection. This fulfils one of the fundamental goals of conservation Wadkensure lasting
accessibility and understanding of cultural heritage for future generations.

2.1. Object data and location

The Genoa House in Zagreb, Mallinova 27, pr
which has been designed a cultural property by the Ministry of Republic of Croatia under
number Z4742. The building itself is also a protected cultural, listed underber 2730.

August GenoaEs writing desk walsglamavdleut ar oun
veneer and spruce wooli¢eg as the substrate for veneering with a leather central section on
the tabletop. The desk belongs to the historicist style of furniture typical of the second half of
thel9th Century and reflects the cultural status and aesthetic preferences of the Holaggoi
of the time. Understanding the cultural and historical context of the desk is essential for
planning interventions and selecting apprate restoration methods.

10
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Figurel. Front view of the desk initsinitalondi t i on, photo by P. Lavara

a) b)
Figure 2a, 2b.. Cracks and damage to wW83alnut veneer

11
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Figure 3. Carved decoration , 22f ore restoratio

2.2. Damage assessment and restoration plan

Detailed documentation of the deskEs dama
conservation proceduregnsuring that the intervention remained targeted and minimally
invasive.

Graphicl.Marked areas indicate probe sites: chemical damage caused by corrosion products (green);
mechanical damage and | oosened joins (reg@.. Front s

12
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2.3. Layer probing

Before restoration, layer probing was carried put to determine the structure and
composition of the wooden, veneered and finishing layers of the desk and to select the most
effective and safest cleaning and consolidation methods. Tests were performedptes sa
| abel | eiddZWGBSGS1 each used for specific anal yse

- macroscopic wood species identificatidhz GS1, UZGS?2

- surface dirt cleaningtestd) Z GS2, UZGS5

- solubility tests of the painted layeld Z GS1, UZGS3

- FTIR analysis of the finishing lay&rU Z G S 4

2.3.1. Macroscopic identification of wood species

Wood identification enables the selection of compatible materials for consolidation and
retouching, ensuring the lostgrm stability and preservationoftdlee s Kk Es or i gi nal a

Figure 5. Comparison of desk support wood (silvePitea), sourcehttps://www.mmm
vukelic.hr/drvol/jela/smreka/

13
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2.3.2. Cleaning of wood, leather and metal fittings

Prior to cleaning, solubility tests were performed to determine the safest and most effective
cleaning method for the wooden surifdstileel ( Begyv
water, ethanol and acetoneshowed that a citric acid solution wa®st suitable for removing
dirt from selected surface areas.

Preparation of solution:

100 ml distilled water

0.5 g citric acid

few drops oftriethanolamine (TEA)

The initial wateri citric acid mixture had a pH of.2, TEA was gradually add under
constant stirring until pH stabilized ab6 optimal for safe wood cleaning.

For cleaning the leather surface, the product Erdal (leather milk with beeswax)was used,
applied carefully with a sponge in thin layers to preserve the natural texture and color of the
leather.

Metal parts, including keyhole escutcheons, were cleaned withé&6anol to remove old
shell ac coating and surface dirt, while pre
historical and aesthetic value.

Figure 6. Presence of shellac, dirt and patiiad; keyhole escutcheons aftercleanih p hot o by P. L a\
2021

2.3.3. Solubility tests and trial cleaning of shellac layer

The goal of the solubility tests and trial cleaning was to selecta method that removes dirt
without damaging the original layers and patina, in accordance with the principles of minimal
intervention and reversibility.

14
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Tests werg@erformed with acetone and 96ethanol. Results showed that ethanol provided
the most effective and safest cleaning of the shellac surface.

During the actual cleaning a thickened ethanol gel was-eslednol with 5% Klucel G
which allowed precise control of solvent application and minimized the risk of damaging the
finish (Unger, 2001).

TN U B

Figure 7. Comparison of unclean2®@dd and cl ean sut

Figure 8. Carved section Re2lore cleaning, ph

15
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~ R S5l

Figure 9. Carved section 2021t er <cl eaning, phc

3. RESULTS

Instrumental analysis was subsequently carried out to confirm previous findings,
specifically the presence of shellac in samp
within the shellac layer: Van Dyke Browina bitumen-Based pigment (carbon)with added
bl ack iron oxide) Fej O4, magnetite).

FTIR spectra of the finishing layer were analyzed at the Department of Conservation and
Restoration of Works of Art, Academy of Fine Arts, Zamenhofova 14, Zagreb.

16
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4000 3500 3000 2500 2000 1500 1000 500450
Name Description
uzss4 Sample 010 By Domagoj Date Friday. October 06 2023
10D002170X 10000217 Van Dyke brown, Winsor & Newton, Forbes 15, SCC, tran
INROO101DX  INROO101 Shellac, gamet, AF Suter, #4859, PMA, tran
Sample ID Sampling location Sampling image Results
UzZGS4 Tabletop, front right i -Presence of shellac
center -Bitumenbased
pigmet(carbohwith added
black iron
oxideFe304(magnetite)
Figure 1Q FTIRanalysis results
The image document the sampleEs condition

preservation of the finishing layer and identified materials. The results confirm that both shellac

and original pigment were preserved and that the applied cleaning ssulidation methods

did not negatively affect the finish. These finding provide a foundation for interpretation and
further valorization of the object within th

on after restorati

Figurell. Detail of carved secti
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Figure 12. Restored writing plhsetko oy AR.gulsdv &Gream 00 A B 7

4. CONCLUSION

The Genoa House in Zagreb, Mal |l i nova 27p
designated a cultural property by tMinistry of Culture of the Republic of Croatia and
registered under number Z.4742. The building itself is also a protected cultural monument Z
730.

This paper presentedthe-ari st ori cal context of August Ge
overview of the conservatianrestoration process. All investigative procedures, instrumental
analyses and interpreted results were explained, forming the badififung the restoration
concept. The materials used and technical decisions were documented, adhering to the
principles od minimal intervention, reversibility and distinguishability of the new additions.

The conservationr e st or ati on work ensured the prese
aesthetic value, applying reversible materials and traditional techniques consistent with
professional standards. The intervention provided-ltergn protection, preseed the original
appearance and completeness of the object and enable its valorization for future generations
and potenti al public display within the Geno
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ABSTRACT

This study investigates three structural configurations of MBC panels made from beech and spruce
wood shavings colonized by Ganoderma sessile: (A1) a monolithic panel; (A2) a sandwich formed by
fusing two preforms; and (A3) a sandwich incorporating thagerk of linen fabric (fadeord face).

All samples were stabilized via wet pressiing (18
103 AC for 2 h). Evaluated properties included
swel | i nl). Plegsindhim@alved material cohesion and surface smoothness. The sandwich

architecture and linen reinforcement further enhanced planar integrity, cohesion, and handling during
growth and posprocessing. Despite these improvements, mechanical propertiasé below those of
particleboards of comparable thickness, and MBCs exhibit higher water uptake and swelling.
Nevertheless, the panels retain their shape afidmnyiag with minimal deformation. The textile surface

also enables new aesthetic treattagyeing, coatings) without direct contact with the fungal skin.
Based on these findings, a design proposal was developed for elements to be used in small furniture
(e.g., stools, partitions, flowerpots, bins), where biodegradability is a functionaitageaather than a
limitation. After seasonal use, they can naturally decompose into substrate.

Key words: myceliumbased compositedesign density water absorptiojoutdoor furniture

1. INTRODUCTION

The increasing demand for comfort, rapid product turnover, anecésiv solutions is
reshaping furniture design and the broader category ofkfesgian consumer goods. Notable
examples include <childrenods #&ndexhibitbrusetaps. s eas
These products often result in waste streams composed of plastics and agglomerated materials
that are difficult to recycle. Myceliurhased composites (MBCs) offer a promising route for
upcycling lignocellulosic and textile residues ifidly biodegradable alternatives to synthetic
composites.However, their wider use is hampered by limited mechanical performance,
moisture sensitivity, and low aesthetic appeal of fungal bark, which is typically brittle,
inconsistent, and difficult to process (Isl@nal, 2018, Bonenberget al, 2023. In MBCs,
conventional binders are replaced by a thimeensional network of fungal hyphae that
mechanically interconnect substrate particles and form a compact surface layer known as the
Afungal stkal, 8020).Re@ewmpapers consistently emphasize the environmental

20



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

benefits and broad application potential of MBCs, ranging from packaging materials€tlones
al., 2020) and acoustic panels (Appetisl, 2019) to architectural installations (Elsackeal.,
2021). Recent studies have explored MBCs as biomimetic leather alternatives (Lewandowska
et al, 2024) and investigated hybridization strategies to improve mechanical strength and
aesthetic qualities (Yangt al, 2®1). Methodological inconsistencies across publications
complicate data comparison and hinder prattmplementation (Attiagt al, 2020).Post
growth interventions can significantly modify MBC properties. Presgsipgth cold and hét
is currently the most effective stabilization method, enhancing strength and stiffness, though it
may reduce insulation performance and cause steam cracks amirggian under wet
conditions (Nussbaumeet al, 2023; Alanemeet al, 2023). Hybridization, involving
reinforcement layers such as veneers, fibers, meshes, or nanocellulose, improves shear transfer,
edge durabilig, and dimensional stability. Mechanical improvements have been demonstrated
with grid and sandwich reinforcements using wood veneer combined with compression
(Ozdemiret al, 2022). Fungal species selection is critical. For pgps MBCs, wood
decaying fungi with trimitic hyphal systems are preferred due to their rigid, spatially connected
networks (Yanget al, 2021). In addition to the widely studied Ganoderma lucidum, Ganoderma
sessile has shown high yield, contamination resistance, and rapid g&tathe(s, 2006),
confirmed by cultivation. lts reputation as
user acceptance (Senhal, 2019). One persistent issue is the brittleness of the fungal skin after
drying. Literature recommends combining hot pressing with plasticization and biocdatings
e.g., 2040 % glycerol to stabilize the chitiglucan matrix, increase flexibility, and reduce
fracture brittleness; or soy wax coatings reheated in the press to form compaetepeitent
layers (Haneeét al, 2017) Beyond physical properties, user accepténespecially aesthetic
perceptiod is vital. The natural fungal surface is often associated with mold. Studies with
architects and users show that homogeneous textures and readable surfaces improve acceptance
for interior use Yanddook et al, 2021; Karanaet al, 2018). Against this backdrop, our study
systematically compares three panel architectures made from spruce and beech shavings
colonized by G. sessile under standardized cultivation and stabiizainditions:

S,B 1-3: monolithic panel§0 mm thick, without fabric

S,B 46: in-growth sandwicht(vo 40 mm boards to a total board thickness of 8 mm

S,B 7-9: sandwich with three layers of linen fabrsufacé coré surface, 80 mm thigk
All variantswerewep r essed (84180 AC, O 8ilMPa,AC0 min)

This study aims to verify

- the possibility of increasing the fiber density in the core layer of MBC boards by
laminating the boards during growth.

- usability in desigrased on the resulting properties, to design furniture elements intended
for outdoor or temporary furniture, where biodegradability is considered a functional
advantage.
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2. MATERIALS AND METHODS
2.1. Raw materials, inoculation, and cultivation

The substratewas preparedfrom wood chips of two commonly usedwood speciesi
Norway spruce (Picea abies (L.) H. Karst.) and Europeanbeech(Fagus sylvatical.) i
originatingfrom the carpentryworkshopof theuniversity(CzechUniversity of Life Sciences),
with aninitial moisturecontentof 9i 11 %. The substratenvas hydratedto a targetmoisture
contentof approximately59 % using boiled water ( & 9A0C and packedinto autoclavable
Microsacfilter bagswith HEPA filters (SACQ,). Thenpastarizedin anaubclaveat 122A C
for 3 hours.AutoclaveSanyomodelMLS-3750SV. After wasexposedo UV radiationfor 24
hours to reduce microbial contamination.Linen fabric (100 %, plain weave wastg was
pasteurizedisingthe sameprocedureThe processs shownin Figurel.

Figure 1. Procesof preparingsubstratea) woodchipsb) hydratationc) substratesn SACQ, after
autoclavingin flowbox

2.1.1. Type andsource of mycelium

For the production of composite panels, myceliunGahoderma sessilollection
FGP C&rhinno. 122) was used. Grdiased spawn served as the inoculum. Wheat grains
supplemented with gypsum were hydrated to a moisture contéhtdf ) B, skerilized, and
inoculated with fungal cultures. The inoculum was incubated for 12 days in glass flasks at a

constant temperature of 24 AC.

2.1.2. Inoculation procedure cultivation conditions

Under sterile conditions in a laminar box, the substrates were inoculated and resealed in
bags with HEPA filters, then mixed by hand. The inoculation rate w& (Wet weight/wet
weight). The inocul ated s ub %traelaave lusiditw@H)e i nc u
After 14 days, the substrates were completely colonized by the fungus. They were manually
crushed and packed into standardized moldsi@nd 3m&"0 80 mm) made of f
lined with disinfected plastic film. The molds were placedpecially made growth boxes of
TBA plastic crates (600mI  4nd 185 mm) with modified | ids.
were fitted with heasealed HEPA filters to ensure sterile gas exchange during mycelium
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growth. Before molding, the substrate moisture content was measured again and, if necessary,
adjusted with distilled water %).0 ensure unif

2.2. Desksarchitecture and in-growth fusion

In the molds, the boards were marked according to the planned composition (architecture)
S (spruce} 1-3 thickness 80 mm -8 a,b thickness 40 mm and B (beectd thickness 80 mm,
4-9 a,b thickness 40 mm. The composites were cultivated in the moldsi&ys6 After this
period, the samples were removed and the plastic film was removed. Our previous experiments
showed that completely sealing the films poses a risk due to limited air exchangkatésie
3 (S,B)wereonly turned samples 4% (S,B)joinedtogether always platesteb. Plates @ were
joineda+bwith a layer of fabric. The modified samples continued to grow in boxes with HEPA
filters under the same conditions for another 5 days, after which the temperature was reduced
to 15 AC t o gshawedirBiguw@) gr owt h

a) b)

Figure 2. a) substrat in molds in TBA plastic box with hepafilers on the sides, b) plates colonize
mycelium

2.3. Pressing anddrying process

All sampleswere found to be suitablefor pressing.The averagesampleweight was
approximatelyl 300g with amoisturecontentof 59 %. Thetargetthicknessof thefinal pressed
panelsvascalculatedo be0.98mm. Eachsamplevasweighedandmeasure@nbakingpaper.
Cold pre-pressingvasperformedusinga manualpresso athicknessof 20 mmfor 20 seconds
(Figure 3). During this step,a minimal amountof waterwasremoved After releaserom the
pressall samplegeturnedo athicknessof approximately40 mm.

Figure 3. Prepare samplea) fully colonizated sample b) in cold pressing mold c) cold pressing
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Figure 4. Samples pressingHydraulic pressing machine BS8J100 in TUZVQb) pressing c) final plates

The samples were then subjected to final pressing for 20 minutes. Each sample was placed

bet ween two stainless steel pl ates and pres

Hydraulic pressing machine B&83100 in TUZVO, Zvolen, SK (Figure 4The pressure used
reached up to 8 MPa, and pressing wds2Tfoll
hours All proceduresand evaluation methods were conducted in accordance with the standards

2.4. Density measurementwater absorption, and swelling

For measurement purposes, 12 samples measuringn0 30 mm were cut from each
B1-9 and S19 plate, which were marked and supplemented with a number after a slash
indicating the position on the given plate. The S7a9 plates were excluded from the
measurement. The samples were measured using a Mahr 40 ewrdiligtal micrometer and
weighed on a G&G1200 digital scale. The density was calculated for each sample. To determine
water absorption, the samples were dried, weighed, and immersed in water. Afteér22
hours, they were measured and weighed. They were then dried again.

b) c)

Figure 5. Final samples) samples b) detail foto of samples c) samples after 24 hours of soaking

2.5. Designfurniture prototypes

Based on the identified properties, a concept of designs usable as temporary or outdoor
elements was proposed. Variable flowerpots, stools, taéeslividing elements. The design
worked with the possibility of natural fusionBCs or binding of attached textiles. SketchUp
2022 was used for the design.
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3. RESULTS AND DISCUSSION

For a clearer presentatioasultswere divided into several chapters
3.1. Mycelial growth and colonization

The mycelium growth process was a key phase for further processing and design. After 6
days of growth, the MBCs achieved sufficient structural integrity to be shaped or bent without
breaking. A continuous layer of mycelium formed on the surface, ensherghesion of the
material and allowing individual parts to be joined together thrd¥iggion by growtli. This
property is essential for creating larger units without the need for adhesives or fasteners.
Differences in the degree of colonization were estpsd between species. Beech (Fagus
sylvatica) substrates showed a denser mycelial network than spruce (Picea abies). This
difference can be attributed to the different chemical composition of the wood, in particular the
content of extractive substancesieh can influence the growth conditions of the mycelium.

3.2. Platesshaping and structure

During growth, panels-8a,b were joined together. After assembly, the mycelium layer
bonded the boards into a single unit. This phenomenon allows two or more parts to be joined
without the use of adhesives and increases the integrity of the board riglttoaé. The result
was a highedensity material that shows potential for midlyer bonding into a thick board
and product shaping during the growth phase. Samp®a,@ were joined using mycelium
with a textile layer. This phenomenon will allow tiuer shaping into endless boards or folded
structures without the use of metal or chemically bonded joints.

3.3. Stabilization, compression, density, and absorbency

After cold pressing, the board sprang back by 40 mm. Wet pressing led to significant water
and steam leakage. After pressing, the boards were smooth and firm, the surface of the
mycelium skin on the boards with a layer of fabric smoothed out and the sigore$ mold
disappeared. During pressing, some boards cracked inside due to steam pressure. The entire
process was carried out in accordance with technical standards, which ensures the repeatability
and comparability of resulttn figure 7 are showed thresults of density.

Density (kg/m?) by SpeciesxArchitecture
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Figure 6. Samples density
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B-Al, SAl samples without layering,-B2, S/A2 - connection in the growth phase; B
A3 - connection with fabric. &3 were excluded from the measurement due tmsurficient
number without cracks. The figure clearly shows that the density of the samples increased due
to the bonding of the layers (except samples3h

Thickness Swelling 2h (%) Thickness Swelling 24h (
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a) b)

Figure 7. Ticknesswellingof samples after a) 2 hours, b) 24 hours

Figure 7shows changes in size due to swelling, and Figure 8 shows water absorption. The
measurements show that the greatest increase in swelling occurred at the beginning. This is
because the mycelium itself can absorb water, and also because it grows throwgbdhe
chips, opening up pathways for water. After 24 hours, the increase was no longer as noticeable.
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a) b)
Figure 8. Water absorpcion a) after 2 hours, b) after 24 hours

3.4. Design

Based on findings, the first design prototypes were developed, demonstrating the potential
of this material in the field of sustainable design. Mycelium enabled the connection of
individual parts without the use of adhesives, which contributes to thdleaakgical value
of the product. In some variants, linen fabric was integrated into the panels, allowing for
connection/sewing after the pressing process. The fabric also contributed to the visual appeal
of the products by reducing the moldy appeararfitiee mycelium bark. The resulting products
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(Figure 9) are suitable for temporary or outdoor use, such as flower pots in parks and
greenhouses, where biological decomposition is automatically expected. Elements using the
natural growth method. Dividing elements and tables with the possibility ofirgasmall
seedlings. The roots will gradually absorb the MBC and the design will decompose naturally.

°C.

a) b)

Figure 9. Final productsa) Design of a "mycglayground"b) "Sewn Stool" DesignStooldesign using the
method of sewing together pieces of grown fabric

4. CONCLUSIONS

The experimental results confirmed that mycelial composites represent a promising
material for sustainable design due to their natural biodegradability and the possibility of
forming joints. The main advantage is degradability and disposal of textilepantey waste.

The disadvantages are insufficient mechanical properties and high water absorption.

Acknowledgements We would like to thank you for the materials, equipmehthe
laboratory and pressingnachines td~aculty of Agrobiology, Food and Natural Resources,
Czech University of Life SciencemdFaculty of Wood Sciences and Technology, Technical
University in Zvolen

5. REFERENCES

Alaneme, K. K.; Anaele, J. U.; Oke, T. M.; Kareem, S.; Adediran, M.; Ajibuwa, O. A.; Anabaranze, Y.
0., 2023: Mycelium based composites: A review of their Badrication procedures, material
properties and potential for green building and construction applicaitmsandria Engineering
Journa) 83 234-250.https://doi.orgl0.1016/j.aej.2023.10.012

Appels, FV. W.; Camere, S.; Montalti, M.; Karana, E.; JansenMKB.; Dijksterhuis, J.; Krijgsheld,

P.; WPsten, HA. B., 2019:Fabrication factors influencing mechanical, moistared waterelated
properties of myceliunbased composites. Materials & Design 161 64-71.
https://doi.orgl0.1016/j.matdes.2018.11.027

Attias, N.; Danai, O.; Abitbol, T.; Tarazi, E.; Ezov, N.; Pereman, |.; Grobmah, 020:Mycelium
b i composites in industrial design and architecture: Comparative review and experimental
analysis. Journal of Cleaner Production 246 119037.
https://doi.orgl0.1016/].jclepro.2019.119037

27



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

Bonenber g, A. Sydor , M. ; Coft a, G. ;,202czekal
Mycelium Based Composite Ma t Matarigsl 46 21&t udy C
https://doi.orgl0.3390/mal6062164

Elsacker, E.; Vandelook, S.; Damsin, B.; Van Wylick, A.; Peeters, ELabe L, 2021: Mechanical
characteristics of bacterial cellulosginforced mycelium composite materidtsingal Biology and
Biotechnology 8: 18. https://doi.orgl 0 . 1 1 8 60250400162054 4

Haneef, M.; Ceseracciu, L.; Canale, C.; Bayes§ . ; H@uerecb,i JA.; Athanassiou, A.2017:

Advanced materials from fungal mycelium: fabrication and tuning of physical prop&«iestific
Reports 7: 41292.https://doi.orgl0.1038/srep41292

Islam, M.R.; Tudryn, G.; Bucinell, R.; Schadler, L.; Picu, &, 2018: Mechanical behavior of
myceliumbased particulate compositedournal of Materials Science53 1637116382.
https://doi.orgt 0. 1007/ s10853 018 2797 z

Jones, M.; Mautner, A.; Luenco, S.; Bismarck, A.; John2820:Engineered mycelium composite
construction materials from fungal biorefineries: A critical revidwaterials & Design 187
108397 https://doi.orgl0.1016/j.matdes.2019.108397

Lewandowska, A BonenbergA.; Sydor, M, 2024:My c e | BasednComposites: Surveying Their
Acceptance by Professional Architects. Biomimetics 9 (6): 333.
https://doi.orgl0.3390/biomimetics9060333

Nussbaumer, M.; Van Opdenbosch, D.; EngelhardtBkiesen, H.; Benz, J. P.; Karl, T., 2028aterial
characterization of pressed and unpressed wangdelium composites derived from tWoametes

species. Environmental Technology & Innovatipn 30 103063.
https://doi.org/10.1016/j.eti.2023.103063
¥zdemir, E. Saei di , Nolkk, N.; RehaSv; Bwlan, &.nAcosta, .|.;;HebRlpDsEs; i A .

Wurm, J.; Eversmann, F2022:Wood VeneerReinforced Mycelium Composites for Sustainable
Building ComponentBiomimetics 7 (2): 39. https://doi.orgl0.3390/biomimetics7020039

Stamets, R. 20068 Can mushrooms help save the worldExplore 2 152161.
https://doi.orgl0.1016/j.explore.2005.12.011

Sun, W.; Tajvidi, M.; Howell, C.; Hunt, G., 2020: Functionality of surface mycelium interfaces in
wood bonding. ACS  Applied Materials & Interfaces 12 5743157440.
https://doi.orgl0.1021/acsami.0c18165

Sun, W.; Tajvidi, M.; Hunt, CG.; Mcintyre, G.; Gardner, [J. 2019: Fully bio based hybrid
composites made of wood, fungal mycelium and cellulose nanofiBdisntific Reports9: 3766.
https://doi.orgl 0. 1038/ s41598 019 40442 8

Vandelook, S.; Elsacker, E.; Van Wylick, A.; Deet, L.; Peeters, E2021:Current state and future
prospects of pure mycelium materialszungal Biology and Biotechnology 8 20.
https://doi.orgl 0 . 1 1 8 60250400162984 1

Yang, L.; Park, D.; Qin, Z.2021: Material function of myceliunbased biccomposite: A review.
Frontiers in Materials8: 737377 https://doi.orgl0.3389/fmats.2021.737377

# | SN FO1995:De s kyevaieStahroven2 modul u prugnosti Vv o©0
Pr ahNMzZ. D

x| SN 0408 1988:Sk g ky v I a@o drevait MetdaaszienSovania nasi
navl hav osNMZ. Praha: b

*** | SN 02408 1993:Drevoi ZisSovani e hudNMD.t y . Pr aha: b

| SN 0228 1983:Sk “agky v I @w drevaisMetdaz as$dvania nap% avo
BNMZ.

28



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

Design of a Wooden Portable Office for Engineering Field Work

Domljan, Danijels;, Gr abi (Y, Tomi sl av

! Department of Furniture and Wood in Construction, Faculty of Forestry and Wood Technology, University of
Zagreb, Zagreb, Croatia
*Corresponding author: ddomljan@sumfak.unizg.hr

ABSTRACT

The topic of this paper is the design and construction of a portable office for field work by users
such as wood technologists, builders, architects, technicians, and others. This office would facilitate and
accelerate field work while also preventing pdi@ physical discomfort among engineers. The needs
of the target group were researched through an online survey in order to propose an innovative design
of a portable office that would help these professionals perform their tasks more easily andhgiotect
health. The paper outlines the concept development process, including research into the use of wood in
product design and construction.

Key words: body posture, design, engineering field work, musculoskeletal disorders, portable office,
wooden materials

1. INTRODUCTION

Field work has been practised since ancient times in certain engineering professions, such
as civil engineering, architecture, surveying, wood technology, carpentry, forestry, and others.
Employees often carry out field measurements, record observed arattehnistic details on
objectsor field samples, inspect or measure the current condition, collect data from new objects
or samples, complete forms, take photographs, make sketches, record dimensions, and perform
other tasks. Field work is not physicallpsy, both because of all the necessary tools and
measuring instruments required, and due to the physical conditions of the environment (rain,
sun, hazardous conditions on construction sites, etc.). Such working conditions are cften non
ergonomic, and suitde work equipment is often lacking.

The topic of this paper was prompted by the sudden earthquakes that struck the City of
Zagreb and Banovina in thRepublic of Croatia in 2020, during which civil engineers,
surveyors, wood technologists, architects, doctors, and emergency services worked intensively
in the affected areas. It was observed that a suitable modern solution for the storage and disposal
of various tools, measuring instruments, modern devices, and other essential equipment used in
safe field work had not yet been developeaxhe that would also meet ergonomic requirements
and ensure the availability of measuring instruments and other equipon@nprove work
efficiency.

There was a lack of a suitable portafiteobile officedto prevent difficulties such as back,
neck and shoulder pain, fatigue, and other symptoms associated with uncomfortable or incorrect
body posture during work (Grandjean, 1988; Scheer and Mital, 1997; Kroemer and Kroemer,
2017), as well as to increase eiincy in performing field work.
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1.1. Aim of the paper

In this paper, "field work" refers to tasks requiring employees to visit construction and
architectural sites tmeasure interior spaces within buildings, using specific equipment such as
laptops, pencils, measuring tagessimilar. The paper aims to use anlinequestionnaire to
investigate users' needs regarding work equipment during field work and to propose a portable
office design that will enable professionals to perform necessary tasks more easily and
efficiently, thereby protecting their health while wargiin the field.

This paper presents proposals for conceptual solutions for a portable office fardikld

2. WORKING CONDITIONS CHARACTERISTIC OF FIELD WORK

Fieldwork on buildings and interiors is most often carried out by architgesigners,
constructors, wood technologists, and related professions. Working in environments where
workers stand, lift loads, or perform tasks requiring bending, squatting, or kneeling increases
the likelihood of developing neck and back pain (Grandjean, 1988)ifiSag ergonomic
problems arise particularly in tasks where the arms and legs are used in extreme positions, and
back and musculoskeletal pain are reported more dratyuthan average (Tisset al, 2009;

Piznke and Lavesson, 2018).

In addition to bending, squatting, and kneeling, forward neck bending also occurs when
sketching or recording measurements if no surfaces are available on which to place a notebook
or tablet. Localised muscle fatigue in the neck may indicate more sertmamic
musculoskeletal disorders. According to Grandjean (1988), the neck angle should not exceed
30A and should not be maintained for extend
smartphones, to avoid the-salled "text neck" syndrome (Ferckobd., 2023).

To prevent cervical spine problems, it is necessary to provide a surface for placing a
notebook or tablet, with the recommendation that the equipment be positioned at eye level and
on a surface aetgl2022). at 45A (Tomita

3. METHODS AND MATERIALS
3.1. Research methods

For the research, online questionnaire methods were used. The results provided guidelines
for the design, where the Cyclic method of the creative process was applied. The online survey
was conducted in spring 2023 using the Google Forms application. Es#ioqunaire was
compiled to identify users' needs, which were then set as requirements for the final product.
The structure of the questions is shown in Table 1.
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Table 1. The structure of the Questionnaire

Section Topics Number of Questions

O] Surveydescription -
A Generalguestions 4
B Your work in thefield - theequipment/ou use 1
C Your body positionson thefield andpain 4
D Instructionsfor designingyour mobile office 10
E Additional comments

Sum 19

3.2. Therespondents

The respondents in the survey were selected based on their professions, specifically the
profession mostlosely related to the work performed in the field. When selecting respondents,
healthy individuals of both sexes, aged between 25 and 60 years, were included, and it was
important that they did not suffer from any chronic diseases.

As the research involved working with people, approval for the implementation of the
survey was obtained from the Ethics Committee of the Faculty of Forestry and Wood
Technology, number EPEER/23.

3.3. Software tools for designing solutions

The software tools Inventor, Woodwork for Inventor, and WoodWOP were used in creating
the conceptual solution and the final product. With Inventor and Woodwork for Inventor, it is
possible to fully design, construct the product, and prepare it for produgtiter designing,

CNC programmes are generated in the software tool for programming and managing the CNC
machining centre of the Homag group, called WoodWOP.

4. RESULTS AND DISCUSSION
4.1. Resultsof the questionnaire

The aim of the questionnaire was to gain insight into the need for a product such as a
portable office intended for fieldwork, its desired appearance, and the requirements of people
working in the field.

Answers to general questions (A):

A total of 51 people responded to the questionnaire. During processing, one questionnaire
was marked as invalid. Female respondents comprised %/df participants, while male
respondents accounted for 5240 The majority of respondents were in thé &b age group,
representing 45.2. The three most common professions among respondents were wood
technology (51%), design (15.P6), and architecture (11%). 60% of respondents held a
university degree.

Answergo the equipmentsedandfieldwork(B):
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Of the offeredequipmentandequipmenusedin fieldwork, respondentaotedthe greatest
useof the following equipment:paper/notebook/pa(b0.2 %); pencil/pen(86.3 %); mobile
phonefor taking picturesof the area(82.4 %); meter(72.5 %); handheld laser (66.7 %);
backpack62.7%); laptop(43.1%); tablet(23.5%); bag(21.6%); crosslaser(19.6%); square
(17.6%); safetyhelmet(13.7%); professionatamera(11.8%); gloves(5.9 %); string (2 %);
BIM cameraandaccessorief2 %). Accessoriesiot includedamongthe offered answersut
listed by respondentshemselvesncludea tabletwith a Windows programmeanda 3D BIM
scanneradigital protractor,a spirit level, andassemblytools.

Answergegardingbodypositionsin thefield andpain (C):
Accordingto the frequencyof body positionsduring fieldwork, standingwith headand

neckrotationis the mostfrequentlyusedbody positionduringwork (Table2).

Table 2. Most commonly used body positions during fieldwork (5 = most frequently, 0 = least frequently)

Body posture Mark
Standing 5
Headandneckrotation 5
Body rotationleft-right 4
3

3

Bending
Raisingarmsabovehead
Squattingor kneeling 2and3
Sitting
Lying

Regarding pain during work, 6% of respondents sometimes experience pain in their
bodies during fieldwork, while 3@ do notexperience it at all. Ten percent of respondents
always feel pain during fieldwork. Respondents state that the squatting position causes the most
problems and is the most difficult to tolerate.

Respondents' suggestions for designing a mobile office (D):

When asked whether they need a product such as a portable office to facilitate work in the
field, 31.4% of respondents confirmed that a portable office would speed up and facilitate
fieldwork, 56.9% answered that it would sometimes do so, while 11.8% remained neutral.
Additionally, 74.5% stated that they need to put away items such as a jacket, purse, or bottle
during fieldwork, 19.6% sometimes have this need, an&®&d® not have this need at all.

A portable writing surface is needed by 7250f respondents, while 9% sometimes
need one and 17% do not need one at all.

A total of 62.7% of respondents always need to put down their laptop or tablet while
working, 21.6% need to do so sometimes, and P&.do not need to put down their laptop or
tablet at all.

The respondents identified the following as the most necessary elements for fieldwork: a
surface for storing paper, notebook, and pen (writing) (89;4 surface for storing a tablet or
computer (computer work) (64%); a space for storing a pen or pencil (6%)] a space for
storing a meter or laser (84); a space for storing a backpack or purse¥f;la surface for
storing a mobile phone (47%); a space for batteriesor adapters for charging tablets, laptops,
or mobile phones (37 %); and a spac®r storing cables, wires, or strings (194.
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According to the respondents, a product that would make field work easier should be
carried on the back (29%), by pulling or pushing on the ground using wheels (2a),50r by
holding it on the shoulder (19%).

The materials that are most desirable for making a portable office according to the
respondents are: plastic (6&); fabric (46%); wood composites (4%); wood panels (280);
metal rods/tubes (2); solid wood (18%); twine (16%); glass (P6); and materials that were
supplemented by the respondents, carbon fiber and leather.

In terms of product construction, the ideal product should be foldable or dismantled (58.8
%), or a combination of foldable and ndismantled components (33%). Only 2% of
respondents stated that the product should beaidableand nordismantled, while 5.9 of
respondents do not know what their ideal field product should be.

At the end of the questionnaire, respondents had the opportunity to provide ideas,
suggestions, or ask further questions. Some interesting reflections are below:

Respondent A'For sketching or drawing on the move, a flat board worn under the chest
with shoulder straps and ergonomic support, so it does not press into the chest, would be useful.
The straps should be removable, and the board should fold in half to fit in adlatkpa

Respondent BPerhaps a good question would be: 'How do you travel to the field? By car,
train, or plane?' | always wondered where or how | would carry an 'extra suitcase' with me. |
usually travel by plane to the field, and in fact, | need a pad for working on top ldge most."

4.2. Project task

The project task was to design a product aimed at facilitating field trips, including visits to
construction sites and taking interior measurements. The product should incorporate several
functions, such as a writing surface, a compartment for carryinigragat, and storage for
additional items like a jacket or bottle. By combining different materials, it is necessary to create
a lightweight, foldable, and easily portable product that is fully dimensioned to suit the future
user. Ideally, the product shdube made from fabric, plastic, and wood composites, and
include elements such as a writing surface for computer work, as well as storage for a tape
measure, laser, and other essential equipment. In addition to measuring tools, there should be
space to ste other items such as a jacket, bottle, handbag, or backpack.

4.3. Product requirements

To develop conceptuablutions and design a quality product, it is necessary, in addition
to the guidelines obtained from respondents, to consider various requirements, limitations,
standards, and regulations for designing this type of product as listed in the studiedditeratu

Ultimately, the product requirements were defined as follows: the product must be
lightweight (using materials such as aluminium, lightweight wood, and recycled plastics
(Jambrekovil etal2,0020 1 Ska, 292 foldable; easily portable;
adjustable to the user's height (Panero and Zelnik, 1987); provide seating; include a writing
surface; offer storage for tablets and laptops; provide space for equipment, bottles, jackets,
handbags, etc.; be intended &rchitects and wood technolagisbe suitable for both male and
female users aged 18 to 65; and ensure harmony of dimensions and materials.
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4.4. Conceptualsolutions

The following sketches (Table 3) represent the phase of developing conceptual solutions
within the Cyclicmethod of thecreativeprocess.

Table 3. Proposed conceptual solutions for a mobile office.

No Functional Concept Drawing

Concept | is designed as a mobile cart for transporting measuring equipment and other
necessary items. The productludes storage for larger items (e.g. a box for a cross laser),
compartments for smaller items (such as a meter, laser, water bottle, etc.), a place to hang a
jacket and backpack, and a seat. The product is foldable to occupy less space during transport
and is moved by pushing it on wheels.

The Concept Il is a backpack with larger dimensions, designed to store measuring
equipment and other necessary items. Unlike the Concept I, this product is carried on the back
and does not have a fixed surface for writing or storing a notebook, tabégitap. Instead, it
features a panel with straps that rests under the user's chest. In this way, it serves as a "quiver"
for sketching spaces and recording measurements evaihe
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Concept 1l combines the first arsbcond concepts. It features a backpack with larger
dimensions to store measuring equipment and other necessary items. The product can be carried
on the back or pushed using wheels. It includes a removable surface for writing and storing a
notebook, tabletor laptop, which attaches to the backpack straps with buckles. This surface
can be detached as needed, transforming into a "quiver" that allows users to sketch and record
measurements on a hard surface while on the move.

4.5. Final conceptual proposal

The final optimised conceptual product proposal (Figure 1) for fieldwork has a folded size
of 452mmI 2@l 700 mm ( width T depth T height
movement within the facility.

The main components of the final portable office proposal are:

(a) a body section that serves as storage for necessary equipment and as a seat;

(b) two telescopic aluminium profiles attached to the body and connected transversely by
a wooden support; and

(c) a writing and computer work surface that enables sketching and recording
measurements on the go or when securely attached to the wooden support of the portable office.

Figure 1. Visualisation of the final concept for

5. CONCLUSION

Fieldwork is a common task for wood technologists and architects, where employees take
measurements, record observed and characteristic details on objects, take photographs, and note
dimensions, often "on the fly". Such work is challenging, both due tdraimsportation of
necessary equipment and the varying conditions at different sites. Fieldwork inevitably involves
body positions such as standing, bending, squatting, and kneeling. The parts of the body where
pain most frequently occurs during fieldwaie the spine, neck, and feet.

This paper proposes an innovative conceptual solution for a portable office called POFF
(Portable OFFice). The solution is based on the results of a survey that confirmed the need for
a product such as a portable office. The requirements for this proeliecprimarily determined
by the responses to the survey questionnaire, reflecting the respondents’ needs, and by
additional literature review.
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A product such as a portable office makes it easier to travel to and work in the field. Easier
transport and transfer of equipment, along with adjustable work surface height, reduce
uncomfortable and incorrect postures that contribute to pain in the spiie,and shoulders,
as well as fatigue. The option to sit also reduces pain in the legs and feet.

To confirm that this concept addresses the above problems, further research is required.

Acknowledgements:We thank the participants who voluntarily took part in the survey
and whose responses helped guide the design of the conceptual solution.
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ABSTRACT

Sleep quality is shaped by the interaction of multiple factors, with the mattress playing a particularly
important role in providing comfort and ergonomic support to the body. Its construction and materials
directly affect pressure distribution, spinalgalinent, and the subjective feeling of rest. This paper
discusses contemporary mattress design solutions and their relationship to ergonomics and health
outcomes, while also considering additional elements such as sleep routines and environmental
conditions(temperature, light, noise). By analyzisglectedscientific literature, the study presents
findings on how the combination of mattress ergonomic properties and adapted lifestyle habits can
contribute to healthier and highguality sleep. The results indicate that the mattress represents a
fundamental lik between furniture products and user vising, while routines and environmental
factors act as supporting elements. The conclusions emphasize the importance of an interdisciplinary
approach and higlght the need to develop objective methods for evaluating mattress comfort in the
context of product design, ergonomics, and sleep research.

Key words: comfort, environmental factors, ergonomics, mattress, sleep

1. INTRODUCTION

Sl eep is one of the bodyods essenti al physi
energy renewal and mental wéking. Key regulatory processes that support brain function,
immune activity and emotional stability occur during sleep, and singeleospend roughly
onethird of their lives sleeping, identifying factors that influence sleep quality is increasingly
important (Kushida, 2013). Modern lifestyle demands, stress and frequent technology use have
contributed to more common sleep disturbanparticularly among younger individuals, who
often experience delayed sleep onset, shallow sleep and morning fatigue (Grandner, 2019).
Sleep quality is shaped by pskeep habits, environmental conditions and the physical surface
on which a person rest$he mattress affects spinal alignment, pressure distribution and
comfort, and when poorly adapted, it may cause discomfort and disrupt sleep continuity
(Caggiariet al, 2021). Sleep should therefore be viewed holistically, as an outcome of
continuous ingraction between the individual, their environment and the products they use, and
this paper examines these interconnected factors to better understand how mattresses, everyday
habits and environmental conditions contribute to high quality sleep.

2. MAIN FACTORS FOR SLEEP QUALITY

Sleep does not depend on a single element but results from the interaction of several key
factors that shape both physical and psychological comfort during the night. Among these, the
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characteristics of the mattress, personal routines before sleep, and environmental conditions in
the bedroom stand out as the most influential. Each of these factors affects different aspects of
sleep, from maintaining proper spinal support, to regulagiagp onset and preserving sleep
continuity. As illustrated in Figure 1, sleep quality is determined by multiple interrelated
domains including physiological, behavioral, environmental, and heslited influences. The
following sections provide an oveew of how these elements contribute to sleep quality and
why their combined influence must be considered when seeking better and more restorative
sleep.

Figure 1. Multifactorial determinants of sleep quality (Adapted from Wei et al. Copyright 2022
Taylor & Francig

2.1.The role of mattress

Mattresses have evolved from simple natural surfaces used in ancient civilizations to highly
engineered systems designed to enhance comfort and support. Modern mattress development
focuses on ergonomics, material performance and personalization. Theygumaion of a
mattress is to maintain spinal alignment and distribute body weight evenly acrobséwan)
regions. When a mattress provides insufficient support, spinal deviation may occur, leading to
discomfort, pain and poor sleep continuity (Vera¢al, 2012; Fbnget al, 2023). Different
sleeping positions require different ergonomic demands; while side sleeping may reduce
pressureelated symptoms, it is not ideal for everyone, and prone sleeping often increases neck
and lowerback strain. Material characteristics ditg affect comfort and pressure relief.
Viscoelastic foam conforms to the body and reduces motion transfer, making it beneficial for
individuals with back pain or for partners sharing a bedng@tt al., 2023). Natural latex is
valued for elasticity, durability and ventilation, contributing to reduced pressure in the torso
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and hip area (Lowt al, 2017). Ergonomic performance is further improved by zoning varying
firmness along the mattress to support different anatomical areas. Zoned systems allow
shoulders and hips to sink slightly while stabilising the lumbar region, promoting a more neutral
spinal posture (Wongt al, 2019). Individual perception remains an important consideration,

but when mattress structure reduces pressure peaks and supports posture, sleep becomes less
fragmented and more restorative (Grandner, 2019)

2.1. Pre-sleep routines and sleep hygiene

Sleep related routines are an essential determinant of sleep quality. The way individuals
prepare for bedtime, together with their lifestyle habits, influences whether sleep will be
restorative or disrupted. Sleep consists of cyclical transitions thragig) dleep and REM
phases, each supporting physical and cognitive recovery. Disruptions in these cycles may
reduce both the restorative function of deep sleep and the emotional processing associated with
REM (Grandner, 2019). Psychological factors alsg plaignificant role. Stress, anxiety and
worry commonly prolong sleep onset and increase nighttime awakenings. This interaction is
bidirectional: insufficient sleep exacerbates psychological strain, while emotional tension
weakens sleep continuity (Grarain 2019). The effects are often more pronounced in
adolescents and young adults due to academic and social pressures.

Good sleep hygiene refers to behaviours that promote a stable nightly rhythm. Consistent
bedtimes, limiting caffeine and screen exposure before sleep and maintaining a calm mental
state help regulate the circadian system and ease the transition into deepdirishet al,

2015). Excessive evening screen use is particularly disruptive because blue light suppresses
melatonin production, delaying sleep onset and reducing total sleep duration. Physical activity
further contributes to sleep quality by lowey stress levels and promoting deeper sleep.
However, highintensity exercise shortly before bedtime may elevate alertness temporarily and
make falling asleep more difficult, whereas moderate exercise earlier in the evening does not
show such negative eitts (Kimet al, 2023). Maintaining a regular sleep schedule is especially
beneficial for students, who are prone to variable bedtimes and associated daytime fatigue.
Taken together, these findings highlight that-gle=p routines and psychological wedling

are closely associated with perceived sleep quality, especially in younger populations, which
supports the focus of the present study on bedtime behaviours and lifestyle patterns among
students.

2.3. Environmental conditions during sleep

Environmental factors strongly contribute to whether sleep will be continuous and
restorative. When the sleeping environment is suboptimal, nighttime awakenings become more
frequent, leading to reduced sleep quality (Verhatul, 2011; Grandner, 2019). Thermal
comfort is especially important, as the body needs to cool down before falling asleep. Excessive
heat disrupts REM sleep, while cold conditions prolong wakefulness (Grandner, 2019). The
microclimate of the bed itself maysa influence comfort, ace materials that retain too much
heat can increase sleep disturbances @iedt, 2022). Noise often causes brief arousals that
are not remembered but still fragment sleep and reduce morning alertness (Exelmans & Van
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den Bulck, 2016). Light exposure particularly from electronic devices delays melatonin release
and disrupts circadian rhythms, resulting in delayed sleep onset (Ehah@015).

3. SLEEP HABITS AND INFLUENCING FACTORS

This section presents the key findings related to sleep quality, focusing on the interaction
between mattress characteristics, sleep routines and environmental conditions. The results are
interpreted in the context of previously discussed theoretical ptsnaead relevant scientific
literature. Particular emphasis is placed on identifying practical and ergonomic factors that can
support healthier and more restorative sleep. Each analysed element is considered both
individually and as part of a comprehenssieep system, which includes the physical sleeping
surface, behavioural habits before bedtime and the surrounding sleep environment.

3.1. Influence ofmattressdesignon sleep comfort

Mattress design strongly affects spinal alignment, pressure distribution and sleep
continuity. Huet al (2025) found that mediwfirm mattresses provide adequate support for
the spine while reducing sleep onset latency and nighttime awakehiegseplacement of an
old mattress with a mediufirm model can significantly reduce perceived back pain over the
first weeks of use. Jacobsehal (2009) reported a rapid decrease in back pain ratings from
baseline to the first week, followed by stabilisatiorpain levels over the intervention period
These findings support the role of balanced support and adequate spinal alignment in reducing
sleeprelated discomfort and improving restorative sleep

Material behaviour is another essential component of comfort. ebval (2017)
demonstrated that elastic materials such as natural latex better distribute pressure across the
body, especially in the shoulder and hip areas. Their measurements showed significantly lower
peak pressures on latex than on standard polyurethamevidach reduces discomfort and the
likelihood of micrearousals during sleepurability plays a key role in lonterm satisfaction.
V| a oewval (024) reported that mattresses meiérely from PUR foam demonstrate good
durability and stable mechanical performance after an initial brep&riod. The changes that
occur over time are further illustrated in Figure 2, which shows the indentation load deflection
behaviour of PUR foanat the beginning of use compared to after 90,000 loading cycles.
Although the material still retains support, a visible flattening of the curve indicates gradual
softening and reduced resistance to deformation. This suggests thabriyaoonstructions
may experience a decline in firmness with prolonged usage.
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Figure 2. Indentation load deflection (ILD) characteristics of a polyurethane (PUR) foam and fmrkeg i
(TFK) mattress (Adapted from VIaovil et

In contrast, pockespring (TFK) systems generally maintain more stable firmness and
mechanical integrity throughout their lifespan. As shown in Figurdhe ILD curve for a
mattress with &pring core exhibits minimal deviation over repeated cycles, indicating better
long-term stability and greater resistance to structural fatigue. This confirms thatlspsed)
systems can provide lorigsting support compared to foamnly structures, padularly when
subject to repeated body loading during everyday use.

Mattresses that incorporate zoned firmness provide more localised pressure relief in areas
exposed to greater loading, while simultaneously ensuring increased stability in the lumbar
region.Caggiariet al (2021) highlight that such constructions are especially beneficial for side
sleepers or those experiencing chronic back pain, because they better preserve the natural
curvature of the spine. Although research provides clear performance indicators,tcomfor
remains partly subjective. Grandner (2019) notes that sleep experience depends on individual
preferences, body characteristics and sleeping posture. For that reason, a mattress must be
evaluated not only by its biomechanical resuitg also by personal perception and adaptation
through time. Verhaeréet al (2012) emphasize that support quality also depends on the
compatibility between the mattress and its bed base, meaning that the entire sleep system should
function as a biomechanical unit.

Overall, the evidence suggests that megiirm surfaces with pressurelieving materials
and durable support structures offer the most consistent benefits for sleep quality. However,
selecting a mattress shoul d alsyprefesredasleepo unt
position and total sleeping environment.

3.2. Influence ofsleep routines and behaviour on sleep quality

Sleep behaviour plays a crucial role in shaping both the structure and the restorative quality
of sleep. Grandner (2019) explains that sleep is organised into repeated cycles consisting of
light sleep, deep sleep and REM phases, each supporting spegsficlphical and cognitive
functions. When these cycles are interrupted, the benefits of sleep are reduced, even if the total
duration appears sufficient.Psychological factors are among the most frequent causes of sleep
disruption. Stress, anxiety and enooidl tension can prolong the process of falling asleep and
cause more frequent awakenings during the night, while insufficient sleep further intensifies
psychological strain, creating a negative feedback loop that affects daiigeirsdl (Grandner,
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2019). Sleep hygiene refers to behaviours and environmental adjustments that support
consistent and highuality sleep. Irisket al. (2015) highlight the importance of maintaining a
regular bedtime, limiting stimulant consumption in the evening and reducing screen use before
sleep, since blue light delays melatonin secretion. Individuals who frequently use digital
devices late at nightend to report lower sleep satisfaction and reduced deep sleep. Daily
routines also influence levels of daytime alertnéésnaziet al. (2023) compared individuals

with good and poor sleep hygiene and found significantly higher daytime sleepiness among
those with irregular routines and excessive evening screen exposure. These findings are
illustrated in Figure3, which shows the difference in subjective alertness between the two
groups.

10.04

1 T |

T T
Good hygiene practices Poor hygiene practices

Epworth sleepiness scale

Figure 3. Differences in daytime sleepiness between students with good and poor sleep hygiene
(Alanazi et al., 2023)

Taken together, these results confirm that behavioural factors represent one of the most
accessible targets for improving sleep quality. Even small changes, such as reducing evening
screen time or maintaining a consistent sleep schedule, can lead t@stioieand continuous
sleep.

3.3. Environmental conditions and sleep quality

Environmental factors create the physical context in which sleep occurs, influencing both
its continuity and restorative value. Verhasral (2011) underline that the environment must
align with an individual 6s comfort needs, as
Temperature shows a particularly strong effect: Okarituno and Mizuno (2012) found
that even moderate nighttimearming increases body temperature and leads to lighter, more
fragmented sleep a situation common in poorly vatgd rooms or during heat waves.
Humidity additionally shapes thermal comfort. Basgieal (2025) noted that higher humidity
reduces total sleep duration, even if sleep efficiency remains unchanged. Noise also acts as a
major disruptor, increasing wakefulness after sleep onset throughanatrsals that often go
unnoticedLighting conditions also contribute to sleep quality. Grandner (2019) points out that
evening exposure to artificial light, especially from electronic devices, delays melatonin release
and interferes with the natural circadian rhythm. As a result, sleep onset is delayed and REM
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sleep is reduced, often creating a cycle of late bedtimes and morning tirémessmental

factors affect sleep in different ways: temperature and humidity influence physical comfort,
noise disrupts continuity and light regulates the timing of sleep onset. Even small deviations in
these conditions can measurably alter sleep steiddnd nextay alertness. Since these
influences often appear together, future research should focus on settings that better reflect real
life sleeping environments.

4. DISCUSSION AND CONCLUSION

Sleep quality develops through the combined action of several important influences that
work together during the night. None of these factors can ensure good and restorative sleep on
their own. A comfortable and wetlesigned mattress will not be enougtlsléep habits are
irregular, just as a quiet and pleasant bedroom cannot completely make up for poor support or
discomfort caused by the mattress. Studies show that medium firm mattresses made from
materials that evenly distribute pressure, such as vastoeifoam and latex, help maintain
proper spinal alignment and reduce the points of highest pressure on the body. This supports
deeper and more restful sleep. Still, the feeling of comfort remains individual and depends on
body weight, body shape and metd sleep position. Daily routines strongly influence how
easily sleep begins and how restorative it becomes. When sleep and wake times are inconsistent,
when screens are used late at night or when stress is high, the body has more difficulty
transitionng into the deeper phases of sleep. Environmental conditions then play a role in
keeping sleep continuous. Even small changes in temperature, humidity or surrounding noise
can interrupt sleep and reduce its quality, especially outside laboratory condlitiens
everything is controlled. Because of these combined effects, sleep should be understood as a
process shaped by multiple factors that are closely connected. The mattress provides physical
support, daily habits guide the body into sleep and the emaat ensures that sleep is not
disturbed. Improving sleep comfort therefore often requires changes in more than just one of
these areas. The best results occur when ergonomic mattress features are matched with healthy
routines and a wekldjusted sleepingnvironment. Future research that connects material
design for mattresses with lifestyle habits and real conditions in bedrooms could lead to even
more personalised and effective solutions for better sleep anddongvell being.
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ABSTRACT

Wood is one of the most important materials and its quality is of central importance for based
industries. Choosing the right wood for specific purposes requires a thorough evaluation of its
technological, physical and aesthetic properties. Among the physical properties, wood density is
particularly important as it reflects the ratio of mass to mawat a given wood moisture content and
strongly influences the properties of wood. Various-deatructive and sermion-destructive methods
have been developed to assess wood quality, including the resistant drilling (resistographic) method.
With this mehod, we can quickly assess the density of the wood and detect internal defects. In this
study, we focused on European bedeagus sylvaticd..), an economically important tree species in
Slovenia and the wider region. The research aimed to determine whether there are statistically significant
differences in wood density between measurement heights along the trunk and whether the resistograph
can effectively detect internal structural defects. The results showed a trend towards increasing density
with heigh, although the differences were not statistically significant, probably due to the small sample
size. Nevertheless, the resistograph proved to be a reliable tool for the rapid and minimally invasive
detection of density changes and possible internal tlankage.

Key words: beech, densityragus sylvaticd.., rezistograph

1. INTRODUCTION

Wood and wootbased materials have always been versatile materials used in many
industries, from construction to furniture manufacturing andGbrbanian Faet al, 2024)
In Slovenia forests plays very important role. Forests cover 58.1 % of total area, making it the
third most forested country in the EZGS, 2025 EU, 2025) One of the most essential
deciduous trees in European forests and the most widespread deciduous tree in Slovenia is the
European beech-agus sylvatica..) (Brus, 2012a). It plays an important role both for the
wood-processing industry and for ecosystem services. Due to its mechanical properties,
aesthetic appearance and processing properties, it is in high demand for the production of
furniture, kitcherequipment, plywood, veneers, railway ties and other-figddity solid wood
products ( Baru2006). I2thelrécdnt yeaksieven the composites for construction
applications were developed, such as LVL. For this very reason, an accurate assessment of the
guality of beech wood is crucial, not only in terms of commercial value, but also for thabpti
utilization of the wood. The traditional categorization of logs into quality classes is mainly
based on external assessment. Such an assessment includes the shape of the log, the presence
of knots, color changes or other visible defdcts u f a r. HoweverQdefects are not only
found on the outside of the trunk. Many defects are found on the central part of the trunk, such
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as rot, cracks, cavities or other types of degradation that remain hidden inside the trunk. Such
damage significantly reduces the mechanical properties of the wood and limits further use
(Lufar, 20&al,2008)dbr these reasons, it is becoming increasingly important

to develop a methodology for quality assessment, based odestmuctive and sermon
destructive methods that allow an insight into the internal structure of the wood during
clasification. Wood dnsity is one of the most important characteristics of w&wan et al,

1996)

The method we use today, as a4u@structive and semmondestructive method to assess
density is the resistograph method based on the resistance drilling. With the help of the
resistograph, we can easily see the distribution of wood density througlbskeeaction of the
trunk. There are several commercial applications of resistance drilling available, such as
analysis of the density of layers, ring widths, estimating tree age, estimating wood density,
estimating tree decay, and assessing the condifistructural woodJohnstonest al, 2007;
Schimlecket al, 2019; Yaoet al, 2023) It is based on a simple and effective operating
principle in which a thin steel drill bit is drilled into the wood. During drilling, the device
records the exact energy required to penetrate the material, which is reflected as the resistance
value of thewood. This data is closely related to the density and hardness of the wood and
clearly shows the uniformity or defects in the internal structure of the {Rind et al., 1996)

Due to its accuracy, speed and minimal invasiveness, the method is used in forestry, wood
processing, heritage science, construction industry and tree care to assess the quality and safety
of wood.

The objective of the respective work is to describe the suitability of the respective method
to asses the density variation at beech. Till now, the method has been predominantly applied to
the conifers, like Norway spruce and Radiata pine, while this te opr best knowledge, the
first attempt to apply this method on beech wood.

2. MATERIALS AND METHODS
2.1. Description of the study area

In our study, we wanted to show whether there are large differences in the wood density
measured with eesistograph at different log heights. The sample we used for our study was a
log of European beeclirégus sylvaticd..) with a length of 1.40 m and a diameter of 36 cm.
There were no visible defects on the outside. However, a red heart was visible on the inside of
the crosssection. After felling, the log was aiiried in a natural environment under a roofin
March 2025f or 14 days. The average daily temper a
temperature was 14.4 AC and 4.h2 AQ@erBlye tméotna
of precipitation during the tday dry period was 177 m(ARSQO, 2025) However, it should
be considered, that the wood was not exposed to precipitations.

2.2. Resistograph analysis

The drilling resistance method is a ndestructive and serdestructive method. It is
suitable for detecting internal wood damage such as cracks, rot and other internal changes in
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the wood structure. Healthy wood has significantly higher drilling resistance values (higher
density profile) than the values measured in damaged wood.

The resistographic method was used to analyse changes in density and internal wood
structure. The analysis with the resistograph was carried out on a European beech wood
according to the instructions for use supplied with the device. Two boreholes Wiexk airi
three heights of the wood. Thus, 6 analyses were carried out with a resistograph at each height.
We used IMLRESI PowerDrill 500 device. The holes were drilled at three different heights
along the wood, at 30, 60 and 120 cm, each in a horizomtaddit i on at an angl e
repetitions were carried out at each height. The device used a steel needle with a diameter of
1.5 mm, a constant speed of 1500 tnémd a feed rate of 40 cm/min. The drilling depth was
set to 300 mm. The free platform ResiProcessor (GeofgDownes, 2025) was used to collect data
from the resistograph (GeofgDownes, 2025).

Figure 1.Resistograph method of beech (Fagus sylvatica L.)

3. RESULTS
3.1. Data analysis

The data analysis was carried out with the statistical program JASP 0.19.3.0. Data from the
ResiProcesor program (OWDensity) obtained with a resistograph were used. We had two
replicates per height. Descriptive statistical analysis of wood density measiseanhdifferent
heights (30 cm, 60 cm and 120 cm) showed differences in median values and variability
bet ween groups. At a height of 30 cm, the me
low standard deviation (2.33), indicating a high degreeoafidgeneity in the measurements.

The interquartile range was also narrow, which further confirms the low dispersion of the data.

At a height of 60 cm, the median was sl igh
of the results also increased (standard deviation 7.00). The interquartile range increased,
indicating a greater diversity of wood density at this height.

The highest density values were measured at a height of 120 cm, where the median was
550.75 kg/ mj. This height differs significan
average density, but also much greater variability between measuremamisi@tdeviation
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20.15). The interquartile range was the largest, indicating a wider range of density values,
probably due to the greater influence of anatomical differences in wood structure.

Table 1.Descriptive statistic of wood density for three different height

Hei ghtm 30 6 0 120
Valid measu 2 2 2
Medi an 527.65 529.05 550. 75
Standard de 2. 33 7.000 20. 153

We conducted an additional pdsic test taanalyse the differences between the samples
and did not confirm them as statistically significant. On this basis, we have no evidence that
any of the groups differ from each other.

Table2. Post Hock test for wood density for three different height

Me an
R SE df t Ptukey
30 60 -1. 400 12.39 3 -0. 113 0.99
120 -23.10 12.39 3 -1. 864 0. 291
60 120 -21. 70 12.39 3 -1. 751 0. 324

The results are also graphically presented using a boxplot diagram (Figure 2), which clearly
illustrates the increase in median density with increasing measurement point on the trunk. The
boxes with whiskers at 30 cm and 60 cm are quite narrow, confirming low variability, while at
120 cm they are significantly wider, corresponding to the highedsspn of the measured
values. It is also evident that the density values increase systematically with height, which may
indicate changes in the structure of the wood along the trunk or the presence of specific
anatomical changes.
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Figure 3. Box plot analysis of density obtained at three different heights using a resistograph

The values obtained in this study align closely with published basic density values for
European beech, which typicall ydryaenstyaal% ar ou
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moi sture content is gener al(Prgtzsatetg),3018)@ven bet we
dry density corresponds rather well to resistograph assesed density.

Resistographic methods have been shown to correlate strongly with gravimetric density,
but intrastem variations and instrumespecific factors influence absolute values
Furthermore, literature on vertical density trends in beech suggests that ditesitiecreases
with stem height, although site conditions and tree age can reverse this pattern . The observed
higher median density at 120 cm, together with increased variability, fits within this known
variability and may reflect localized anatomicahisdions( A r et al]2021)

The resistographic results demonstrate that beech wood density in the lower stem is
relatively homogeneous, while upper sections show greater heterogeneity. The absolute values
obtained are consistent with reported basic density ranges, confirming the suitability of
resistography for nedestructive density profiling. Comparison with ta&ure highlights the
importance of calibration and contextual interpretation, particularly when relating resistograph
data to akdry density values commonly reported for beech.

3.2. Resistograph data analysis

The following section shows the profiles of the resistograph versus rotation and wood
density at different height. The resistograph (Figures 3, 4 and 5) shows a graphical
representation of the energy consumed by the electric motor when producing a séimale w
drill at constant speed. Given the internal composition of the wood, it is thus possible to
determine a series of variables that relate the properties of the material to the amount of energy
consumed at a given time. The rest of this article shogvdriliing resistance profiles and the
density of the resistograph at different heights of the log.
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Figure 4. Density analysis obtained at a height of 30 cm using a resistograph

The drilling results at a height of 30 cm are shown in Figufidne drilling resistance curve
and the displacement curve show no signs of error. After drilling to a depth of 30 cm, the needle
leaves the tree and both curves drop. The highest density (654.3 isgiound at a depth of
26 cm. The lowest density is expected in the bark area.
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Figure 5. Density analysis obtained at a height of 60 cm using a resistograph

The drilling results at a height of 60 cm are shown in Figuiiée drilling resistance curve
and the displacement curve show no signs of error. After drilling to a depth of 30 cm, the needle
leaves the tree and both curves drop. The highest density (674.28 isgiound at a depth of
12 cm. The lowest density is expected in the bark area.
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Figure 6. Density analysis obtained at a height of 120 cm using a resistograph

The drilling results at a height of 120 cm are shown in FigufEhe drilling resistance
curve and the displacement curve show no signs of error. After drilling to a depth of 30 cm, the
needle leaves the tree and both curves drop. The highest density (697.93kfgimd at a
depth of 19 cm. As expected, the lowest density is found in the bark area.

4. CONCLUSION

The nondestructive and sermon-destructive method with the resistograph can be used to
estimate the wood density and to monitor the internal properties of the wood. The results of this
study show that the densities do not vary greatly depending on th&urament height. It
should also be noted that the sample size of the study is small. A larger number of samples
should be taken in future investigations.
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ABSTRACT

An alternative method for predicting the fatigue life of wood was investigated due to the low
accuracy of conventional predictiorechniques. Damaged material invariably exhibits a lower
resonance frequency than undamaged material because of its reduced sfiftnessducted a low
cycle fatigue test on a single spruce wood specimen and monitored its resonance freffuency.
collected data were used to predict fatigue life using betweéth @fd 1006 of the monitored dat&

Weibull cycle density distribution was applied to the predictions. Consequently, the predicted number
of cycles with the highest probability was selectBloe nmeasured stiffness reduction in spruce wood
was 35 Hz, or 6%, which is lower than that observed in similar materialprétietion error decreased
monotonically with the amount of resonance frequency data used for fatigue life prediction, reaching its
lowest value of 1% when the full monitored dataset was employed. The proposed fatigue life prediction
methoddemonstrated potential as an alternativeonventional methods. However, it should be further
validated with a larger sample size, as fatigue isnahtly a statistical phenomenon.

Key words: spruce woodfatigue life prediction, resonance frequency, Weibull distribution

1. INTRODUCTION

The properties of undamaged and damaged materials in terms of resonance frequency have
been extensively researched through rei€aicedoet al, 2021)beam damage assessments
(Gillich et al, 2022) damage identification studig®ubey et al, 2020) evaluations of
mechanical propertieKouroussiset al, 2017)and investigations of resonance frequency
changegDe Paztal. , 2019,; étalr2008; N&gashay, 2d15) A common finding
is that undamaged materials exhibit higher resonance fiegasethan damaged materials due
to their greater stiffness. Material fatigue, resulting from the accumulation of damage, leads to
a progressive reduction in stiffness and ultimately to failure. Consequently, the resonance
frequency of a material is frequity used as a key parameter for monitoring its condition and
predicting the development of fatigue damage. Modal analysis has already demonstrated its
utility in studying the fatigue of ste€bhang, 2003; Shang, 2009; Waat@l., 2009) aluminium
alloys (Banks and Emeric, 1998nd composite materia(&essleret al, 2002; Lianget al.,

2024; Wuet al, 2020) however, research in this area is less developed for wood.

For wood exhibiting complex anisotropic properties, predicting the time to failure using
conventional methods is less successful, as notéd ®y etmll 2019)in a review of wood
fatigue life models. Multiple studies I§lemenc(2022 2023)indicate low predictive success
due to small test populations. Others have highlighted a lack of generalisation in current wood
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fatigue life prediction modelCloriuset al, 2009; Kolesnikov and Nazarev, 202Byevious
research has demonstrated that cracks and lower density in wood affect resonance frequency
and dampingNegruet al, 2015; Shalet al, 2020) Modal analysis has been successfully
employed to predict the development of fatigue damage in glued (Bintshmaneslet al,

2020) and polymer compositedBedewi and Kung, 1997)suggesting the potential of this
approach for studying wood. While the Weibull distribution has been used to model fatigue in
metallic and composite systerfBarrazaContreraset al, 2020) its application in resonance
basedatigue monitoring for wood has not yet been reported.

Existing studies have focused on changes in modal parameters during the fatigue of
materials such as concrete, metals, and compdhlitefim, 1977; Z. Wangt al, 2012) These
studies have found that a decrease in resonance frequency correlates with the accumulation of
damage and the growth of cracks, enabling-tiea monitoring of material condition. For
example, the study bBedewi (1997) demonstrated that resonance frequency is a reliable
indicator of crack growth in polymer composites; howeverilaimstudies are scarce for weod
based materials.

The aim of this study was to develop a method for monitoring the dynamic properties of
spruce wood under lowycle fatigue and to evaluate the usefulness of modal parameters in
predicting fatigue life. By investigating changes in resonance frequency, wghtsto
determine whether it is possible to accurately predict the number of cycles to failure based on
early measurements. This approach could make a significant contribution to the development
of methods for monitoring the condition of timber structuaad enhancing their safety and
durability under realvorld conditions.

2. MATERIALS AND METHODS

We used clear spru¢P. abie3 wood samples measuring 380 mm in length with a eross
section of 15mm 15 mm. Four specimens were employed to determine the static bending
strength while one specimen was used as an example for the fatigue life prediction method
proposed in this study. The specimens for both static and dynamic tests were stored for one
monthunder standard conditions at 20 AC and 6
content of all specimens was 12.8 % with a coefficient of variatich®f6. The moisture
content of the fatigue specimen was 13 %. These values comply with the standard conditioning
procedures outlined in 1ISO 312850 Standards, 2019The mean density of all specimens
was 416.4 kg/rhand 430.5 kg/rmfor the fatigue specimen. The coefficient of variation of
density was 9.3 %l he test was conducted using a Zwick 1464 mechanical universal testing
machine (ZwickRoell GmbH, Ulm, Germany). It was adapted for fatigue testing by
incorporating a unit to control the dynamic meckahiexcitation (PGB024E; National
Instruments, Austin, USA) and to record the response signal-(B0B20; PCB Piezotronics,
Walden, USA). The loading cycle, mechanical excitation, and response signal recording were
automated to ensure the most consistieist conditions possible. The data obtained on
resonance frequenciaad number of cyclesere used to predict fatigue life.

2.1. Experiment setup
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The distance between the supports was adjusted according to the length of the specimen.
The first vibration mode was determined using the expresslos K.73, which was used to
calculate the distance between the supports as 21@dmne or di ng t o efaGaber gl
2025) A schematic of the experimental setup is show(frigure J).

Cyclic loading with a dynamic load ratio of O was applied using a universal testing
machineFor each loading cycle, once the loading tool had reached the starting position and the
specimen was unloaded, mechanical excitation was applied to the specimen's free end. A small
wooden hammer, driven by an electromagnet, was used for this purposdaSeously, the
response signal was recorded using a microphone attached to the opposite end of the specimen.
The response signal was recorded for 1.1 seconds asdised to determine the resonance
frequency of the specimen's first vibration mode via fast Fourier transformation. The
subsequent loading cycle then commenced.

PC

EM
driver

= Impact
Microphone F ‘Jj hammer

2\

ADC nc

0.224 L

L L

Figure 1. Test setup for static fatigue bending tests and vibration resonance analysis: specimen, microphone,
analogueto-digital converter (ADC), microcontrolleteC), personal computer (PC), hammer, electromagnet
(EM), and electromagnet driver.

Prior to conducting the cyclic fatigue test, static bending tests were performed to determine
the specimens' static bending strength. The mean static bending strength was 82.5, MPa with a
coefficient of variation of 10.6 %. For the lesycle fatigue teststhe maximum force was set
to 800 N, corresponding to 90 % of the mean static bending strength. The value of 90 % was
selected based on preliminary tests to ensureckmie fatigue behaviour, as described in the
literature on the fracture of brittle woatliring cyclic bendingKlemenc and Fajdiga, 2022;
Gr aehédl, 2019)and on stiffness changes during fatigue loaddgawa et al., 2017Yhe
force sensor was calibrated and the starting position was set to approximately 1 mm above the
specimen. The microphone and hammer were positioned at an appropriate distance from the
specimen surface, as illustratedfingure 3.
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Figure 2. Experiment setup.

The cyclic loadingwas conducted atrate of 10 mm/min or a frequency of 0.015 Hz.
Thetest concluded when the specimen's strength had diminished to the point that it could no
longer withstand the specified load and failed completely.

2.2. Data Analysis

We predicted fatigue life using a linear approximation for each segment ksiieance
frequencydata. We began with the first three values and calculated the predicted number of
cycles based on the slope of the linear approximation, the initial values, and the limit values.
With each additional data point, both the slope of the approximation apdetiieted fatigue
life were updated. For the limit values, we selected the lowest values of the resonance frequency
derived from the linear approximation. Wised the predicted number of cycles at various
points in the data to predict the specimen's fatigue life. Three different approaches were
employed:in the first, simpler method, the slope of the linear approximation was used for a
specific data portignn the second simple method, the mean value of the predicted number of
cycles was calculatedn the third method, we analysed the predicted number of cycles using
the Weibullcycle density distribution.

2.2.1. Weibull cycle density distribution

From all the predicted numbers of cycles to failure, we predicted the fatigue life of the
tested specimen using only a portion of the data, applying the Weibull cycle density distribution.
The objective was to determine the number of cycles to failurecasadely as possible from
minimal data or cycles. After each new cycle, we obtained a new prediction based on the drop
in frequency; these predictions were then statistically analysed using the Weibull cycle
distribution density (c.d.d.) as described gugtion () (Weibull, 1939) The parametersand
/ of the Weibull c.d.d. were determined using Benard's approxim@@enard and Bos
Levenbach, 1955)For this approximation, it is necessary to index the predicted number of
cycles with the index and calculate the median rakaccording to Equation2j. In this
equation,s; represents the total number of predictions. The predicted values must be sorted
from the smallest to the largest valldg and then a linear regression must be performed to find
the linear curve that best fits the data. The po¥asd Yare calculated according to Equason
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(3) and (4) The parameters of the linear curve equataend 7 are used to determine the
parameters of the Weibull c.d.d.and/ according to Equatia(5) and (6).

G - - Q 1)

0 5 2
p 0 ©)
10 4
Q ®)
— Q- (6)

3. RESULTS AND DISCUSION
3.1. Fatigue life prediction

We compared linear and cubic approximation of the resonance frequency data as shown on
(Figure 3. The decrease imesonance frequency from the start to the end of fatigue is
approximately 35 Hz, or %. Relative difference between goodness of fit for linear and cubic
approximations is 0.35 %MNe used only linear approximations for fatigue life prediction
because they are more stable when working with a smaller dataset. Cubic approximations were
not employed, as the difference in data deviation between linear and cubic methods is
negligible.

The variable employed in the fatigue life prediction methoasresonance frequency () .

The results of all three methods, along with the corresponding errors, are pres@iatad ih
According to the first method, the best prediction, based on 40 % of the data, 1s, fooinit

is not conservative. The second fatigue life prediction method yields the lowest relative error
(Erravg Wheny is used and is also conservatiye.the third and more complex method for
predicting fatigue life, it was necessaiy determine the number of cycles at which the
theoretical distribution attains its maximum value.
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Figure 3.Approximation of resonance frequengg). (inear approximation, (b) cubic approximation
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Table 1presents the parameters of the Weibull c.d.d. equatiamelydio, bao, for 40 %
of the data, andioo, b1oo, for 100 % of the dataalong with the predicted number of cycles and
the corresponding relative errors (&8 Erfvioo). The theoretical distribution of the predicted
number of cycles, derived fromat 40 % and 100 % of the data, resembles an approximately
Gaussian curve, as illustrated iigure 4. The prediction is conservative for both data portions
and is the most accurate when using the full dataset. However, with a smaller portion of data,
theprediction is less accurate than that obtained by the first method.

Table 1.Fatigue life prediction using 40 % and 100 % of the data with the Weibull c.d.d, 100, using slope
method, (hb) and using an average value from all dataJN

dao Bao Nwao | Erfwao | Nao | Errao | dioo | Pioo | Nwioo | Errwico | Navg | EIT avg
LS 101.9 | 3.18 90 15.1 118 | 11.3 | 110.3| 4.4 105 0.94 99 6.6

0.012- —— Theoretical —— Theoretical
B Empirical 0.044 B Fapirical
0.0104

0.008 1 0.031

d.d

0.021

c.d.d

< 0.006 1

«

0.004 4

0.01 4
0.002 1

0.000 -

T T 0.00- T T
0 100 200 300 0 100 200 300

Number of cycles [N] Number of cycles [N]

Figure 4.Weibull c.d.d of the predicted number of cycles based on resonance frequency datéb @) dHia,
(b) full dataset.

The adequacy of the third prediction method was assessed by monitoring the relative error
across various data portions employed for the predidtogure 9 illustrates the relative error
as a function of the portion of data used for fatigue life prediction. The error as a function of
the data portion remains relatively small and decreases monotonically. Although the error is not
the smallest for a medium pimm of the datay is a suitable data type for predicting fatigue
life.

The results of this study highlight the importance of monitoring the dynamic properties of
wood, such as resonance frequency, to understand the fatigue process and predict the material's
fatigue life. We found that resonance frequency is sensitive anableslparameter for
monitoring the fatigue of wood. The linear decrease in resonance frequency with an increasing
number of cycles confirms its utility as an indicator of the material's stiffness reduction. This
trend aligns with the findings dBedewi (1997), who also observed a 25 % decrease in
resonance frequency in polymer composites. Similar decreases in resonance frequency have
been reported for other composiféddo-Elkhier et al, 2014; Wuet al,, 2020) For wood, the
relative decrease in resonance frequency (6 %) was lower than that observed in some other
materials, indicating reduced sensitivity to cyclic loading. In-spaltled steel plategyvang
et al, 2009)also reported a decrease in resonance frequency of approximétely 6
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Figure 5.Relative error incorrelation with data fraction used for fatigue life prediction using Weibull c.d.d.

The analysis using the Weibull cycle density distribution demonstrated that this method
enables efficient and accurate prediction of the fatigue life of wood. The possibility of
predicting fatigue life by monitoring resonance frequency during fatigue essided by
(Wanget al, 2009) The Weibull distribution has also been employed to model the statistical
distribution of the number of cycles, as reportedBgrrazaContreraset al, 2020) To our
knowledge, the combination of resonance frequency mamit@nd the Weibull distribution
has not yet been applied to fatigue life prediction of wood. Our investigations have shown that
the prediction error is less than 1 % when the entire dataset is utilised. Using an example, we
demonstrate that the proposatethod has the potential to be one of the most accurate
approaches for predicting the fatigue life of wood.

One of the primary limitations of this study is the small number of test samples, which may
affect the generalisability of the results. Extending the investigation to include other wood
species and a larger number of specimens would allow for bettertialidd the proposed
method, as also noted yVang et al, 2012) who investigated the fatigue life of wood
composites. It would also be beneficial to examine the effects of different types of loading and
environmental factors, such as humidity and tempee, on the dynamic properties of wood.
The results demonstrate significant potential for the practical application of modal analysis in
monitoring the structural health of timber structures. Rea¢ monitoring of resonance
frequency, as proposed @maret al, 2023) could enable early detection of damage and help
prevent critical failures. However, in practice, structural timber often contains natural defects
such as knots and cracks that affect its physical and mechanical properties. Furthgaiiorest
of the proposed method is required to confirm its practical utility. It is important to emphasise
that the proposed method has currently only been validated for homogeneous, clear spruce
wood samples. Its applicability to more heterogeneous octilefavood specieswhere wave
propagation behaviour may vary due to local density changes or structural discontinuities
remains to be explored. Therefore, the method should presently be considerspecdse
rather than universal.
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4. CONCLUSION

Research has shown that modal analysis, particularly resonance frequency monitoring, can
be a reliable method for predicting the fatigue life of wood undetclgele fatigue. Resonance
frequency has been identified aseliable parameter as its linear decrease accurately reflects
the reduction in material stiffness. The Weibull cycle density distribution provided accurate
predictions with an error of less thar?4, confirming the effectiveness of this approach.

Modal analysis holds significant potential for monitoring the mechanical condition of
timber structures, as it facilitates ndastructive, realime assessment of material integrity. A
limitation of this study is the use of a single fatigue specimen,hmi@stricts the statistical
generalisability of the results. Further research should incorporate a larger number of samples,
various wood species, and an examination of the effects of environmental factors. This
approach offers a promising solution for anbing the monitoring of fatigue life and the safety
of timber structures.
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ABSTRACT

The article discusses the history, development and application of laser technologies in the
woodworking and furniture industry in BulgariBhe manufacturers of lasers and laser equipment in
Bulgariaare presentedin overview of the past and present of the Laboratory of Laser Technologies at
the University of Forestry, which is a pioneer in Bulgaria in the application efl&®@rs for wood
processing and woedblased materials (WBM) is presentédpart of the scientific research and practical
work of the laboratory is presented, outlining the directions for its future development.

Key words: lasers, laser beam, laser technology in Bulgaria, wodking, furniture industry
applicationsUniversity of Forestry

1. INTRODUCTION

Different technological equipment is used for processing solid wood and-lvased
materials (WBM), depending on the technological operation. Globally, the most common
machines for furniture production are numerically controlled (CNC), but when it comes to
chipless cutting or engraving, they are giving way to laser machines. Although the laser beam
is considered to be a relatively new cutting tool, in the woodworking and furniture industry
(WWEFI), some of its first applications were made in the early 1970s.

The beginning of the implementation of laser technologies in Bulgaria was set in 1974,
when Acad. Nikola Sabotinov realized his idea for the creation of @dowerature copper
laser, and under his leadership a copper bromide vapor laser was put irsttoopatr the
Institute of Solid State Physics (ISSP) of the Bulgarian Academy of Sciences (BAS). This was
later recognized as the invention of the year. Thus was created the most powerful, at that time,
all-Bulgarian gas laser, which was patented in Budgdfrance, USA, UK, Germany, Japan
and Australia(BulgarianAcademy of Sciences, 20R4

One year after the invention was recognized, in 1980, the first laser equipment factory was
established in the city of Plovdiv, where industrial Cl@sers were manufacturedhe
popularization of lasers during these years has led to the beginning of different types of research
and studies in the field of wood antdBM. The developed and defended dissertations
(Barnekov, 1983; Gochev, 1996), scientific articles (Barnedoal, 1986; Barnekowet al.,

1986; Tayalet al, 1994;Gochevet al, 1994;Gochey 1995; Dinkovet al, 1996 and others)
and books (Filipoet al, 1988) show the then interest and development in the field of lasers,
as well as contributing to new scientifiterature.

Currently, the laser successfully performs a number of technological operations such as
cutting, engraving, marking, hole cutting, etc., possessing a number of advantages compared to
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traditional technologies. Thanks to the high concentrated thermal energy in the form of a laser
beam in continuous or pulsed mode of operation, it is possible to cut or engrave the material to
be processed, depending on the generated power density vatLi#®eascanning or feeding

speed of the laser beam. The knowledge and correct application of the laser beam, enables it to
be used for different needs and in the WFMI.

Today, laser cutting is preferred by both furniture manufacturers and hobbyists for creating
"garage" projects. The high productivity, accuracy, lack of contact with the material during
processing and other advantages of lasers are some of the main fiactbesr continued
existence and development to this day. Currently, there are a a series of companies importing
in Bulgaria that import C&lasers or offer services in the field of laser cutting and engraving
of wood andNBM.

Various universities around the world and in Bulgaria (including the University of Forestry
in Sofia) are creating new laboratories in laser technology for the study, research and proper
application of the laser beam by students, including PhD studeritss way, in the future,
connections with similar structures from related universities in the country and abroad will be
deepened, up-date information will be exchanged and new scientific research will be
conducted.

2. HISTORICAL BACKGROUND. LASER MANUFACTURERS IN BULGARIA

From a historical point of view, the invention and introduction of the term "Laser" has
several key names in the 1960%e American physicist R. Gordon Gould expandedA.
Einsteinstheoryof stimulatecemissiorof radiationandin 1959introducedheterm”"LASER’,
which meansLight Amplification by StimulatedEmissionof Radiation (Wikipedia- Gould,

2025. The credit for this invention is disputed as Gould was not granted a patent and the first
to publish the theory were Charles Townes and Arthur Schawl@mAor this reason that Gould
has waged thirty-year struggle with the United States Patent and Trademark Office

The first laser with practical applications (&rg 1A) was developed in 1960 by Theodore
Maiman, who used a synthetic ruby known as the ruby lsé&rgediai Maiman, 202% This
success of the American engineer and physicist is defined as the beginning of laser technology
and is the reason to consider him the "father" of this technology.

Theodore Maiman's pioneering achievement laid the foundation for future developments
in laser cutting, yet the first laser was not applied to the cutting process.

Lasers found industrial application when Kumar Patel in 1963 developed a carbon dioxide
COz laser Wikipediai KumarandPate| 2025.

His invention is described as key for industrial applications due to its higher efficiency and
ability to work on a wide range of materials compared to the ruby [&kanks to Patel's
discovery, today Cglasers find great application in laser cutting and engraving of a wide range
of materials, including iWWFI.

The potential of lasers, in manufacturing, has been noticed through the experiments done
for laser cutting of steels in different yeafs experiment to cut a 1 mm thick sheet of steel
was carried out at the instigation of Peter Holdcroft, Director at The Welding Institute (TWI)
in Cambridge, just two years after Patel developed carbon dioxide lasers, and the results were
published in 196.7For the first experiment in the history of laser cutting, & @®er with a

63


https://en.wikipedia.org/wiki/Gordon_Gould
https://en.wikipedia.org/wiki/Gordon_Gould
https://en.wikipedia.org/wiki/Gordon_Gould

33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

maximum output power of 300 W at 100 Hz was developed at the Scientific Electronics
ResearchLaboratory (SERL), and in the same year a laser cutting n{zigjere 1B) with a
circular aperture at the tip, 2.5 mm in diameter and 1.5 mm distance from the material was
designedHilton, 2002).

WORLD'’S FIRST LASER
MAY 16, 1960
MALIBU, CALIFORNIA
By THEODORE H. MAIMAN

Figure 1. AT The world's first laser, developed by T. MaimB; The first laser cutting and the first designed
nozzle

The conclusions that have been drawn, thanks to the experiment, prove the effectiveness
of the laser beam and also suggest the importance of the distance between the laser nozzle and
the material to be processed (focal length), mirrors, lenses and atbatiasfactors that are
the subject of researdurrently.

In 1969, theworld-famous aerospace manufacturing company Boeing was the first
company to use C{asers for industrial use to cut materials, such as titanium, in its production
lines.

Significant discoveries and experimental studies in the 1960s, which were fundamental for
the development of laser technolobgd their echo in Bulgari#t was around 196that agroup
of Bulgarian scientists was formed to study the new discoVéegkly seminars were held at
BAS, discussing various literature sour@eke world of physics201]). The strongnterest in
the full understanding and functioning of the laser led to the construction and commissioning
of the first ruby laser iBulgaria in 1964y Assoc.Prof. Vasil Stefanov from the Institute of
Electronics (IE) at the Bulgarian Academy of Scier({éegure?2).

Figure 2. The first made Bulgarian ruby laser and pulsed excitation lamps

The research work dcad. Sabotinov of the Institute of Physics at the Bulgarian Academy
of Sciences, in the field of lasers, led to ¢heation of the first powerful metal vapor laser, also
called copper laser in Bulgaria in 19espite the problem of copper evaporation, which was
achieved at a temperature of about 1500A, th
bromide.The academic applied for a copyright certificate and five years later the copper laser

64



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

was recognized as the invention of the y&ae Bulgarian scientist has 30 patents in the field
of lasers and thanks to him the laser technologies in Bulgaria are gaining significant importance,
as well as the Bulgarian lasers are helping various areas around the world.

The lowtemperature copper laser was introduced into regular production in the Plovdiv
based company Optical Technologies, founded in 1980, and then presented at the world
exhibition in Hanover. This has helped attract the attention of foreign compaeéssst from
other countries has led to an offer of a production licence. An Australian company continues to
manufacture the Bulgarian laser to this day.

At the beginning of the 86 the first Bulgarian laser production plants were built in
Bulgaria.

2.1. Laser equipmentfactory in town Plovdiv from 1980 to 1997

The plant for laser equipment in the towovdiv was established in 1980 and later
devel oped i nto a compl ex call ed AnOptoel ec:
T e c hn ol Adygdr laterahe first industrial GQaser, named "Hebar 1", with a power of
1000 W(Figure 3A) with longitudinal gas circulation and convective cooling, was produced in
the beam technology compldr. 1982, it was demonstrated at the Technical Fair in Plovdiv.
(Plovdiv Tech Park, n.q.

Figure 3. AT The first industrial CQlaser "Heber 1";B i Serially produced laser model Heber 1A with power
1300 W

After the exhibition in Plovdiv, the Hebar 1 laser participated in the "Bulgdla
exhibition in Moscow, where the first export contract to the former Soviet Union (USSR) was
signed.During the period 1982 to 1985 they have created 4 new models, one of which was
presented at the world exhibition mentioned above. In the production programme of the
complex, each subsequent model was produced with higher p&@eénV, 1000 W, 1300 W
and2500 W. The most successful model is considered to be the 1300 WilAeffegure3B),
and the 100th laser of this type was produced in 1988.

In addition to the production, demonstrations in Bulgaria and exhibitions around the world
of t he Heber 1, i n t he s ame year CLbae fir
(Figure4) was produced, which is a prograrontrolled machine for laser cutting, welding and
hardening.The complex of this type has been implemented in the technological process for
cutting steel at the Beta plant in the town of Cherven Bryag.

I n 1986 the complex fAOptoelectronics, Lase
was restructured as the Economic Associati on
Engineering and Optics fAQuantumorsmacsandst abl i
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systems for complex technological processes, laser processing, infrared optics production, etc
(Plovdiv Tech Park, n.q.

Figure 4. The first technological laser complex "TL1"

Forthe period from 1982 to 199Qere produced, approximately:

- 380 technological laser complexes, of which 200 units were exported to England,
Italy, France, Turkey, Israel, Greece, Iraq, Iran, Egypt, India, Lebanon and about
150 units to the USSR;

- 120installationsfor growingZnSecrystalsi RUMO, for the USSR

- 20copperbromidelasersi COBROL;

- 50 Prometheus laser medical systems;

- large quantities of laser optical elements.

By 1989, the volume of production had increased 7 times, and the staff in all units reached
1200 people. In that year, the statened company "Optical Technologies" was established,
which included:

- The former business association "Optical Technologi€dvdiv;

- Scientific Research Institute of Laser Technology and Ofiticant";

- Laser equipment factory;

- Plant for special equipment of crystals;

- The Engineering Enterprise.

As a result of the political and soesmonomic changes that took place after 1989, the
company began to lose its positions and markets, and in 1997 a procedure was opened for its
privatisation. The company created the Jsiock company "Optela”, and ihe period 1998
- 2009 it regained part of the lost markets with new products: laser systems for cutting and
engraving with soliestate and gas lasers, operating in the medium power range.

2.2. Laser equipmentfactory in Sofia from 1980 to 1994

In addition to the laser equipment factory in Plovdiv, in the same year the laser
technol ogical equipment factory Alglikao at
operating in SofiaThe most successful model produced by the factory is the |&ser
technological system (LJ) Iskar 500 with a maximum power of 500 W, with longitudinal flow
circulation and convective coolir{§igure5).
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The Bulgarian laser cutting system Iskar 500 was available with an additional CAD/CAM
computer system (APrometheuso) for automated

® p z ’,’ ‘ a ;
Figure 5. LTS Iskar 500, manufactured in 1980

3. LABORATORIES AND RESEARCH WORK

The opening of new laser technology plants in the 1980s in Bulgaria also led to the
establishment of laboratories for scientific research. An example of such a laboratory is the
Laboratory of Laser Technologies at thE - Universityof Forestry in the town dofiais still
actively used by undergraduate and postgraduate students for research activities.

3.1. Laser Technology Laboratory at the Higher Institute of Forestryi HIF (now the
University of Forestry) i from 1982 to 2014

The laboratory was started with the support of the institute management, at the Department
of Mechanization and Automation of Woodworkirfeatulty of Forest Industjy successor is
now the Department of Woodworking Machingi/WM). This was done in the summer of
1982 byAssoc. Prof. Vladimir Barnekov, with the aim of conducting various scientific research
activities, as well as carrying out limited production activities in the processing of wood and
WBM.
The laboratory equipment included:
- Slow-flow tubular CQ laser source with diffusion cooling, model FEHA/LGL 200
(maximum power 200 W Figure 6A) by Karl Zeiss Jena (former GDRGerman
Democratic Republic) 1982;

Figure 6. Laser technological equipment
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- Electromechanical manipulator RB 23&idure 6B), a joint development with the
Robot PlanBPCR( Sci ent i fic and Productitevn Comp |l
Stara Zagora 1984 to CQ laser model FEHA LGL 200;

- FANUC CNC system, Z1Cbompothd@R&nt(SDfid,Bulgariay ot 0
- 1984 to CQlaser model FEHA LGL 200;

- Fastflow CO. laser source, with transverse flow circulation and convective
cooling, model Heber 1Fgure 7) with maximum power 1000 Wmanufactured
by the Laser Equipment Factory, Plovdiv (Bulgarid)988;

Figure 7. CO; laser source Heber 1

- FANUC CNCsystem, ZIT 300MDPSO"lzot" - ComputerEquipmentPlant Sofia,
Bulgarig - 1988for CO; lasermodelHebarl;

- Electromechanical manipulatoFigure 8A), a joint development with ZDM
KoynareLtd (ZDM - Koynare OOD), town of. Koynare (Bulgarial988 toCO2
laser modelHeber 1

Figure 8. AT Electromechanical manipulator to Heber laser souBceAutomated programmingystemZOT
1027C

- System for automated programming (punched tapes as programming media), model
1IZOT 1027C- Figure 8B (DSO "lzot" - Plant for computing equipment, Sofia,
Bulgaria)- 1988 to ZIT 500M and ZIT 300M;

- Automated system for automatic preparation of NC control programs for the
production of complex ornamental images and parts for CNC laser machines based
on IBM-compatible personal computers, including: software package for NC
control programs by inputtingnages with a scanner or by drawing based on a CAD
system- LASER SCAN and LASER CAD (product of AUTOSKETCH of
Autodesk Inc, USA); IBM PC compatible hardware optimized in accordance with
the software requirements; hardware (dedicated board to the CNGptwdre
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means for direct, without using punch tape, sending of NC programs to the CNC of
the laser machine (in 1995).

In the process of establishment and functioning of the laboratory, considerable scientific
and practical potential has been accumulated. Two doctoral dissertations in the field of laser
technology have been defended, a significant number of scienti@leariave been published
in Bulgarian and international journals and proceedings of international scientific conferences,
a number of scientific research projects have been developed, and theses have been defended
by students.

In implementation of the plan for the Scientific and Research S&RS of HIF, in 1988
a laser installation was installed in the Kitchen Furniture Fadtoigwn Velingrad.Joint
production with MAP (Mechanical Assembly PlantKoynare (lateWWWMP - Woodworking
Machinery Plant- Koynare Ltd.) of theLWPS 003 laser systemLWPS - Laser Wood
Processing System) was realized. One such system with a Heber 1A laser source was installed
(with the participation oHIF andWWMP - Koynare) in 1993 in Lebandifrigure 8A).

In 1984, thd_aser Laboratory, on behalf bfiF and in cooperation witBPCRBeroe town
in Bulgaria.n cooperation with Beroe, and in cooperation with Beroe in Stara Zagora, took part
in the Technical Fair in Stara Zagora. The company participated in the Laser Technology Fair
in Plovdiv and received a diploma for the laser technology system based onlEKHH200
laser, electromechanical manipulator RB 256 and CNC ZIT 500M.

At the spring sample fairs in the city of Plovdiv in 1986, 1987 and 1988, the Laser
Laboratory, on behalf of the HIF and jointly with tRerniture factory (FFji Ni kol a - Ter zi €
the city of Haskovo, presented a set of children's and youth furniture, the front design of which
was made with a laser beafts aresultof contractoncludedvith the(FF) NiRola Terziewo-

Haskovq over 1 200setsof childreris and youth furniture were manufacturedn the Laser
Laboratory intendedfor exportto the USSR The laboratory has also worked on a number of
other production tasks withF fi23 Decembey- Sofia,iMebeb - Troyan (e.g. the production

of over 500 ornamental tables for Great Britain) and other companies from the country. The
contribution of the laboratory as the first manufacturer of souvenir products as well as
advertisements made with the help of lasehtelogies is significar(Figure9).

T S HE

Figure 9. Samples of products produced by the laboratory in the 1980s and 1990s
3.2. Laboratory of Laser Technologies at LTU (VWM Department) i from 2024

Utilizing the accumulated experience and preserving the traditions of a pioneer in the
application of laser technologies in the field of wood and WBM, a new Laboratory of Laser
TechnologiesKigure10) has been built and equipped at UF, which:

- Slowflow tubular CQ laser source with convective cooling, maximum power 40
W and dedicated software, model K4Bigure 10A (China);
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Slow-flow tubular CQ laser source with convective cooling, maximum power 100
W and dedicated software, model AEON MIRA Bigure 10B (China);

Portable multifunction colorimeter, model LS173 (China), with specialized
software(Figure 11A);

Portable roughness profiler, model Surftest2%0, Mitutoyo (Japan) , with
specialized softward={gure 11B);

Infrared (IR) thermometer, model KIRAY 200 (Chin&)gure 11C);

ZnSe focusing lenses with focal lengths of 38.1 mm, 50.8 mm. 63.5anh{,6.2
mm (Figure 11D);

Mira laser camera CCD camera for automatic vectorization and laser contour
cutting of raster imagg$igure 11E);

Rotation for cylindrical workpieces with Mira laser chuékgure11P);

LightBurn - software for laser cutting and engraving.

Figure 11. Equipment to the Laboratory of Laser Technologies
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4. GUIDELINES FOR LASER TECHNOLOGY DEVELOPMENT IN BULGARIA

Currently in Bulgaria there arenmmber of companies offering services in the field of laser
cutting and engraving of wood and MDF, working mainly with Chinese systems, as well as
importers of laser equipment, also mainly from Chiflae advantages of the laser beam in
cutting and engraving are a major factor for the increase in the application of this type of
technology in th&VWFI of Bulgaria.Their widespread application and constant improvement
are the reason for new research in this fi€lte Laboratory of Laser Technologied H will
continue to function and develop as a scientific research unit, where scientific research will be
conducted, including by PhD studensdudents will be trained; methodical and scientific
guidance of graduate students will be carried out; links with similar structures of similar
universities in the country and abroad will be deepened.
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ABSTRACT

This paper presents the results of experimental and theorstticéson the specific energy for
laser cutting of solid wood and plywood samples using a ZnSe lens with focal length F = 50.8 mm and
focal position on the material surface. The studies were conducted on a CO2 laser machine, model
AEON MIRA 9, at three levels dhser beam power and feed rate variatibme linear relationship
between the weight of material vaporized by the laser beam, the total amount of energy and their
relationship with thepecific cutting energy represented as a linear equation was investigated using MS
Excel and the Data Analysis module, which included a linear regression prodg@dsee. on this, a
comparison is made between the experimentally obtained results and the theoretically determined ones,
and relevant conclusions and recommendations are formulated.

Key words: CO; laser, solid wood, plywood, laser cutting, specific energy

1. INTRODUCTION

One field in the science of cutting wood and wdnasged materials (WBM) is based on the
physicaetechnological method of research, in which the methods of mathematics are used to
summarize the experimental results of cutting processes into empirical ferthalaare
suitable for practical calculation&¢chev 2018.

Some ofthe first researchers of wood cutting processes with chip formation found that the
cutting work @) is directly proportional to the volume of wood that is converted into chips, i.e.
(Bershadsket al., 1979:

6 0& 1)
The quantity K is called thgpecific cutting worki.e. the work that is spent on converting
1 ¥ of wood into chips and has the dimension3J/m

o - )

WhereQ is the volume of wood that is converted to chipg, m

In the woodworking and furniture industry (WWFI), as well as in the souvenir industry in
Bulgaria and worldwide, the GQaser beam is increasingly used as a cutting and engraving
tool.

Laser cutting, respectively engraving of wood and WBM is a process in which the
electromagnetic energy of the laser bearraasformed into heat, resulting in new surfaces
without chip formation.
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A number of studies have been and are being conducted on the characteristics and effects
of the laser beam in its interaction with different types of wood and \{Bidchet al, 1987,
Gochewet al, 1994 Gochey 1996 Gochewet al, 1996 Dinkov et al, 1996 Batovet al, 1997
Pagancet al, 2009 K u b o wesak 2012 H e r n §Qalsetz aeffak 2041 Eltawahniet al,

2013 Petutschniggpet al, 2013 Gurauet al, 2017 MartinezCondeet al, 20173 Vi dh ol do v §
et al, 2017 Jureket al, 2021, Gochevet al, 2022 Gochey 2023 and others

When cutting wood and WBM with a CO2 laser beam, similar to the specific cutting work,
the concept of specific laser cutting energy can be defined, i.e. the amount of laser beam energy
that is required to remove a unit mass of wood mateiig) J/kg Orechet al, 1987 Gochey
1996 Gochevet al, 1996 K u b o vesak, 2012 Gochey 2016 Gochevet al, 2024).

Specific energy isvidely used to estimate the energy consumption of a machining process,
and is defined at the process level as net specific cutting energy. The net specific energy takes
into account only the energy consumed for the actual removal of material and isced usn
the process conditions and the properties of the material being procésaedt(al, 2017).

The weight of material removed (vaporized) by the laser beam can be represented by the
relation:

Yo —80 3)

WhereYd & & is the weight of the material vaporized by the laser beam, kg;

my 1 the weight of the material before its laser beam treatment, kg;

my 1 the weight of the material after its laser beam treatment, kg.

EsT the specific energy of laser cutting, J/kg;

E:1 the total amount of energy that is transmitted by the laser beam in a unit neighborhood
from the surface of the material, in tirpe).

The specific laser cutting enerdys) is defined by the equation:

O 8 88 (4)
WhereP is the laser beam power, W;

| i material density, kg/f

vt T laser beam feed (scanning) speed, m/s;

hi kerf depth, m;

si kerf width, m.

An equivalent form of equality (4) is:

ya o — (5)

Furthermore, equality (5) can be written as:

0 y—&)ééib (6)
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In fact, equation (6) is a way of mathematically expressing a hypothesis of a constant value
of the specific laser cutting energy for a given wood species or WBM.

Based on equation (6), a formula can be presented to practically calculate the specific
energy of laser cutting, such as:

. 8
°© — )
Wherel is the kerf length, m.

Based on the specific energy, the laser cutting process can be well described and it is
possible to propose a theoretical model for the interaction of the laser beam with the wood or
WBM, i.e. to investigate the kinetics of kerf formation.

Equations (3) and (6) ex pr ensand &, Arel théiri near
relationship withEs can be represented as a linear equation of the form:

wo O H8d 8)

Using this equation, it i sanapd&srsditobchlailate o d et
those ofEs for the material under study. In this way, experimentally obtained and theoretically
calculated specific energy results can be compared and the hypothesis of a constant value of
laser cutting specific energy for a given wood species or WBM can be proved.

2. METHODS
2.1. Laser machine used

The studies were conducted using a-d&er cutting and engraving machine, model
AEON MIRA 9 (China) with a maximum power of 100 W (Erg 1).

Figure 1. CQ laser cutting and engraving machine, model AEON MIRA 9
2.2. Material for study

Solid wood and plywood specimens werde used
of the specimens was determined by the weight method, and its moisture content (W, %) by a
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digital hygrometer, model MD (China) with a measurement range for wood and WBM from 5
% to 50% (Figure 2A).

The starting material (Fige 2B) was cut into specimens with the dimensiong:léngth,
mm; b1 width, mm and i height (thickness), mm.

Figure 2. A: digital hygrometer, model MD; B: tested matefiablid wood and plywood

I.  Solid wood from the following species:
i. ~ Common beechAagus sylvaticd..) i L = 200 mm;b = 20 mm;h = 15 mm;W = 6%,

} =590 kg/m.
ii.  Poplar- aspenPopulus tremuld..) i L =200 mm;b = 20 mm;h = 14.5 mm;W = 6%,
} =340 kg/m.

ili. Common birch (Betula penduRoth) i L = 200 mm;b = 20 mm;h = 16.9 mm;W =
6%,} = 710 kg/m.

II.  Plywood of the following types:
i. Common beechHagus sylvaticd..) T L =200 mm;b =20 mm;h =4 mm;W = 5%,

= 707 kg/ni.

ii. Poplar- aspenPopulus tremuld..) i L = 200 mm;b = 20 mm;h =4 mm;W = 5%, J
= 360 kg/ni.

iii. Common birch (Betula penduRoth) i L = 200 mm;b =20 mm;h =3 mm;W = 5%,
} =630 kg/m.

2.3. Measuring equipment and measured values

To determine the specific energy of laser cutting, six series of 12 (twelve) specimens of
parallelepiped shape and dimensidns: b x h were made from the solid wood and plywood
(Figure 3). Thei r weights before and after | aser I
el ectronic balance, model RADWAG WLC dre&2 (P
4  Ahe.values of the laser beam parameters were chosen in such a way that the condition of
incomplete kerfing of the examined material was fulfilled (F&g; 4B).
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A B

Figure 3. Experiment schemei laser beam, 2 laser head, 3 material, 41 kerf; L1 length; b7 width;

hi thickness; A solid wood, B plywood

Figure 4. Ai RADWAG WLC 1/A2 electronic balancej Beneral view of the experiment;igosition of the
focus on the mat er iiahfocssediateabeam; Zoqubing+ensp3 natar)al: 1

2.4. Planning the experimental studies

The values of the variable factdrdaser beam poweP( W) and laser beam scan (feed)
speed ¥, mm/s) in open and coded form are given in Table 1. The studies were conducted at
the position of the | aser Fberam) ZhSe beusinglessn t he
with a focal lengthK) of 50.8 mm (Figre4C).

Table 1. Values of variable factors

. Minimum value Average value Maximum value
Variable factors
open form | coded form | open form | coded form | open form | coded form
Solid wood
x1=P, W 20 -1 25 0 30 +1
X2 = V;, mm/s 6 -1 8 0 10 +1
Plywood
X1=P, W 12 -1 14 0 16 +1
X2 =V, mm/s 25 -1 35 0 45 +1

The matrix of the planned twiactor experiment is shown in Table 2 for solid wood and
in Table 3 for plywood.

On each test body of the six series of experimental specimens, in accordance with Table 2
and Talte 3, ten (10) kerfs were made (Eig 3; 4B).

After the experiment, each of the test bod
was recanrdsk). (Fig
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Table 2. Matrix of the planned twiactor experiment for solid wood

Experim Variable factors
x1=P, W X2 = Vi, mm/s
1. -1 20 -1 6
2. +1 30 -1 10
3. -1 20 +1 6
4. +1 30 +1 10
5. -1 20 0 8
6. +1 30 0 10
7. 0 25 -1 6
8. 0 25 +1 10
9. 0 25 0 8
Experiments in the middle of the factor space
10. 0 25 0 8
11. 0 25 0 8
12. 0 25 0 8

Table 3. Matrix of the planned twfactor experiment for plywood

Variable factors

Experim

x1=P, W X2 = Vi, mm/s
1. -1 12 -1 25
2. +1 16 -1 25
3. -1 12 +1 45
4. +1 16 +1 45
5. -1 12 0 35
6. +1 16 0 35
7. 0 14 -1 25
8. 0 14 +1 45
9. 0 14 0 35
Experiments in the middle of the factor space
10. 0 14 0 35
11. 0 14 0 35
12. 0 14 0 35

To evaluate the results of the tfaxctor experiment, the variance analysis methodology
was used\{uchkov et al. 1986 The regression equation under tiaotors of variation is of the
form:

Wgg @ OO OO OO OO OO (9)
Wherey,r.v. is the predicted value of the output quantity;
bo i coefficient in front of the free term;
b; andb2 1 coefficients in front of the linear terms;
bi1 andby2 i coefficients in front of the nonlinear terms of the equation.

3. RESULTS AND DISCUSSION

Tables 4 to 9 present the values for the weight of material vaporized by the laser beam
(eam), according to the matrix of the twactor experiment (Tables 2 and 3), and the values for
Es calculated by equation (7), whdres the length of all ten slits for a given specimen.
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Table 4.Specific cutting energysior solid wood (common beech: Fagus sylvatica L.)

- Variable factors Initial and output values
x1=P, W X2 =V, mm/s am, kg I, mm Es, J/kg
1. 20 6 0.00014 200 4.76 x 16
2. 30 10 0.00014 200 4.29x16
3. 20 6 0.00013 200 5.13x 16
4. 30 10 0.00014 200 4.29x16
5. 20 8 0.00012 200 4.17 x16
6. 30 10 0.00014 200 4.29x 16
7. 25 6 0.00018 200 4.63 x 16
8. 25 10 0.00011 200 4.55x 16
9. 25 8 0.00013 200 4.81x16
Experiments in the middle of the factor space
10. 25 8 0.00013 200 4.81x16
11. 25 8 0.00013 200 4.81x16
12. 25 8 0.00013 200 4.81x16
Table 5.Specific cutting energysior solid wood (poplar: Populus tremula L.)
. Variable factors Initial and output values
x1=P, W X2 =\, mm/s am, kg [, Mm Es, J/kg
1. 20 6 0.00019 200 3.51x16
2. 30 10 0.00017 200 3.53x 106
3. 20 6 0.00019 200 3.51x16
4. 30 10 0.00018 200 3.33x16
5. 20 8 0.00014 200 3.57x106
6. 30 10 0.00017 200 3.53x16
7. 25 6 0.00025 200 3.33x16
8. 25 10 0.00016 200 3.13x 16
9. 25 8 0.00018 200 3.47 x16
Experiments in the middle of the factor space
10. 25 8 0.00016 200 3.91x16
11. 25 8 0.00017 200 3.68 x 16
12. 25 8 0.00019 200 3.29x16
Table 6.Specific cutting energysfor solid wood (common birch: Betula pendula Roth.)
- Variable factors Initial and output values
x1=P, W X2 =V, mm/s am, kg I, mm Es, J/kg
1. 20 6 0.000112 200 5.95x 16
2. 30 10 0.000102 200 5.88 x 16
3. 20 6 0.00011 200 6.06 x 16
4. 30 10 0.00011 200 5.45x 16
5. 20 8 0.000087 200 5.75x 16
6. 30 10 0.00011 200 5.45x 16
7. 25 6 0.00014 200 5.95x 16
8. 25 10 0.00008 200 6.25 x 16
9. 25 8 0.000109 200 5.73x 16
Experiments in the middle of the factor space
10. 25 8 0.000108 200 5.79x 16
11. 25 8 0.000107 200 5.84 x 16
12. 25 8 0.0001 200 6.25 x 16
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Table 7.Specific cutting energysEor plywood (from common beech: Fagus sylvatica L.)

- Variable factors Initial and output values
x1=P, W X2 =V, mm/s am, kg I, mm Es, J/kg
1. 12 25 0.00002 200 4.80 x 16
2. 16 25 0.00003 200 4.27 x 16
3. 12 45 0.000012 200 4.44 x 16
4. 16 45 0.000015 200 4.74 x 16
5. 12 35 0.000017 200 4.03x 16
6. 16 35 0.00002 200 4.57 x 16
7. 14 25 0.000024 200 4.67 x 16
8. 14 45 0.000015 200 4.15x 16
9. 14 35 0.00002 200 4.00 x 16
Experiments in the middle of the factor space

10. 14 35 0.000018 200 4.44 x 16
11. 14 35 0.000021 200 3.81x106
12. 14 35 0.0000198 200 4.04x 16

Table 8.Specific cutting energysEor plywood (from poplar: Populus tremula L.)

- Variable factors Initial and output values
x1=P, W X2 =\, mm/s am, kg [, Mm Es, J/kg
1. 12 25 0.00004 200 2.40x 16
2. 16 25 0.00005 200 2.56 x 16
3. 12 45 0.00002 200 2.67 x10
4. 16 45 0.00003 200 2.37x106
5. 12 35 0.00003 200 2.29x 16
6. 16 35 0.00003 200 3.05x 16
7. 14 25 0.00004 200 2.80x 16
8. 14 45 0.00003 200 2.07 x 16
9. 14 35 0.00003 200 2.67 x 16
Experiments in the middle ofthe factor space

10. 14 35 0.00003 200 2.67 x 16
11. 14 35 0.000031 200 2.58 x 16
12. 14 35 0.00003 200 2.67 x 16

Table 9.Specific cutting energysior plywood (from common birch: Betula pendula Roth.)

- Variable factors Initial and output values
x1=P,W X2 = Vt, mm/s am, kg I, mm Es, J/kg
1. 12 25 0.00003 200 3.20x 16
2. 16 25 0.00003 200 4.27 x 16
3. 12 45 0.000013 200 4.10x 16
4. 16 45 0.000017 200 4.18 x 16
5. 12 35 0.00002 200 3.43x106
6. 16 35 0.000028 200 3.27x106
7. 14 25 0.00003 200 3.73x106
8. 14 45 0.000018 200 3.46 x 10
9. 14 35 0.000018 200 4.44 x 16
Experiments in the middle of the factor space
10. 14 35 0.000017 200 4.71x 16
11. 14 35 0.000024 200 3.33x16
12. 14 35 0.000023 200 3.48x 106
The | inear r el mdandmand their pelatiorshipwétes reprepented as

linear equation (8) was investigated using MS Excel and the Data Analysis module, which
included a linear regression procedure.
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Tables 10 to 21 give the summary data, ANOVA analysis of variance and other quantities

for solid woo#&=@mm plywood at e
Table 10.Summary results for common beech wood
Regression Statistics

Multiple R 0.889516

R Square 0.791238

Adjusted R Square 0.770362

Standard Error 8.04E06

Observations 12
Table 11 Dispersion analysis for common beech wood

ANOVA

df SS MS F Significance F

Regressior] 1 2.45E09 | 2.45E09 | 37.90152| 0.000107413
Residual 10 6.47E10 | 6.47E11

Total 11 3.1E09
Table 12.Summary results for poplar wood

Regression Statistics

Multiple R 0.93139

R Square 0.867488

Adjusted R Square | 0.854237

Standard Error 1.02E05

Observations 12
Table 13 Dispersion analysis for poplar wood

ANOVA

df SS MS F Significance F

Regressiol] 1 6.85E09 | 6.85E09 | 65.46479 1.07E05
Residual 10 1.05E09 | 1.05E10

Total 11 7.89E09
Table 14 Summary results for common birch wood

Regression Statistics

Multiple R 0.952676

R Square 0.907592

Adjusted R Square 0.898351

Standard Error 4.65E06

Observations 12

Table 15 Dispersion analysis for commdnirch wood

ANOVA

df SS MS F Significance F
Regression 1 2.13E09 | 2.13E09 | 98.21588 1.73E06
Residual 10 2.16E10 | 2.16E11
Total 11 2.34E09
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Table 16 Summary results for plywood from common beech

Regression Statistics
Multiple R 0.951701
R Square 0.905735
Adjusted R Square 0.896308
Standard Error 1.5E06
Observations 12

Table 17 Dispersion analysis for plywood from common beech

ANOVA

df SS MS F Significance F
Regression 1 2.16E10 | 2.16E10 | 96.08377 1.91E06
Residual 10 2.25E11 | 2.25E12
Total 11 2.38E10

Table 18. Summary results for plywood from poplar

Regression Statistics
Multiple R 0.924763
R Square 0.855186
Adjusted R Square 0.840705
Standard Error 3E-06
Observations 12

Table 19 Dispersion analysis for popl plywood from poplar

ANOVA

df SS MS F Significance F
Regression 1 5.31E10 | 5.31E10 | 59.05429 1.67E05
Residual 10 8.99E11 | 8.99E12
Total 11 6.21E10

Table 20.Summary results for plywood from comnfirch

Regression Statistics
Multiple R 0.868051
R Square 0.753512
Adjusted R Square 0.728864
Standard Error 3.13E06
Observations 12

Table 21 Dispersion analysis for plywood from common birch

ANOVA

df SS MS F Significance F
Regression 1 3E-10 3E-10 | 30.56998| 0.000251
Residual 10 9.83E11 | 9.83E12
Total 11 3.99E10

The coefficient of multiple correlatioMultiple R), which in this case is the coefficient of
l i near correlation bet we e nndepamndent thetop €&t id:dont f a
solid woodi common beech 0.89, poplar 0.93 and common birch 0.95; for plywdaoblesfch
0.95, poplar 0.92 and birch 0.87.
The coefficient of determinatiorR(Squarg has the following values: for solid wodd
common beech 0.79, poplar 0.88 and common birch 0.91; for plywdobesfch 0.91, poplar
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0.86 and birch 0.75. This means that for the materials studi€d, 88%, 91%, 91%, 86%
and 75% o f t he wvariati on m)is "explieed'byethe eayréssiont fac:
respectively.

In the examples considered, theatio has the following values: for solid wobdommon
beech 37.9, poplar 65.4 and common birch 98.2; for plywoddetch 96.1, poplar 59.1 and
birch 3.6, which are significantly greater than the corresponding critical values in the F
distribution tales Significance F. This gives reason to conclude that the part of the variance
of the depemtha is texplined'tby the rggrEssion is significantly larger than
the residual variancdrkesidua), which is de to unobserved factors.

The results of the experimental and theoretical determination of the specific laser cutting
energy at the interaction of the laser beam with solid vemaldplywood are presented in Table
22.

Table22. The specific energy of the laser beam when interacting with ordinary birch plywood

Specific laser cutting energy [Es)
. Experimental results | Theoretically calculated results
Material —
aF =0 mm
Es J/kg (x 100) | Es J/kg (x 10) | Equation (3; 8) | R
Solid wood
Common beeck 4.61 4.59 Yo ch@ T pg @ mno 0.89
Poplar (Aspen) 3.48 3.47 Ya o8t cBE MO 0.93
Common birch 5.86 5.85 Yo 1§ @n p®p@&no 0.95
Plywood
Beech 4.33 4.32 Yo p®@@mn ¢ @no 0.95
Poplar 2.57 2.56 Yo & @n o @mno 0.92
Birch 3.80 3.74 Yo p& @mn c®®BnO 0.87

Since the moisture content of the wood is in the room dry raitggoes not affect the
variation of the specific energy of laser cutting. The strong influence exerted by the type of
material and its density isonfirmed K u b o ves &, 12012 Gochey 2016 Gochevet al,

2024.

The specific energy was the highest for laser cutting of birch, which is explained by the
fact that the studied samples had the highest density. Dried birch wood is characterized by high
strength and is similar in strength to ash, one of the strongestdwad. Possibly the higher
values for specific energy are also influenced by the wavy structure of the wood.

In the case of plywood, the specific laser cutting energy of beech plywood is the highest,
which is about 12% higher than that of birch plywood. This is most likely due to the dense and
uniform structure of the fibers and the saturation with adhesive,hwioigether prevent
effective ablation.

Comparative studies B¢ u b o \etsak (2012 also show that the specific energy required
for laser cutting depends strongly on the type and density of the material. However, density
alone is not enough to fully explain the difference in laser cutting specific energy, especially
when comparing solidrcood and WBMASs a result, more energy is absorbed or lost within the
layered structure, reducing the material removal efficiency.

It can be seen from Table 22 that the difference between the experimental and theoretically
calculated results is in the range of @&2to 1.6%, which confirms the hypothesis that the
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specific laser cutting energy for a given wood species or WBM, can be considered as a constant
quantity.

Based on the conducted experimental studies and after mathematical processing of the data
using specialized softwaf@ StatLaband checking for adequacy, the following were derived:

x Regression equations for solid wood af = 0 mm:
- common beechHagus sylvaticd..);

Y1=4.71+0.198X-0.048% + 0.276X%° + 0.084%2 - 0.093%.X2 (10)
- poplar- aspen Populus tremuld..);

Y1=3,54 + 0,133%- 0,067% + 0,101%2+ 0,219%?- 0,05X:X> (11)
- common birch (Betula penduRoth);

Y1 =5,90 + 0,163%1 - 0,003K> + 0,284X 12+ 0,216X»?- 0,135 1X> (12)

x Regression equations for plywood aig= = 0 mm:
- common beechHagus sylvaticd..);

Y1=4,09 + 0,093%- 0,068% + 0,19%2+ 0,30%2- 0,208% X2 (13)
- poplar- aspen Populus tremuld..);
Y1=2,64 +0,133%- 0,108%+ 0,044%2+ 0,191%2- 0,115%X> (14)
- common birch (Betula penduRoth);

Y1=3,83 +0,165%- 0,09% + 0,149%2+ 0,096%2- 0,248% X (15)

WhereY: is the expected variation of the specific cutting endétgiyn coded form at the
corresponding focal length;

X171 the laser beam poweP)in coded form;

X271 the feed ratew) in coded form.

From equations (10} (15), it can be seen that it is the coefficient in frontXaf
corresponding to the cutting power that will have the greatest influence, and to a greater extent
than the feed rate, on the specific cutting enekgy. The sign in front of the coefficient is
i pl us 0R increasesks with aso increase. The coefficient in front ¥ has a negative
sign, i.e. as the feed (scan) speed increases, the specific cutting energy will decrease. The sign
in front of the coefficienX1Xz is negative, indicating the divergent influence of laser beam
power P) and feed ratex) on the specific cutting energis.

Figures 5 to 10 present the graphical relationships showing the variation of specific cutting
energyEs versus laser beam feed rate$ &t different beam power®).

g

= N - BX1=P=20 W
= OX1=P=25 W
475 =i A :
wds OX1=P=30 W
53]

60 65 70 75 80 85 90 95 100
v, mm/s

Figure 5. Variation of the specific cutting energyfér solid wood from common beech as a function of the laser
beam feed rates fpat different beam powers (P)
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Figure 6. Variation of the specific cutting energyfé solid wood from poplar as a function of laser beam feed
rates (v) at different beam powers (P)
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Figure 7. Variation of specific cutting energyflr solid wood from common birch as a function of laser beam
feed rates (¥ at different beam powers (P)
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Figure 8. Variation of specific cutting energyfir plywood from common beech as a function of laser beam
feed rates (Y at different beam powers (P)
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Figure 9. Variation of specific cutting energyfr plywood from poplar as a function of laser beam feed rates
(v) at different beam powers (P)
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Figure 10. Variation of specific cutting energyfar plywood from common birch as a function of laser beam
feed rates (Y at different beam powers (P)

4. CONCLUSIONS

The following more important conclusions and recommendations can be drawn from the
research conducted:

1. The largest specific energy values for the solid wood samples are obtained when laser
cutting birch, which has the highest density, and these larger values are probably influenced by
the wavy structure of the wood. In addition, dried birch wood is cteniaed by high strength
and is similar in strength to ash.

2. The specific energy of laser cutting of beech plywood is the highest, and it is about 12%
higher than that of birch plywood. The explanation for this is the dense and uniform fibre
structure and adhesive saturation, which together prevent effectiv@adtowever, density
alone is not sufficient to fully explain the difference in specific laser cutting energy, especially
when comparing solid wood and WBM. As a result, more energy is absorbed or lost within the
layered structure

3.From the summarized results presented in Table 22, it can be seen that the experimentally
obtained and statistically calculated valwdsEs for the studied solid wood and plywood
materials are very close in valtée difference is in the range of 0.2% to 1.6%, which confirms
the hypothesis that the specific laser cutting energy for a given wood species or WBM, in this
case plywood, can be considered as a constant value that can be used in a model describing the
kinetics of notch formation.
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4. As the feed (scanning) speed of the laser beam increases, the specific energy of laser
cutting decreases, which is logical, taking into account formula (7), but this is also confirmed
by the smaller amount of material removed (tab®).4
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ABSTRACT

On May 22, 2020, Zagreb experienced a 5.5 magnitude earthquake, causing significant damage to
many buildingsparticularly in the city's historic districts. In the aftermath, it was crucial to assess the
condition and quality of wooden lodmkaring beams in the affected structures and to provide
recommendations for their reconstruction and, where necessary, ahgtection. Biological
degradation is one of the most significant threats to historic wooden structures, alongside fire,
earthquakes, and collapse. This type of damage can occur after decades of use and is especially common
in buildings that are cent@s$ old. Xylophagous insects and lignicolous fungi are the primary agents of
damage, typically affecting unused spaces such as roofs and underfloor areas. The extent of damage is
influenced by factors such as the biological resistance of the wood spetiagcarclimatic conditions
(e.g., temperature, moisture presence, roof leaks, condensation in thermal bridges, and moisture uptake
in cold, damp climates)Assessing wood health involves not only identifying the type and extent of
infestation but also satiéng appropriate remediation methods, requiring expertise in wood technology
and pathology. This paper presents two case studies of historic buildings in Zagreb: Object A (Lower
Towni Donji Grad) and Object B (Upper TownGornji Grad), illustrating thenost common forms of
biological damage and the preservation measures needed to ensure the longevity of these structures.

Key words: biological degradation, highisk areas, wooden beams, wood health assessment methods

1. INTRODUCTION

Zagreb's historic center, which includes the Lower Town (Donji Grad) and Upper Town
(Gornji Grad), is home to many 19tentury buildings featuring timber floor and roof
structures. The 2020 earthquake caused widespread structural damage, particlgathgm® h
buildings, emphasizing the need for a systematic assessment of existing timber elements. The
most severe damage occurred in wooden constructions, particularly in elements that had been
affected by xylophagous and lignicolous organisms.

Certain insect species specialize in attacking sapwood or entire wood tissue, without
distinguishing between heartwood and sapwood. Some species are specific to hardwoods or
softwoods, while others, including woedtting fungi, are noselective and canegrade both
types. Some xylophagous insects that infest wood in service prefer fungal mycelium in the
wood, which can exacerbate degradati®inker et al, 2014; Eaton and Hale, 1993; Grosser, 1985;
Langendorf 1988;Reinprecht 2007;Reinprecht 2016;Reinprechtet al,, 2009;Scheidingetal., 2016
TurkulinandHasan, 2028Unger,et al, 2001)
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The most dominant insect species in Croatian structures are common woodborers
(Anobiidae): Anobium punctatum, Anobium pertinax, and Xestobium rufovillosum, as well as
the house longhorn beetlélylotrupes bajulus Even minor insect infestations can allow
moisture ingress into the larvae tunnels and exit holes, fostering a synergistic attack by insects
and woodrotting fungi(Binkeret al, 2014;CruzandMachadg 2013 Eaton and Hale, 1993; Grosser,
1985;Langendorf 1988;Reinprecht2007;Reinprecht2016 Reinprechet al, Rohanova, 202@009;
Scheidinget al, 2016 Turkulin andHasan, 2025Unger,et al, 2001 ZabelandMorrell, 1992)

Fungal infestations are common in histdsigldings, as they often contain damp zones.

The most frequent locations for fungal attack are building corners with restricted ventilation
and areas where wood is embedded in walls, such as the ends of tie beams and floor beams.
Moisture uptake in thes@res, combined with hygroscopic moisture and capillary action, can
result in wood moisture content (MC) exceeding the critical threshold of aroufrl (EQI

17121 2019 Binkeret al, 2014; Eaton and Hale, 19%einprecht2007;Reinprecht2016;Reinprech

et al, 2009;Turkulin andHasan, 2025Unger et al, 20017).

This paper illustrates the most common forms of biological damage in historic buildings
and discusses methods for assessing wood degradation and residuséctiossl strength in
wooden beams.

2. MATERIALS AND METHODS

A detailed insitu visual inspection was conducted across all affected structures to identify
critical inspection and measurement points.

2.1. Visual Inspection and Documentation

A comprehensive visual inspection and photographic documentation were carried out to
identify decay, deformation, and insect damage at each measurement poirgX}ig

Figure 7. Visual inspection of building AExample of a building corner with beams inserted into the wall,
completely rotted.
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2.2. Nail-Hammer Test

The Pilodyn method for determining wood health is based on the depth of penetration of a
steel needle into the wood surfgCarkeandSquirrell, 1985 Imai et al, 2023 Rohanova, 2020
Inspired by this method, the authors introduced the-lNa@lmme r t e-cettified Phcard | V
hammer (600 g) with two sharp ADBGWmmerdges
method was applied as a fast and effective way to evaluate the mechangrélyimtiethe
beams. The penetration depth of the hammer nail unded @gpact energy was measured
(Figure2, 3).

Figure 8. Example of the Natlhammer test at a measurement pdibieam inserted into the wall
Each point was classified from 1 (souwmsdod) to 8 (severely decayed wood), based on the

penetration depth of the hammer nail (Table 1).

Tablel. The naithammer penetration deptind corresponding soundness grade

The grade Nail penetration depth

<5mm
510 10mm
11 to 15 mm
16 to 20 mm
21 to 30 mm
31 to 40 mm
41 to 50 mm

> 50 mm

O|INO(UAWIN|F-

The reduction of the effectiviead-bearingcrosssection (R) was calculated using the
equation(1):

Y S primbp (1)

where A is the original crossection area and:As the remaining effective cross section
of the wooden beam (Rige 3).
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Figure 9. Determination of remaining effective cressction by the Naihammer testrhi Nail-hammer
penetration depth)

2.3. Moisture Content (MC) and Density Measurement

Wood moisture content was measured using an electrical resistance moisture meter
(GANN HT 85T) insitu and by the gravimetric method in the laboratory (HRN EN 13183
HRN EN 131832). Core specimens were drilled out from the beams at each measuremtent poin
(Figure 4 right). Density was determined gravimetrically, and strength class was assessed
according to HRN EN 338.

Figure 10. Electrical resistance moisture content measurement, core drilling for samples, and core drill
specimen

2.4. Microbiological Analysis

Small pieces from the core drill specimens were incubated on Potato Dextrose Agar (PDA)
nutrient medium in Petri dishes@ 4 )M C1 &r5d )% rdative humidity for 14 days.
Specimenswvere taken from the surface (top and bottom) and from the central part of the
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wooden beam (left and right) (Rige 5 left). Molds, bacterial colonies, and decay fungi were
identified (Figure5 right).

wal,

Figure 11. Placement of wood piecesnntrient agar in Petri disheand developed microbiological cultures

3. RESULTS AND DISCUSSION
3.1. Object A Lower Town (Donji Grad)

The beam ends inserted into masonry external walls on the northern side showed the
highest degree of decay. Condensation, due to temperature gradients, increased moisture levels
above 285, resulting in severe degradation, particularly in attic floorsufi€i§). The average
density of the beams ranged from 374 1o
C50 (Table 2).

676

Table2. Summary of the density values of wooden beams from all measurement locations (28 data points from
core samples) and corresponding strength class designations (according to HRN EN 338)

Value 15%

Property Average | of thelower | Median Min Max Star_‘d?“d
Hiro Deviation
Density, kg/m® 477 401 462 374 676 76.49
Strength class
(HRN EN 338) C30 C20 c27 C16 C50

According to Na#hammer test resultshe beams on the ground and first floor of the

building were rateds follows: 8 beams had the reduction of the load bearing cross section for
18 %, 26 beams had the reduction for 35 %, 5 beams had the reduction for 65 % and 5 beams

had the reduction of load bearing cross section for more than 75 %.
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Figure 12. Beam insert in the wall: a) entire cross section decayed and degraded by insects; b) surface brown
rot 12 mm in depth with sound inner part of the beam

3.2. Object B Upper Town (Gornji Grad)

Object B exhibited moderatkegradation, with attic beams most affected by condensation.
Northern facades showed more significant biological activity, correlating with moisture
condensation and moisture uptake. The densit
with strength clases C20 C50.

Table3. Summary of the density values of wooden beams from all measurement locations (25 data points from
core samples) and corresponding strength class designations (according to HRN EN 338)

VIS L Standard
Property Average | of tTi?n Iif[)wer Median Min Max Deviation
Density, kg/m® 464 417 467 398 556 47.38
Strength class
(HRN EN 338) C30 Cc22 C30 C20 C50

<
i
a

Figure 13. Severely rotten and attacked by insect beam ends insentedtinfaced outer wall

According to Na#hammer test resultshe beams on the ground and first floor of the
building were rateds follows: 2 beams had the reduction of the load bearing cross section for
35 %, 5 beams had the reduction for 50 %, 4 beams had the reduction of load bearing cross
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section for more than 65 %l the beams of the attic floor were almost entirely rotten, two
adjacent beams have a complete transverse crack at their midpaime {Fig

Figure 14. Attic floor beams: Lefttwo adjacent transversely cracked attic floor beams; Rigimpletely
rotten beams of the northwestern part of the building

3.3. Comparative Analysis

Both objects lack thermally insulated attics, and during the winter months, significant
temperature differences between the upper floors and attics caused condensation, leading to
moisture accumulation in the attic floor beams. As a result, these bederedu#xtensive
rotting and insect infestation.

Northern facades were more degraded than southern ones, and insect infestations were
particularly pronounced in poorly ventilated, humid zones. Although EN 17121 and other
sources do not specifically address insect infestation, focusing only on redueitgath
bearing crossection of structural elements, an analysis of these buildings revealed that even
minimal fungal mycelium can lead to significant damage by xylophagous insects, which prefer
feeding on the mycelium.

3.4. Repair Recommendations

Mechanical repairs should include partial beam replacement with scarf joints or laminated
inserts, and reinforcement with side planks or steel elements. The authors recommend chemical
protection using Adolit BQ1, Adolit BQ20, Impralit KDS, or Tanalith Eppked through
surface brushing and i njielctbieoanm hlenijgehctt)i osnh ohuo
alternately on opposite sides to ensumaximal penetration andven distribution of the
preservativgFigure 8). After drying, surfaces should beated, and attics should be thermally
insulated to prevent further condensation.
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4. CONCLUSIONS

The Naithammer test proved to be an efficient method for assessing wood degradation and
calculating the reduction in lodukaring crossection. Attic beams and northern facades were
most affected by condensation, which facilitated insect infestation fangal decay.
Combining nordestructive and laboratory analyses is essential for thetéwngpreservation
of Zagrebds timber heritage. Recommendati on:
protection, and improved ventilation of beam pockets.

5. REFERENCES

Binker, G.; Br ¢ ¢ ,kan Elohr, E.; Huckfeldt T.; Noldt, U.; Parisek L.; Rehbein M.; Wegner R.,
2014:PraxiHandbuch Hol zschutz. .K°I| n: Rudl of Ml I er

Clarke, R.W.; Squirrell, J.P, 1985: ThePilodynd an instrument for assessing the condition of
waterlogged  wooden  objects. Studies in  ConservatioB0 (4): 177183.
https://doi.org/10.1179/sic.1985.30.4.177

Cruz, H; Machado, JS. 2013: Effects of beetle attack on the bending and compression strength
properties of pine wood. Advanced Materials Reseafth: 145151

Eaton, RA.; Hale, M.D. C., 1993: Woodi Decay, pests and protection. Chapman & Hall, London,
UK.

Grosser, D.1985: Pflancliche und tierische Bau und Werkk®lz h 2 d | i n g eEchtekdengen:f el d e n
DRW -Verlag

Imai, M.; Kobayashi, H.Hara, T, 2023: Proposal of a method for estimating the residual Strength from
the depth of pilodyn penetrating for a Cylindrical memberProceeding of the World Conference
on Timber Engineeringdslo, pp. 882887. https://doi.org/10.52202/069103220

Langendorf, G.1988: Holzschut# (Wood Protection). Fachbuchverlag Leipzig, GerméimyGerman
language)

ReinprechtL., 2007: Ochrana drevia (Wood Protection). Technical University in Zvolen, Slovakia
(in Slovak)

Reinprecht, L,.2016: Wood deterioration, protection and maintenance. Chichester: WILEY Blackwell

96


https://doi.org/10.1179/sic.1985.30.4.177

33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

Reinprecht, L. Gt e f k Ky k 1J2, RQ09: Wooden Structures: Construction, Protection and
Maintenance. Prague

Rohanova, A.2020: Nondestructive penetration method for determining the qualigyrattural spruce
wood (Picea Abies Karst. L.) in situ. Acta Facultatis Xylologiae62 (1): 113123.
https://doi.orgl0.17423/afx.2020.62.1.10

Scheiding, W.GrabesP.; HausteinT.; HausteinV.; Nieke, N.; Urban H.; We i, B;, 2016: Holzschutz.
M¢nchen: Carl Hanser Verl ag

Turkulin, H; Hasan, M, 2025: Biological Degradation in Historic Timber Structures: Appearance,
Extent, Relevance and Sanatidn: Proceedings of the SHATIS 2025 7th International
Conference on Structural Health Assessment of Timber Structures, Zagreb,, Ppo&#3290.

Unger, A; Schniewind, A.P.; Unger, W, 2001: Conservation of Wooden ArtifadtsA Handbook.
SpringerVerlag, Berlin Heidelberg, Germany.

Zabel, R. A; Morrell, J. J,1992. Wood Microbiology: Decay and Its Prevention. Academic Press, INC.
London, UK.

*** EN 171212019 Conservation of cultural heritagieHistoric timber structures Guidelines for the
ontline assessment of lodmkaring structures.

*** HRN EN 131831, 2008 Moisture content of a piece of sawn timbePart 1: Determination by
oven dry method

*»** HRN EN 131832, 2008 Moisture content of a piece of sawn timberPart 2: Estimation by
electrical resistance method

*** HRN EN 338 2016 Structural timbek- Strength classes

97



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

Design and Construction of a WoodMetal Dining Furniture Set Using
Partially Recycled Materials

l gtvanil, Josi YonBemvamMmj sbavioJurigil, Mar.i
Miljenko?
1 Department of Material technologlacultyof Forestry and Wood technologyniversityof Zagreh Zagreh
Croatia

" Correspondinguthor: dpervan@sumfak.unizg.hr

ABSTRACT

In modern times, most furniture is discarded after a period of use due to wear, dysfunction, or
outdated aesthetidesign features. Another contributing factor is the availability ofdost, mass
produced furniture, which leads consumers to overlookptitential for restoring or reusing parts of
their existing furniture. The aim of this study is to demonstrate how combining old, used furniture with
new components made from attractive wood species can produce products that are reused rather than
discarded This approach contributes to environmental protection by reducing waste, turning it into
material for everyday use. For the construction tdldetop rowan wood $orbus aucuparid.) was
used, while the seat and backrest of the chair were made from common walnuiugdads regid..).

The study also includes technical drawings of the table and chair to illustrate the construction assembly
and provide clear insight into the materials used and their dimensions.

Key words: dining set, Europeawalnut, recycledmaterials, rowan woqavoodmetal combination

1. INTRODUCTION

The rapid advancement of technology has significantly altered consumer behaviour
concerning furniture replacement, leading to increased frequency in discarding used furniture
items. This trend has resulted in substantial accumulation of waste materialsyosiden
furniture constituting a considerable portion. Data indicate that China alone generates
approximately 60 million tons of discarded wooden furniture annually (Zébaig2023). The
rapid expansion of the furniture industry, as with any othemstrg, has also contributed to
environmental degradation through increased pollution, highlighting the urgent need for more
sustainable practices.

In response, a growing body of research emphasizes the importance of adopting recyclable
design principles and enhancing wood waste recycling (Figure 1) in the context of a circular
economy (Pihnet al, 2023). Various evaluation index system and evaluation models where
developed to verify feasibility of recycling specific cases of wooden furniture and Taiwan
serves as a leading example, where advanced dmdtadle production systems have been
devebped to optimize the reuse and recycling of wastatiure, delivering both environmental
and economic benefits (Lit al, 2022) (Zhanget al, 2023). Furthermore, China initiated the
ASpeci fication for Recycling and Utilizati ol
institutionalize the recycling and reprocessing of solid wood furniture waste and improve
national sustainability outcomesipxg et al, 2023)

98



33 International Conference on Wood Science and Technolt@WST 2®@5
UNLEASHING THE POTENTIAL OF WOOBBASED MATERIALS

Door-to-door

collection
Discarded N )
Call the hotline or log
wooden
. on to the reuse website
furniture
Furniture recovery
r

and disposal center

A 4

Disassembly and

Customer recycling information
; Data
collection Raw Parts
analysis
materials L /

P

Delivery Reuse sales Furniture reuse &
— [
service center remanufacturing

!

As fuel or landfill

Figure 1. Waste wooden furniture recycling procé€gbanget al 2023)
The integration of recycled wood and metal in furniture design represents a sustainable

strategy consistent with circular economy principles. Recycled wood, in particular, offers
notable advantages in terms of structural durability and resistance to deéornsuch as
warping and cracking, thereby serving as a credible substitute for newly harvested timber. The
synergy between wood and metal enables a wide range of versatile design applications,
facilitating the creation of eclectic yet cohesive pieceat tbater to various aesthetic
preferencesThe educational potential of recycled furniture design has also been recognized.
Studies involving interior design students indicate that engagement with recycled materials
fosters both creativity and environmental awareness. By incorporating wood andvastéal

into their design projects, students are encouraged to develop innovative, sustafoahiitygl
solutions, thereby contributing to broader environmental conservation gdaBagdet al,

2024). Furthenore, the aesthetic and functional merits of combining wood and metal have
been validated in various design contexts, reinforcing the capability of recycled materials to
satisfy both technical and artistic demands. In line with this, the application -afesgm
principles in furniture manufacturing promotes the use of environmentally responsible
materials and processes, further advancing the transition toward sustainable production systems
(Munteanu, 2021)

This study aims to design and construct a sustainable diniogregtising a table and four
chairs by combining recycled and new materials in a waoétal configuration. Metal
components will be repurposed from decommissioned office furniture, while new elements will
includeEuropearwalnut(Juglans regid..) andplywoodfor the chair seats and backrests, and
a combination oplywoodand solid rowan woo@Sorbus Aucuparid..) for thetabletop The
objective is to demonstrate that higbality, aesthetically appealing furniture can be produced
through the integration of reused and newly fabricated pHnis.approach not only reduces
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material waste and supports environmental sustainability but also illustrates the potential of
circular design in contemporary furniture manufacturing.

2. MATERIALS AND METHODS
2.1. Construction and technical drawing of the dining furniture set

During the design process of the dining furniture set (compradifaur chairs and a table),
several alternatives were considered regarding the shape of the chair backrestahletdpe
After evaluating the options in terms of aesthetics and functionality, the variants deemed most
practical and visually appealing were selecladierms of material selection, bottew and
recycled materials were used. Tievmaterials includedowanwood, walnut woodplywood,
screws, adhesive, loose tongue joimisg an oHbased surface finish. The recycled materials
consisted of metal frames from discarded furniture components obtained through inventory
clearanceFollowing the selection of an aesthetically and functionally optimal design and the
definition of the required materials, it was essential to ensure that the final product would meet
the necessary strength and durability standards. These qualities ma @oit furniture
intended for everyday use in a household setting

Following the completion of the structural design, the next step involved creating a
technical drawing of the product using AutoCAD software. In the program, the three
fundamental projections of the product (front view, top view, and side view) were travn
reduced scale (Figur&and4). These drawings include marked crgsstions and elements,
all of which are dimensioned accordingly.
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Figure 2. Technical drawing of the chair
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Figure 3. Technical drawing of theble
2.2. Manufacturing of the dining furniture set

The wooden components of the dining set were constructed using rowan Sabdg
aucuparial.), European walnutluglans regia..) (Figure 4), anglywood. The metal bases
were repurposed from office desk and chair frames (Figure 5), obtained through the
decommissioning of obsolete institutional furniture. Wood processing was carried out in the
facultyds carpentry wor ks heoipadeswmated facility dtthke f i n a
University of Zagreb Faculty of Forestry and Wood technology.

Figure 4. Unedged rowanvood boards
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Figure 5. Recyclednetal frames of chairs and takpeior to surface treatment and assembly

The metal frame of the table and chairs was first manually sanded using P60 grit sandpaper
to remove rust and any rougheas, as the structure had been previously used and had not been
maintained for an extended period. Following this initial coarse sanding, the surface was further
treated with P150 grit sandpaper to achieve a smooth finish suitable for subsequenigyocessi
specifically lacquering. Once the surface was fiest and adequately smooth, the lacquering
process began. The coating was applied using an anthracite metallic effect lacquer and a brush,
in two layers, to ensure thorough coverage of the old suafattto enhance the final appearance
of the metal.

The first step in this production phase of wooden parts was the edging of unedged boards
(Figure 4). All boards were initially trimmed to appropriate dimensions using a- cross
longitudinal cutting method with a table circular saw. This edging processectgulstraight
and mutually parallel edges and removed the bark as well as any irregular sections from each
board. The resulting boards were thus prepared for the next phase. The subsequent phase in the
production of the dining set involved planing eaclardo Using a jointer, all boards were
processed on two lateral and one flat surface to achieve optimal flathess and prepare them for
precise downstream operations. After jointing, the boards were thicknessed to final dimensions
of 25 mm f o rer ftameeleinents hnel @0smmofar internal components using a
thickness planer, with approximately 3 mm removed per pass until the required thickness was
reached. The boards were then cut to a width of 105 mm using a table saw. To eliminate saw
marks and ense clean, smooth edges suitable for effective gluing, an additional 5 mm was
trimmed from each side. The chair seats and backrests, as well as sectiomastiétbe were
edgeglued using tonguandgroove joints with loose tenons. Loose tenons, cut to 5 mm in
thickness and 30 mm in width, ensured strong and durable joints capable of supporting safe
seating. Both the tenons and grooves were made using a table gathewdlade adjusted to
the appropriate height to ensure precise alignment during blgseGare was taken not to
extend the grooves to the edges of the boards, thereby preventing the tenon from being visible
after assembly. A D3 wateesistant adhesive was used for bonding, known for its excellent
curing properties and ability to form sti@ joints. The assembled components were then
clamped tightly using specialized clamps to ensure proper adhesion. Once the glue had cured,
all four chair seats and backrests (Figure 6) were trimmed to final dimensions on a table saw.
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Figure 6. Chair backrest (left) and one section of the tatpdright) after gluing and before final trimming

All wooden components, including the chair seats, backrestdabledop were mounted
onto a 16 mm thicklywood board Assembly was achieved using adhesive and screws, with 4
mm diameter pilot holes and countersinks drilled beforehand to ensure a clean visual finish.
After assembly, the surfaces were sanded using a handheld random orbital sander with P120
grit sandpapemDue to the small sanding surface and the need for uniformity, this process was
time-consuming. Additionally, all edges were manuallynded using progressively finer
sandpaper to eliminate sharp corners, enhancing both safety and aesthetic appeal. Before oiling,
the final surface treatment, all elements were keardied with fingyrit paper (P120 or higher)
to ensure a smooth finish. $ace finishing involved oiling, a process where oil is applied to
enhance the natural texture and colour of the wood without producing the yellowish film typical
of many varnishes. Oil was chosen because it penetrates deeply into the wood, offering water
resistance and dimensional stability. However, unlike lacquer, oil finishes require regular
maintenance to preserve their appearance. For this project, a blend of oil and wax was applied
in two coats over two days. This combination significantly enhaneedthvo o d é6s nat ur al
and visual vibrancy (Figure 7), contributing to an attractive and durable final product, an
intended outcome of the design process.
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Figure 7. Tabletop backrests, and seats after surface treatment with oiling

The tabletopwas constructed from edggued elements of rowan wood, forming the
central section, onto which a frame made from the same wood species was later attached. This
design choice was made to enhance the visual appeal and distinctiveness of the table. A 16 mm
thick plywoodboard was affixed beneath the solid woaldletopu s i ng 4 T 35 mm sc
addition not only increased the structural stability of the table but also contributed to a more
substantial and visually heavier appearance. For ihison, theplywood board was
intentionally Il eft visibl e dabletdpae thenaeoured 6 s | &
to the metal frame using 4 I 65 mm screws.

3. RESULTS

The chair seat consists of a top layer made of -gtlged walnut wood elements joined
with loose tongu@ndgroove joints, a thickened edge on three sides, and a bottom layer of
plywood board. All components were connected using both adhesive and screws to ensure a
stable and durable structure. Similarly, the backrest was constructed usingjlestiealnut
elements joined by loose tongardgroove, with an additional solid wood strijugd to the
top to create a more robust and visually balanced formtalitetop chair backrests, and seats
were all mounted onto the metal base using 4
table set was arranged in the faculty building loffEigure 8) to display the final product.
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Figure 8. Final appearance of thassembled dining set

4. CONCLUSION

This study demonstrates the feasibility and advantages of producing a dining furniture set
using a combination of virgin and recycleaterials. The table and four chairs were constructed
from solid rowan woodorbus aucuparid..), used for theabletop and European walnut
(Juglans regial.), used for the backrests and seats of the chairply®vood board was
incorporated to enhance structural integrity and aesthetic quality, while recycled metal frames
from decommissioned furniture served as the base structures for both the table and chairs. The
use of D3 adhesive, connecting screws, and a surface @ihisih mixed with wax ensured
mechanical stability and a visually appealing, durable finish.

Through <careful design and materi al sel ect
0.026 mj of wal nuplyweodvwert efficiemlydutilifed @rdhe production
of the entire set. This approach not only achieved the desired functionality and modern
aesthetics but also emphasized sustainability by significantly reducing the environmental
footprint through the reuse oisdarded componentshe successful integration of recycled and
natural materials confirms that higjuality, functional, andisually attractive furniture can be
produced in a resourgdficient manner. This method contributes to the reduction of raw
material consumption, minimization of waste, and promotion of circular design principles in
furniture manufacturing. The final @aduct, characterized by its natural wood tones and modern
form, serves as a compelling example of how ecological and economic benefits can be
harmonized through thoughtful design and material innovafiois.dining set design can serve
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as a template for future sustainable furniture collections, encouraging wider adoption of
recycled components and promoting responsible consumption in the furniture industry.
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ABSTRACT

The aim of this research is to study the shear strength of beech plywood reinforced witbodon
materials in its structure, such as fiberglass and cotton fabridmpregnated with alcohedoluble
phenotformaldehyde resin (fiberglass prepreg and copt@preg). The same resin was used for veneer
bonding. The thickness of the veneers used in plywood structure was 1.5 and 1.85 mm. Eight
experimental reinforced plywood models were made, four of them reinforced with fiberglass prepreg
and the other fouwith cotton prepreg. The reinforcement was made by inserting certain numbers of
sheets of fiberglass/cotton prepreg into the different adhesive layers of the plywood structure. One
comparing model of plywood without reinforcement was made. Plywood sheagtst was tested in
dyconditioned state at 20 /| 65% relative humidit
hours in boiling water, foll owed by cooling in
plywood models, the shear strengths tested in the central veneer layer. The results obtained from the
shear strength tests are an indicator of increasing the shear strength values by reinforcing the plywood
with preimpregnated cotton and fiberglass fabrics.

Key words: Plywood, reinforcement, pranpregnated, fiberglass fabrigotton fabric, phenel
formaldehyde resin

1. INTRODUCTION

Many studies explore the possibilities of improvement of plywood properties through
application ofnonwood materialsn its structure Davaloset al, 2000 Jakimovska Popovska
and lliev, 20192021, 2025). Enhancement of plywood properties can be achieved by fiber
reinforced polymers that give the plywood better durability and water resigtdamdeo and
Karunasena, 200€hoietal , 2011; Z0k e Diffarentfibess lamd reding were2 01 1)
usedfor plywood reinforcementXu et al, 1996 Xu et al, 1998 B r e z etwali, 2002
Br ezetulj2D03Br e z et ulj2D10 Biblis and Carino, 200Hr § zs k1 an;d Kr §|
Mani Ag and Zoke, 2011).

The possibilities to reinforce wood with pirapregnated materials were first explored by
Rowland et al. (1986). Reinforcement of plywood with fiberglass prepreg significantly
decreases the water absorption and thickness swelling of plywood (Jakimovska and lliev,
2023), as well as increases the bending strength and modulus of elasticity in bending
(Jakimovska Popoka and lliev, 2019). fie application of prempregnated cotton fabric in
the structure of plywood significantly increases its hardness (Jakka®apovska and lliev,

2021) and irplane compressive strength of plywood (Jakimovska Popovska and lliev, 2023).

The bonding quality of plywood is determined by the shear strength tests of plyswbod.
aim the research is to study the shear strength of plywood reinforced with fiberglass and cotton
fabrics preimpregnated with methyl alcohsbluble pheneformaldehyde resin.
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2. MATERIALS AND METHODS

For the realization of the research, eigkperimental models of reinforced plywood were
made from beech veneers with thickness of 1.5 and 1.85 mm, withlanoissited layup of
veneersFour of the reinforced models were made through inserting sheets of fiberglass prepreg
(fiberglass fabric prémpregnated with resin) into different adhesive layers in plywood
structure, while the other four models were made by inserting sheets of aejpoago(cotton
fabric pre-impregnated with resin). In both experimental types of plywood (with fiberglass
prepeg and cotton prepreg) the reinforcement sheets have the same layout in plywood structure.

In six models (three models reinforced with fiberglass prepreg and three models reinforced
with cotton prepreg), each reinforcement layer is consisted of four sheets of fiberglass/cotton
prepreg placed one above the other and inserted symmetrically asidesttwith respect to its
axis of symmetry. In the first model (FPCP-1), the reinforcements are inserted in the fifth
and sixth adhesive layer, while in the second model(EF®-2) they are inserted into the third
and eighth adhesive layer. In therthinodel (FP3/CPR-3), the reinforcements are positioned as
surface layers of plywood. The fourth model of plywood-@€R4) has single sheets of
fiberglass/cotton prepreg inserted in each adhesive layer of the panel. In all of reinforced
plywood modelsthe orientation of the wrap of the fabric is parallel to grain direction of the
surface veneers. One control model (C) of plywood without reinforcement was made for
comparison of the results.

The fiberglass prepreg was made form fiberglass fabade of Eglass fiberswhile the
cotton prepreg was made from cotton fabric. Both fabrics weraeegnated with methyl
alcohol soluble phendbrmaldehyde resin with 51 % dry matters content, in quantity of 140
g/m2 for fiberglass fabric and 300 ¢fffior cotton fabric. The same resin was used for veneer
bonding, applied on the veneers in quantity of 180°githe thickness of the fiberglass and
cotton fabric before impregnation was 0.173 mm andrOr8 respectively, while the thickness
of the fiberglass and cotton prepreg was 0,22 mm and 0.6 mm respectively.

The pattern and crosection of reinforced plywood models, technical characteristics of
the fiberglass fabric and cotton fabric, the resin characteristics, as well as the impregnation
process are given in previous research papers (Jakimovska and Hie\gri02021).

Assembled plywood compositions were pressed in a hot press under specific pressure of
18 kg/cnt attemperature of 158 @r 30 min.

The shear strength of plywood was tested according to the standattEM 3141 and
Ms &EN 3142. Given the limited number of test specimens, the shear strength of all models
was tested only in the central veneer sheet of the plywood gamedleatment of the test
specimens was done which dependst®applicationaccording to humidity condition3.he
pretreatmenincludes immersioof test specimens boiling water for 6 hours and subsequent
cooling in water at a temperature@ 0 N2C f o r Afer theareatnsent in water, the
shear strength test was conducted. In this way, five test specimens from each panel model were
tested. At the same time, five -@ionditionedest specimens from each model were also tested.

SPSS Statistivas used fostatistical analysis of the obtained d&ae way ANOVAwas
used for determination of the&gnificance of the effect ofeinforcements on plywooshear
strenghTukeyds test was applied to evielmeant e t h
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values of this propertyf different plywood modelsThe tests were conducted at 0.05
probability level.

3. RESULTS AND DISCUSSION

The results obtained from the shear strength test in aomadlitioned stateqgure 1) and
after treatment in boiling water for 6 houRsdure 2) show that all experimental models have
amuchhigher value of this property than the miminaalue of 1N/mm definedby the EN 314
standard.

The analysis of the obtainéétafrom the shear strength test of the experimgritatood
panelsshows that during the test in -@ionditionedstateand after treatment in boiling water,
the value®f this property in model€P-1 andFP-1 are higher compared to the valoesained
in the other experimental models. The mean values of these two modelsanditronedstate
are almost equal (8.11 and 8.04 N/Mnwhile those of the other models range from 5.30
N/mn? in modelFP-3 to 6.43 N/mriin modelFP-2. During the test aftéemmersionin boiling
water for 6 hours, the mean values of mod&sl andFP-1 are agairsimilar i.e.,6.31 and
6.89 N/mni, respectivelyThemean valuesf otherreinforcedmodels range from 3.40 N/nfm
in modelCP-2to 5.12 N/mmn in modelFP-4.

The analysis of variance of the obtained dataHershear strength in tlagr-conditioned
state(ANOVA: F(8,36)=19.96; p 0).add@fter treatment in boiling watd ANOVA:
F(8,36)=57.40; p 0).slBo@ed that the differences in the mean values of at least two
models are statistically significant. Theonducted posthoc Tukey stest for multiple
comparisonbetweenmodels showed that the mean values of the shear strength in the
conditioned state and after treatment in boiling water of the madiels and FP-1 are
statistically significantly different from the mean values of all other models. The difference in
the mean values of these two models is not statistically significant.
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*Themeanvalues with the same letters are not significantly different at 0.05 probability level

Figure 1. Shear strength of experimental plywood in@inditioned state
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*Themeanvalues with the same letters are not significantly different at 0.05 probability level

Figure 2. Shearstrength of experimental plywood after immersion in boiling water for 6 hours

The percentage of apparent cohesive wood failar¢he shear strength test in thi-
conditioned state ranges from 10 to 20 %, while in the test of this property after treatment in
boiling water, thepercentage of the wood failure randesm 80 to 90 %. According to the
standard, at shear strength above 1 Ninthere are no limiting values for tipercentage of
wood failureon the shear surfaces. Tiweod fiber failureon the shear surfaces in the shear
strength test of the experimenpdywood panelsre showrnon Figures3, 4, 5 and®6.

Given the fact that the shear strength was tested only in the central veneer sheet of the
experimental models, the obtained test values showdgomes 1land2 do not show the overall
value of the shear strength of the plywood panels, but only the shear strength in the adhesive
layers next to the central veneer sheet.

In models CP1 and FPL, the adhesive layers next to the central veneer sheet in which the
shear occurs, represent adhesive layers between the veneer sheet and the reinforcement. In the
remaining tested models, with the exception of modelgl @Rd FP4, these adhesive layers
represent adhesive layers between two veneer sheets. The difference in the shear strength values
of models CP1 and FP1 on the one hand and the other models on the other hand, indicates
that the presence of multilayer reinforcementghie plywood structure will increase the shear
strength of plywood.

If the shear strength is also tested in the other veneer sheets of plywood structure, it is to
be expected that higher values of this property will be obtained in the other models, precisely
in those veneer sheets that are located between two multilayfercements.

Despite the fact that in models @Pand FP4 single sheets of reinforcement are inserted
in each adhesive layer of the plywood structure, the mean shear strength values in these two
models are lower compared to the mean values of modelsa@id FPL. This ratio of values
between models CP and FP1 on the one hand and models-€&nd FP4 on the other hand
indicates that the presence of single sheets of reinforcement in the structure of the panels does
not increase the value of the shear strength, #seig€ase when panels are reinforced with
multilayer reinforcements. However, when testing the shear strength after treatment in boiling
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water, higher values of the shear strength of modelgt @Rd FP4 can be observed in
comparison with models CP, CR3, FR2, FR3 and the control model C.

The values obtained from the shear strength test of the experimental plywood panels are an
indicator of an increase of the values of the shear strength by reinforcing plywood with pre
impregnated cotton and fiberglass fabrics. It must be noted that canfimof thisstatement
can only be obtained by expanding the testhefshear strengtio all layers of the plywood
panel.

Figure 6. Wood fibre failure of plywood after immersion in boiling water for 6 hours

4. CONCLUSIONS

Based on the obtained values for the shear strength of the experiphgntaddin an air
conditioned state and aftenmersionin boiling water for 6 hours, it can be concluded that a
high bondingquality of plywood has been achieved. All experimental models have a much
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higher value of this property than the minimum prescribed value of 1Rlbgrthe EN 314
standard.

The obtained results from the shear strength test of the experiplmtabdindicate the
possibility of increasing the valued this property by applying multilayer reinforcements of
preimpregnated cotton andiberglass fabrics in the structure of th@ywood panel.
Confirmation of thisstatementan only be obtained by expanding the tests of the shear strength
to all layers of the plywood panel.

Theresearch presented in the paper can helpeselectionof materiat and defining the
technological parameters for productiorhagh qualityplywood durable for application in high
humidity conditions
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*** Macedonian standard MaEN 3141, 2011 Plywoodi Bonding qualityi Part 2: Requirements.
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ABSTRACT

The quality of a product is@aracteristic that demonstrates how well it meets the needs for which
it is intended. Given that, a window purpose is to provide light and desired ventilation to a room, while
at the same time protecting the building from external influences such asraiegbility, water
permeability and wind resistance, we prove that it is of high quality the more it provides us with these
conditions. A window as a product is a complex composition of different materials and parts. The
different parts of a window includie basic structural elements, filling elements, fitting, and additional
accessories. The basic structural elements of a window are the supporting frame and the window sash.
The corner joints of these elements will be the target of research, in termo tidn strength of the
joint of the corner segments of windows made of wooden frame, PVC frame or aluminium frame can
affect the window's resistance to air permeability, water permeability and wind resistance.

Key words: window, construction carpentry, window profiles, air permeability, water permeability,
wind resistance

1. INTRODUCTION

The purpose of the windows as a construction product is to provide the building with
natural light and the opportunity to ventilate the interior and at the same time providing
protection of the room against external influences such as wind and rain] as teeprevent
uncontrolled cooling or heating of the room or the whole building in which they are built in.
Considering the purpose, a good quality window is one that protects against air permeability,
water permeability, wind resistance as well as utrotlad loss of energy.

The window as a product is a complex composition of different materials and parts. As
different parts of the window, the basic structural elements, filling elements, fittings, additional
accessories are distinguished. Basic structural elements of thewmanelthe supporting frame,
which is contained of a case and a window sash.

The supporting frame case. The supporting frame is a fixed structural element, attached
to the sides of the communication opening. This case bears the window sash (Kyu280gov

The window sash is the mobil part of the basic structural elements. Depending on the need,
it can rotate along a horizontal or vertical axis, slide laterally, but also a combination of several
directions of rotation.

Quality is a process in which only our customers, not our products, keepgtianck
(Ristevskalovanoska, 20)0Businesses are not paid to change customers, but to satisfy them
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(Drucker, 2005. Quality is the set of characteristics of a product or servicefulfdt the
satisfactio of consumer needs (Shuklev, 2D11

Windows are elements of construction carpentry that are composed of movable and
immovable parts. Depending on the function that the windows of the building have to achieve,
it is chosen from which materials they will be made and which attributes haveathieged
by the materials for constructing a window. If the windows have to only provide daylight in the
space, they are constructed as fixed, in other words, they have only a stationary part, and if, in
addition to light, they are to provide ventilatiohthe space, the windows are constructed with
a fixed, specifically immovable case and a movable sash that, according to needs, has the
possibility to open. In order to choose the most appropriate combination of materials for the
construction of a good ality window which will satisfy all the required features, it is necessary
to know the attributes of the built materials and how they affect the quality of the window.

Windows made of profiles of different materials were taken as sampl#sdoesearch.

The samples will be divided into two groups: group 1/12 of frame samples and group 2/12 of
sash samples. In both groups, results will be given for three subgroups of windows. The window
subgroups will be divided depending on the profile usedaisubgroup of windows made of
Aluplast Ideal 4000 PVC profile, Alumil M9650i aluminium profile and wooden profile
(Figure 1). Each subgroup will have three windows withesigions 800/800 mm. 12 samples

of the frame and 12 samples of the sash will be taken from the subgroup.

The windows will be tested for air permeability, water permeability and wind resistance
before sam@ preparationThe results for air permeability and wind resistance will be given as
an average value, while for water permeability the lowest water penetration time of the sample
from the subgroup will be taken into consideration.

Aluplast Ideal 4000 ALUMIL M9650 Wooden profile

Figure 1.Crosssection of window profile@ccording to thepluplast andlumil manufacturings)

First, windows made of profiles of different materials with similar dimensions and glazed
with the same glass will be tested according to the standanchétisod EN 1026:2016
Windows and doors Air permeability- Test method. According to the standarstiteethod,
how much air loss there is at a certain pressure will be measured and the average class of air
permeability will be determined aaahing to the classification dEN 12207:2016 Windows
and doors- Air permeability- Classification A water permdaility test will also be done
according to the standard method EN 1027:2016 Windows and -ddéater tightness Test
method. According to the method, the resistance of the windows to water under different
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pressures will be determined and it will be determined in which class they are counted for water
resistance according to EN 12208:2016 Windows and dobeter tightness Classification.
Wind resistance deviation will be measured on thepsesnaccordingly EN 12211:2016
Windows and doorsResistance to wind loadl'est method and it will be determined in which
class they are counted for wind resistance &
Resistance to wind loadClassification.

Afterwards the samples are prepared according to the standard EN 514:2018 Plastics
Poly (vinyl chloride) (PVC) based profilesDetermination of the strengthf welded corners
and Fjoints. The results of the test will give us data on the strength of the welded corners made
from the same profile and how much it differs between the sash and the case.

2. RESEARCH OBJECTIVES

The goal of this research is show how and to what extent the material of the window
frame profile can affedhe final quality of the window.

The aim is to prove whether the strength of the corner joints of profiles made of different
materials such as wood, aluminium or PVC can
resistance to wind load.

3. HYPOTESIS

It is assumed that the strength of the corner joint between the sash and the frame affects the
overall quality of the windowHowever, the strength of the joint varies with the different
materials of which the window profile is made. The assumption is that the difference in the
strength of the corner joints provided by profiles made of different materials such as wood,
aluminum ad PVC has no impact on the quality of the window in terms of air permeability,
water permeability and wind resistance.

4. RESULTS AND DISCUSSION

Air permeability measurements, water tightness measurements and wind resistance tests
according to European and national standards will be carried out using a window testing
machine fronthe manufacturer K.SchultembH&Co0.KG model KS 3040/65€hown in Figure
2.
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Figure 2.f e a sment according tetandards EN 1026:2016, EN 1027:2016, EN 12211:2016

4.1. Results of the air permeability

Tables 1, 2 and 3 give the average vahliethe group of windows tested from the same
profile. Three windows were tested from each group and the average valupeshaability
was calculated.

Table 1. Sample 1L air permeability(PVC profiles)

Table 2. Sample 2 air permeability(aluminium profiles)

Normal pressure Pa 50 | 100 | 150 | 200 | 250 | 300 | 450 | 600
Actual pressurg Pa 50 | 100 | 150 | 201 | 251 | 301 | 452 | 603 Gelnefa'
Air permeability] mj / h|0.71] 1.33 1.82] 2.30| 2.73] 3.17| 451| 6.08| ©%%°
Perimeter mi | (h 0.25| 0.46 | 0.63| 0.79] 0.94| 1.09 | 1.56 | 2.10
Class
Window surface mi / (h
Class

Normal pressure, Pa 50 | 100 | 150 | 200 | 250 | 300 | 450 | 600
Actual pressure, Pa 50 | 99 | 150 | 199 | 250 | 300 | 452 | 598 | General
Air permeability]  mj / h|6.06| 9.98| 14.55| 19.82| 25.19| 30.26| 54.28| 80.50| 2SS
Perimeter mj / ( h 1.19|1.96| 286 | 3.89 | 495 | 595 | 10.66| 15.81
Class g | 2 | o 2 2 2 0 0 2
Window surfacel | | 3.33| 5.48| 8.0 | 10.89] 13.84 16.63| 29.82| 44.23
Class 3| 3] 3 3 3 3 | 308 | 0 2
2
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Table 3. Sampl87 air permeability(wooden profiles)

Normal pressure, Pa 50 | 100 | 150 | 200 | 250 | 300 | 450 600 General
Actual pressure, Pa 51 | 100 | 150 | 201 | 251 | 301 | 463 | 602 class
Air permeability mj / h|204]3.08|3.99|4.78| 5.50| 6.18| 8.06 | 9.90
Perimeter mj / ( h 0.70| 1.06| 1.37| 1.65|1.90| 2.13| 2.78 | 3.41
Class 3 3 3 3 3 3 3 3 3
Window surface mj / ( h 3.18| 4.82| 6.23| 7.46| 8.60| 9.65| 12.59| 15.47
Class 3 3 3 3 3 3 3 3 3
3

4.2. Results of thewater permeability

Tables 4, 5 and 8how the lowest valued the group of windows tested from the same
profile. Three windows from each group were tested and the lowest peasteeabilityvalue
was obtained.

Table 4. Sample il waterpermeability(PVC profiles)

Pressure in Pa . Water entrance .
Class Time — - Observation
Normal | Actual Dripping | Flowing
Al 0 0 00:15:00| 00:00:00 | 00:00:00 OK
A2 50 50 00:05:00 | 00:00:00 | 00:00:00 OK
A3 100 100 | 00:05:00 | 00:00:00 | 00:00:00 OK
A4 150 150 | 00:05:00 | 00:00:00 | 00:00:00 OK
A5 200 201 | 00:05:00 | 00:00:00 | 00:00:00 OK
¢ 6 250 250 | 00:05:00| 00:00:00| 00:03:44| NOT OK

Table5. Sample 2 water permeability (aluminium profiles)

Pressure in Pa . Water entrance .
Class Time = : Observation
Normal | Actual Dripping | Flowing
Al 0 0 00:15:00( 00:00:00 | 00:00:00 OK
A2 50 50 00:05:00 | 00:00:00 | 00:00:00 OK
A3 100 100 | 00:05:00 | 00:00:00 | 00:00:00 OK
A4 150 149 | 00:.05:00 | 00:00:00 | 00:00:00 OK
A5 200 201 | 00:05:00| 00:00:00| 00:01:38] NOT OK

Table6. Sample3 i waterpermeability(wooden profiles)

Class Pressure in Pa Time \'Naj[er entrancg Observation
Normal | Actual Dripping | Flowing
Al 0 0 00:15:00| 00:00:00 | 00:00:00 OK
A2 50 50 00:05:00 | 00:00:00 | 00:00:00 OK
A3 100 100 | 00:05:00 | 00:00:00 | 00:00:00 OK
A4 150 148 | 00:05:00 | 00:00:00 | 00:00:00 OK
A5 200 201 | 00:05:00| 00:00:00 | 00:00:00 OK
A6 250 251 | 00:05:00| 00:00:00| 00:00:09] NOT OK

4.3. Results ofresistance to wind load
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During wind resistance testing, the frontal deflections that appear on the profile under a
wind load of 1600 Pa were measured. All windows were subjected to the same pressure. Table
7 provides the limit valuesf the classes according to the EN 12211:2016 standard.

Table7. Maximum deflection to the classification at the base width

Class Deflection
@ F60mm f, mm
il (ac)/ | 150 4.40
B (ac)/ 200 3.30
C (ac)/ 300 2.20

Tables 8, 9 and 10 give the average values of the groups for frontal deflections observed at
a windpressuref 1600 Pa. The average values are taken for PVC profile windows, alamin

profile windows and wooden profile windows.
Table8. Measuring results of the deflection in riir®VC windows

Wind . . : Deflection
pre;saure Point 1(a) Point 2(b) Point3(c) i
160Fa 0.32 0.43 0.30 0.12

OPa 0.00 0.00 0.00 0.00
-160CPa 0.34 0.40 0.31 0.08

OPa 0.00 0.00 0.00 0.00

Table9. Measuring results of theéeflection in mni aluminium windows

Wind . . . Deflection
pre;saure, Point 1(a) Point 2(b) Point3(c) e
160Fa 0.27 0.43 0.20 0.20
OPa 0.00 0.00 0.00 0.00
-160CPa 0.15 0.27 0.12 0.14
OPa 0.00 0.00 0.00 0.00

Table10. Measuring results of theeflection in mni wooden windows

Wind . . . Deflection
pressure, Pa Point 1(a) Point 2(b) Point3(c) £ mm
1603Pa 0.68 1.03 0.73 0.33
OPa 0.00 0.00 0.00 0.00
-160CPa 0.41 0.92 0.94 0.25
OPa 0.00 0.00 0.00 0.00

4.4. Results from windows made from PVQorofile windows, aluminium profile windows
and wooden profile windows, determining the strength of the corner joints of the
frame (sash, frame)

The extracted corner samples were divided into a group of frame samples and a group of
window sashsamples. The measurement was recorded for all samples and an average value
was extracted for frame and wing for each profile type.
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4.4.1. Results from a group of frame tests

Figure 3 shows samples from the group of window frames that are subjefdezkto

Figure 3. Forceappliedon samples from a group fsthme

Tablell. Determining the strength of the corner joints of the franf®/C windows

Measured force at the moment of breaking the sample

F11 Fo1 Fs1 Fa1 Fs1 Fe-1 Fr1 Fs1 Fo1 Fio1 Fii1 Fi21
(N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N)
5814 | 5612 | 5334 | 5612 | 5551 | 5125 | 5866 | 5328 | 5811 | 5817 | 5421 | 5577
Average value F1=5572 N
Table12. Determining the strength of tl®rner joints of the frame aluminium windows
Measured force at the moment of breaking the sample
Fi2 Fa2 Fs2 Fsz Fs2 Fs2 Fz72 Fs2 Fo2 Fio2 Fir2 | Fi22
(N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N)
7625 | 7890 | 8001 | 8115 | 7930 | 8005 | 8120 | 7930 | 7844 | 7860 | 8001 | 7863
Average value F2=7932 N
Table13. Determining the strength of the corner joints of the frimeooden windows
Measured force at the moment of breaking the sample
Fi3 Fa3 Faa Fas Fs3 Fe3 Frs Fes Fo-3 Fio3 Fiz | Fi2s
(N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N) (N)
7301 | 7311 | 7483 | 7930 | 7280 | 7912 | 7866 | 7771 | 7890 | 7913 | 7821 | 7882
F3=7697 N

Average value

4.4.2. Results from a group of sash tests

Figure 4shows samples from the group of windsashthat are subjected to force.
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