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FOREWORD 

 

Welcome to the 33rd International Conference on Wood Science and Technology ï ICWST 

2025, themed "Unleashing the Potential of Wood-Based 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, ICWST 2025 is set 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 Ljubljana; Faculty of 

Design and Technology of Furniture and Interior, ss. Cyril and Methodius University - Skopje; 

Faculty of Forest Industry, University of Forestry - Sofia, 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 2025 seeks 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 applicability, and comprehensive syntheses of high-impact 

subjects.  

As we reflect on the achievements of the past, present, and future, ICWST 2025 is proud 

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 science discourse.  

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 resource in the bioeconomy, 

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 wood-based materials. May ICWST 2025 be 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 as a Material for Making Unique Furniture  

Bego, Margarita1*; Martinoviĺ, Sandra2; Lobaġ Kukaviļiĺ, Iris1; Ġenjug, Luka1 

1 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 parallel to the grain, 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 the ñDays of Cultural and Creative Industriesò 2024, a 

unique coffee 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 surface treatment. 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 long-term action of the sea, 

represents a valuable example of natural recycling of materials. 

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 irregularity of the 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 Dubrovnik. 

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 strength, and modulus 

of elasticity of driftwood were determined according to ISO 13061-17 (2017), ISO 13061-3 
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(2014), and ISO 13061-4 (2017), respectively. The testing was performed on universal testing 

machine Zwick 1282. 

An assessment of the woodËs workability and surface quality was carried out after 

prolonged exposure to environmental factors and the experimental design and production of the 

coffee table prototype were realized within the framework of the project ᾴDays of Cultural and 

Creative Industries 2024.ᾴ 

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 suitability for use in sustainable 

furniture design. 

Based on the macrostructure and microstructure analysis of the driftwood cross-section, 

the wood type was identified as poplar wood (Populus spp.) The test samples for compressive 

strength testing were divided into clear wood specimens and specimens of wood with defects. 

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 specimens is 39.1 % 

higher than the same strength of wood with defects. The obtained 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 Laboratory, 2021). 

 
Table 1. Compressive strength of clear wood specimens and specimens with wood defects (Laboratory conditions: 

T=20 ÁC, RH=65 %) 

Compressive 

strength, MPa  

Clear wood specimens 

of poplar (W=13.41 

%)   

Specimens of poplar with 

wood defects  

(W=13.77 %)   

Mean  41.86  30.08  

Stan. dev.  1.70  8.64  

Range  4.51  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, and it is lower than the literature value 

of bending strength of 70 MPa (Forest Products Laboratory, 2021). 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 maximal value 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 force-displacement 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 defects on the analysed 

mechanical properties of driftwood (Bego et al., 2023). 
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Table 2. Bending strength and modulus of 

elasticity of the driftwood samples (Laboratory 

conditions: T=20 ÁC, RH=65 %)  

Wood 

specimens of 

poplar  

Bending 

strength, MPa  

E modulus,  

GPa  

Mean  45.10  6.07  

Stan. dev.  18.53  2.50  

Range  57.73  8.22  

  

Figure 1. Testing of bending strength: force-displacement 

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 of  driftwood 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 create objects 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, collected driftwood material 

firstly needs to be scanned and sorted, based on the quality, before deciding which pieces can 

be used for furniture design. Only high-value driftwood pieces can be used for furniture making. 
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By using driftwood waste in coffee table design, eco-friendly product was created, which 

promotes sustainable practices, while simultaneously fostering artistic expression within the 

context of contemporary culture and ecology. 
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Conservation and Restoration of the Writing Desk of August Ġenoa  

Bego, Margaritaῖ; Ļavara, PeroĮ 

1 Department of Art and Restoration, University of Dubrovnik, Dubrovnik, Croatia 
2 Ġkola drvne tehnologije i ġumarstva, Zagreb, Croatia 

*Corresponding author: margarita.bego@unidu.hr 

ABSTRACT 

This paper presents the conservation and restoration of the writing desk of August Ġenoa, dating 

from around 1870, crafted by an unknown master and preserved in a private collection. Structural 

instability was detected during the condition assessment, requiring the 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 the final 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 public presentation within the Ġenoa family collection. This case study illustrates the 

importance of conservation in safeguarding cultural heritage and emphasizes the role of responsible 

material use in line with circular economy principles. 

Key words: conservation, restoration, furniture, August Ġenoa, cultural heritage, circular economy 

1. INTRODUCTION  

The preservation of cultural heritage ensures the promotion and contribution to sustainable 

development through heritage as a component of quality of life (Grazuleviļi¿te,2006). 

Sustainable management of cultural heritage implies a balance between the preservation 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 reason, conservation-restoration practice 

occupies a key position in ensuring the continuity of cultural value through physical 

stabilization, aesthetic renewal, long-term protection, documentation and interpretation of 

objects within their original context. 

The conservation-restoration process is viewed as a scientifically based procedure that 

integrates historical research, technological material analysis, and practical skills of treatment 

and reconstruction (Halbertsma, 1999). According to Matero (2000), the contemporary 

conservator ï restorer operates at the intersection of science, art and ethics, where every 

intervention decision must be professionally justified, documented and aligned with 

international principles. 

The importance of adhering to the principles of minimal intervention, reversibility and 

distinguishability of new additions ï as defined by international documents such as the Venice 

Charter (ICOMOS, 1964. And E.C.C.O. Code of Ethics (2003) ï forms the foundation of 

modern restoration practice. Such an approach enables the preservation not only of the physical 

integrity of the object but also of its intangible values ï cultural identity, historical continuity 

and symbolic meaning (Clavir, 2008).  
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In this context, conservation ï restoration 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 the social, aesthetic and personal 

dimensions of the past.  

The subject of this paper is the conservation ï restoration of the writing desk of August 

Ġenoa, one of the most prominent Croatian writers of the 19 Century.  

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 cultural heritage of Croatian 

literature ï a testimony to the time and environment in which Ġenoa created.  

2. MATERIALS AND METHODS   

The restoration of August ĠenoaËs writing desk required an interdisciplinary approach 

combining art ï historical research, material analysis, application of conservation technologies 

and an understanding of aesthetic and ethical principles of the profession. The procedures 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, damage diagnostics, 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 valorization and preparation for future public presentation within the Ġenoa family 

collection. This fulfils one of the fundamental goals of conservation work ï to ensure lasting 

accessibility and understanding of cultural heritage for future generations.  

2.1. Object data and location  

The Ġenoa House in Zagreb, Mallinova 27, preserves the valuable Ġenoa family Collection, 

which has been designed a cultural property by the Ministry of Republic of Croatia under 

number Z-4742. The building itself is also a protected cultural, listed under number Z-730.  

August ĠenoaËs writing desk was made around 1870 from walnut wood (Juglans), walnut 

veneer and spruce wood (Picea) 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 

the19th Century and reflects the cultural status and aesthetic preferences of the bourgeois class 

of the time. Understanding the cultural and historical context of the desk is essential for 

planning interventions and selecting appropriate restoration methods.  

  



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

11 

 

Figure1. Front view of the desk in its initial condition, photo by P. Ļavara, 2021.  

 

 
                                               a)                                                                                      b)  

Figure 2a, 2b.. Cracks and damage to walnut veneer before restoration, photo by P. Ļavara, 2021.  
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Figure 3. Carved decoration before restoration, photo by P.Ļavara, 2021. 

2.2. Damage assessment and restoration plan  

Detailed documentation of the deskËs damage was crucial for selecting appropriate 

conservation procedures, ensuring that the intervention remained targeted and minimally 

invasive.  

 

Graphic1.Marked areas indicate probe sites: chemical damage caused by corrosion products (green); 

mechanical damage and loosened joins (red). Front side of the writing desk, photo by P. Ļavara, 2021.  
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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 performed on samples 

labelled UZĠS1 ï UZĠS5, each used for specific analyses:  

- macroscopic wood species identification- UZĠS1, UZĠS2  

- surface dirt cleaning tests - UZĠS2, UZĠS5  

- solubility tests of the painted layer ï UZĠS1, UZĠS3  

- FTIR analysis of the finishing layer ï UZĠS4  

2.3.1. Macroscopic identification of wood species  

Wood identification enables the selection of compatible materials for consolidation and 

retouching, ensuring the long-term stability and preservation of the deskËs original appearance.  

   

Figure 4. Comparison of walnut wood (Juglans) texture with INTKEY 5 Atlas ï DELTA (Dallwitz et al., 2002)  

  

 

Figure 5. Comparison of desk support wood (silver fir-Picea), source: https://www.mmm-

vukelic.hr/drvo/jela/smreka/  
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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 surface (Beġvir, 1998).Tests with organic solvents ï distilled 

water, ethanol and acetone ï showed that a citric acid solution was most suitable for removing 

dirt from selected surface areas.   

Preparation of solution:  

100 ml distilled water  

0.5 g citric acid  

few drops of triethanolamine (TEA)  

The initial water ï citric acid mixture had a pH of 2.5; TEA was gradually add under 

constant stirring until pH stabilized at 6.5 ï 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 with 96 % ethanol to remove old 

shellac coating and surface dirt, while preserving the patina that contributes to the objectËs 

historical and aesthetic value.  

 

   

                                        a)                                                   b)  

Figure 6. Presence of shellac, dirt and patina (a); keyhole escutcheons after cleaning (b), photo by P. Ļavara, 

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.  
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Tests were performed with acetone and 96 % ethanol. Results showed that ethanol provided 

the most effective and safest cleaning of the shellac surface.  

During the actual cleaning a thickened ethanol gel was used -ethanol with 5% Klucel G ï 

which allowed precise control of solvent application and minimized the risk of damaging the 

finish (Unger, 2001).  

  

 

Figure 7. Comparison of uncleaned and clean surface, photo by P. Ļavara, 2021  

  

  

Figure 8. Carved section before cleaning, photo by P. Ļavara, 2021  
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Figure 9. Carved section after cleaning, photo by P. Ļavara, 2021  

3. RESULTS  

Instrumental analysis was subsequently carried out to confirm previous findings, 

specifically the presence of shellac in sample UZPĠS4. The analysis also identified the pigment 

within the shellac layer: Van Dyke Brown ï a bitumen -Based pigment (carbon)with added 

black iron oxide) FeįO4, 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. 
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Sample ID  Sampling location  Sampling image  Results  

UZĠS4  Tabletop, front right-

center  

  

-Presence of shellac  

-Bitumen-based 

pigmet(carbon) with added 

black iron 

oxideFe3O4(magnetite)  

Figure 10. FTIR analysis results  

 

The image document the sampleËs condition before and after cleaning, demonstrating 

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

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

did not negatively affect the finish. These finding provide a foundation for interpretation and 

further valorization of the object within the Ġenoa House Collection.  

 

 

Figure11. Detail of carved section after restoration, photo by P. Ļavara 2021  
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Figure 12. Restored writing desk of August Ġenoa,1870, photo by P. Ļavara 2021  

4. CONCLUSION  

The Ġenoa House in Zagreb, Mallinova 27preserves the Ġenoa Family Collection, 

designated a cultural property by the Ministry 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 presented the art-historical context of August ĠenoaËs writing desk and detailed 

overview of the conservation ï restoration process. All investigative procedures, instrumental 

analyses and interpreted results were explained, forming the basis for defining 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 conservation- restoration work ensured the preservation of the deskËs integrity and 

aesthetic value, applying reversible materials and traditional techniques consistent with 

professional standards. The intervention provided long- term protection, preserved the original 

appearance and completeness of the object and enable its valorization for future generations 

and potential public display within the Ġenoa House Collection.  
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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 three layers of linen fabric (faceïcoreïface). 

All samples were stabilized via wet pressing (180 ÁC, Ò 8 MPa, 20 min) and subsequently dried (å 101ï

103 ÁC for 2 h). Evaluated properties included density, water absorption (2 h/24 h), and thickness 

swelling (2 h/24h). Pressing improved material cohesion and surface smoothness. The sandwich 

architecture and linen reinforcement further enhanced planar integrity, cohesion, and handling during 

growth and post-processing. Despite these improvements, mechanical properties remain below those of 

particleboards of comparable thickness, and MBCs exhibit higher water uptake and swelling. 

Nevertheless, the panels retain their shape after re-drying with minimal deformation. The textile surface 

also enables new aesthetic treatments (dyeing, 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 functional advantage rather than a 

limitation. After seasonal use, they can naturally decompose into substrate.  

Key words: mycelium-based composites, design, density, water absorption, outdoor furniture 

1. INTRODUCTION  

The increasing demand for comfort, rapid product turnover, and low-cost solutions is 

reshaping furniture design and the broader category of short-lifespan consumer goods. Notable 

examples include childrenôs furniture, seasonal outdoor furnishings and exhibition setups. 

These products often result in waste streams composed of plastics and agglomerated materials 

that are difficult to recycle. Mycelium-based composites (MBCs) offer a promising route for 

upcycling lignocellulosic and textile residues into fully  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 (Islam et al., 2018; Bonenberg et al., 2023). In MBCs, 

conventional binders are replaced by a three-dimensional network of fungal hyphae that 

mechanically interconnect substrate particles and form a compact surface layer known as the 

ñfungal skinò (Sun et al., 2020). Review papers consistently emphasize the environmental 
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benefits and broad application potential of MBCs, ranging from packaging materials (Jones et 

al., 2020) and acoustic panels (Appels et al., 2019) to architectural installations (Elsacker et al., 

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 (Yang et al., 2021). Methodological inconsistencies across publications 

complicate data comparison and hinder practical implementation (Attias et al., 2020). Post-

growth interventions can significantly modify MBC properties. Pressingðboth cold and hotð

is currently the most effective stabilization method, enhancing strength and stiffness, though it 

may reduce insulation performance and cause steam cracks or delamination under wet 

conditions (Nussbaumer et al., 2023; Alaneme et al., 2023). Hybridization, involving 

reinforcement layers such as veneers, fibers, meshes, or nanocellulose, improves shear transfer, 

edge durability, and dimensional stability. Mechanical improvements have been demonstrated 

with grid and sandwich reinforcements using wood veneer combined with compression 

(Ozdemir et al., 2022). Fungal species selection is critical. For panel-type MBCs, wood-

decaying fungi with trimitic hyphal systems are preferred due to their rigid, spatially connected 

networks (Yang et al., 2021). In addition to the widely studied Ganoderma lucidum, Ganoderma 

sessile has shown high yield, contamination resistance, and rapid growth (Stamets, 2006), 

confirmed by cultivation. Its reputation as a medicinal ñreishiò mushroom may further support 

user acceptance (Sun et al., 2019). One persistent issue is the brittleness of the fungal skin after 

drying. Literature recommends combining hot pressing with plasticization and biocoatingsð

e.g., 20ï40 % glycerol to stabilize the chitinïglucan matrix, increase flexibility, and reduce 

fracture brittleness; or soy wax coatings reheated in the press to form compact, water-repellent 

layers (Haneef et al., 2017). Beyond physical properties, user acceptanceðespecially aesthetic 

perceptionðis 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 (Vandelook et al., 2021; Karana et 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 stabilization conditions: 

S,B 1-3: monolithic panel (80 mm thick, without fabric) 

S,B 4-6: in-growth sandwich (two 40 mm boards to a total board thickness of 80 mm) 

S,B 7-9: sandwich with three layers of linen fabric (surfaceïcoreïsurface, 80 mm thick). 

All variants were wet-pressed (å180 ÁC, Ò 8 MPa, 20 min) and dried (å101ï103 ÁC). 

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 design based 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 substrate was prepared from wood chips of two commonly used wood species ï 

Norway spruce (Picea abies (L.) H. Karst.) and European beech (Fagus sylvatica L.) ï 

originating from the carpentry workshop of the university (Czech University of Life Sciences), 

with an initial moisture content of 9ï11 %. The substrate was hydrated to a target moisture 

content of approximately 59 % using boiled water (å90 ÁC) and packed into autoclavable 

Microsac filter bags with HEPA filters (SACO2). Then pasteurized in an autoclave at 122 ÁC 

for 3 hours. Autoclave Sanyo, model MLS-3750-SV. After was exposed to UV radiation for 24 

hours to reduce microbial contamination. Linen fabric (100 %, plain weave, waste) was 

pasteurized using the same procedure. The process is shown in Figure 1. 

 

  
a) b) c) 

Figure 1. Proces of preparing substrate a) wood chips b) hydratation c) substrates in SACO2, after 

autoclaving in flowbox 

2.1.1. Type and source of mycelium 

For the production of composite panels, mycelium of Ganoderma sessile (collection 

FĢP CZU ï strain no. 122) was used. Grain-based spawn served as the inoculum. Wheat grains 

supplemented with gypsum were hydrated to a moisture content of (47 Ñ 2) %, sterilized, and 

inoculated with fungal cultures. The inoculum was incubated for 12 days in glass flasks at a 

constant temperature of 24 ÁC. 

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 was 10 % (wet weight/wet 

weight). The inoculated substrates were incubated at 24 ÁC and 95 % relative humidity (RH). 

After 14 days, the substrates were completely colonized by the fungus. They were manually 

crushed and packed into standardized molds (270 mm Ĭ 350 mm Ĭ 80 mm) made of fiberboard 

lined with disinfected plastic film. The molds were placed in specially made growth boxes of 

TBA plastic crates (600 mm Ĭ 400 mm Ĭ 185 mm) with modified lids. The ventilation openings 

were fitted with heat-sealed 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 to ensure uniform moisture content (W å 59 %).  

2.2. Desks architecture and in-growth fusion 

In the molds, the boards were marked according to the planned composition (architecture) 

S (spruce) - 1-3 thickness 80 mm, 4-9 a,b thickness 40 mm and B (beech) 1-3 thickness 80 mm, 

4-9 a,b thickness 40 mm. The composites were cultivated in the molds for 6 days. 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 exchange. The plates 1-

3 (S,B) were only turned, samples 4-6 (S,B) joined together always plates a + b. Plates 7-9 were 

joined a+b with 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 ÁC to slow down growth (showed in Figure 2). 

 

 

a) b) 

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

mycelium 

2.3. Pressing and drying process 

All  samples were found to be suitable for pressing. The average sample weight was 

approximately 1300 g with a moisture content of 59 %. The target thickness of the final pressed 

panels was calculated to be 0.98 mm. Each sample was weighed and measured on baking paper. 

Cold pre-pressing was performed using a manual press to a thickness of 20 mm for 20 seconds 

(Figure 3). During this step, a minimal amount of water was removed. After release from the 

press, all samples returned to a thickness of approximately 40 mm. 

 

 

 

 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

 

 

c) 

Figure 3. Prepare samples a) fully colonizated sample b) in cold pressing mold c) cold pressing 
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a) b) c) 

Figure 4. Samples pressing ) Hydraulic pressing machine DS-C8J-100 in TUZVO, b) pressing c) final plates 

 

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

between two stainless steel plates and pressed at a temperature of 180 ÁC for 20 minutes. 

Hydraulic pressing machine DS-C8J-100 in TUZVO, Zvolen, SK (Figure 4). The pressure used 

reached up to 8 MPa, and pressing was followed by drying at a temperature of 103 ÁC for 2 

hours. All procedures and evaluation methods were conducted in accordance with the standards. 

 

2.4. Density measurement, water absorption, and swelling 

For measurement purposes, 12 samples measuring 50 mm Ĭ 50 mm were cut from each 

B1-9 and S1-9 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 ewr sliding digital 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. After 2 and 24 

hours, they were measured and weighed. They were then dried again. 

 

   
a) b) c) 

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

2.5. Design furniture prototypes  

Based on the identified properties, a concept of designs usable as temporary or outdoor 

elements was proposed. Variable flowerpots, stools, tables, and dividing elements. The design 

worked with the possibility of natural fusion of MBCs or binding of attached textiles. SketchUp 

2022 was used for the design. 
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3. RESULTS AND DISCUSSION  

For a clearer presentation results were 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, ensuring the cohesion of the 

material and allowing individual parts to be joined together through Ăfusion by growthñ. This 

property is essential for creating larger units without the need for adhesives or fasteners. 

Differences in the degree of colonization were observed 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 substances, which can influence the growth conditions of the mycelium. 

3.2. Plates shaping and structure 

During growth, panels 4-6a,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 right at its core. The result 

was a higher-density material that shows potential for multi-layer bonding into a thick board 

and product shaping during the growth phase. Samples 7-9 a,b were joined using mycelium 

with a textile layer. This phenomenon will allow further 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 impression of 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 results. In figure 7 are showed the results of density. 

 

 

Figure 6. Samples density 
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B-A1, S-A1 samples without layering, B-A2, S-A2 - connection in the growth phase, B-

A3 - connection with fabric. S-A3 were excluded from the measurement due to an insufficient 

number without cracks. The figure clearly shows that the density of the samples increased due 

to the bonding of the layers (except samples S-A3). 

 

  

a) b) 

Figure 7. Tickness swelling of samples after a) 2 hours, b) 24 hours 

 

Figure 7 shows 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 through the wood 

chips, opening up pathways for water. After 24 hours, the increase was no longer as noticeable. 

 

  

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 the overall ecological 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 appearance of the 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 of planting small 

seedlings. The roots will gradually absorb the MBC and the design will decompose naturally. 

 

 

 

a) b) 

Figure 9. Final products a) Design of a "myco-playground" b) "Sewn Stool" Design - Stool design 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 textile or carpentry waste. 

The disadvantages are insufficient mechanical properties and high water absorption.  

 

Acknowledgements: We would like to thank you for the materials, equipment of the 

laboratory and pressing machines to Faculty of Agrobiology, Food and Natural Resources, 

Czech University of Life Sciences and Faculty 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. 

O., 2023: Mycelium based composites: A review of their biofabrication procedures, material 

properties and potential for green building and construction applications. Alexandria Engineering 

Journal, 83: 234-250. https://doi.org/10.1016/j.aej.2023.10.012 

Appels, F.V. W.; Camere, S.; Montalti, M.; Karana, E.; Jansen, K.M. B.; Dijksterhuis, J.; Krijgsheld, 

P.; Wºsten, H.A. B., 2019: Fabrication factors influencing mechanical, moisture and waterrelated 

properties of myceliumbased composites. Materials & Design, 161: 64-71. 

https://doi.org/10.1016/j.matdes.2018.11.027 

Attias, N.; Danai, O.; Abitbol, T.; Tarazi, E.; Ezov, N.; Pereman, I.; Grobman, Y.J., 2020: Mycelium 

biocomposites in industrial design and architecture: Comparative review and experimental 

analysis. Journal of Cleaner Production, 246: 119037. 

https://doi.org/10.1016/j.jclepro.2019.119037 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

 

28 

Bonenberg, A.; Sydor, M.; Cofta, G.; Doczekalska, B.; Grygorowicz Kosakowska, K., 2023: 

Mycelium Based Composite Materials: Study of Acceptance. Materials, 16: 2164. 

https://doi.org/10.3390/ma16062164 

Elsacker, E.; Vandelook, S.; Damsin, B.; Van Wylick, A.; Peeters, E.; DeLaet, L., 2021: Mechanical 

characteristics of bacterial cellulosereinforced mycelium composite materials. Fungal Biology and 

Biotechnology, 8: 18. https://doi.org/10.1186/s4069402100125 4 

Haneef, M.; Ceseracciu, L.; Canale, C.; Bayer, I.S.; HerediaGuerrero, J.A.; Athanassiou, A., 2017: 

Advanced materials from fungal mycelium: fabrication and tuning of physical properties. Scientific 

Reports, 7: 41292. https://doi.org/10.1038/srep41292 

Islam, M.R.; Tudryn, G.; Bucinell, R.; Schadler, L.; Picu, R.C., 2018: Mechanical behavior of 

myceliumbased particulate composites. Journal of Materials Science, 53: 16371-16382. 

https://doi.org/10.1007/s10853 018 2797 z 

Jones, M.; Mautner, A.; Luenco, S.; Bismarck, A.; John, S., 2020: Engineered mycelium composite 

construction materials from fungal biorefineries: A critical review. Materials & Design, 187: 

108397. https://doi.org/10.1016/j.matdes.2019.108397 

Lewandowska, A.; Bonenberg, A.; Sydor, M., 2024: MyceliumBased Composites: Surveying Their 

Acceptance by Professional Architects. Biomimetics, 9 (6): 333. 

https://doi.org/10.3390/biomimetics9060333 

Nussbaumer, M.; Van Opdenbosch, D.; Engelhardt, M.; Briesen, H.; Benz, J. P.; Karl, T., 2023: Material 

characterization of pressed and unpressed woodïmycelium composites derived from two Trametes 

species. Environmental Technology & Innovation, 30: 103063. 

https://doi.org/10.1016/j.eti.2023.103063 

¥zdemir, E.; Saeidi, N.; Javadian, A.; Rossi, A.; Nolte, N.; Ren, S.; Dwan, A.; Acosta, I.; Hebel, D.E.; 

Wurm, J.; Eversmann, F., 2022: Wood VeneerReinforced Mycelium Composites for Sustainable 

Building Components. Biomimetics, 7 (2): 39. https://doi.org 10.3390/biomimetics7020039 

Stamets, P., 2006: Can mushrooms help save the world? Explore, 2: 152-161. 

https://doi.org/10.1016/j.explore.2005.12.011 

Sun, W.; Tajvidi, M.; Howell, C.; Hunt, C.G., 2020: Functionality of surface mycelium interfaces in 

wood bonding. ACS Applied Materials & Interfaces, 12: 57431-57440. 

https://doi.org/10.1021/acsami.0c18165 

Sun, W.; Tajvidi, M.; Hunt, C.G.; McIntyre, G.; Gardner, D.J., 2019: Fully bio based hybrid 

composites made of wood, fungal mycelium and cellulose nanofibrils. Scientific Reports, 9: 3766. 

https://doi.org/10.1038/s41598 019 40442 8 

Vandelook, S.; Elsacker, E.; Van Wylick, A.; DeLaet, L.; Peeters, E., 2021: Current state and future 

prospects of pure mycelium materials. Fungal Biology and Biotechnology, 8: 20. 

https://doi.org/10.1186/s4069402100128 1 

Yang, L.; Park, D.; Qin, Z., 2021: Material function of myceliumbased biocomposite: A review. 

Frontiers in Materials, 8: 737377. https://doi.org/10.3389/fmats.2021.737377 

*** ĻSN EN310, 1995: Desky ze dŚeva ï Stanoven² modulu pruģnosti v ohybu a pevnosti v ohybu. 

Praha: ĐNMZ. 

*** ĻSN 490104, 1988: Sk¼ġky vlastnost² rasten®ho dreva ï Met·da zisŠovania nasiakavosti a 

navlhavosti. Praha: ĐNMZ. 

*** ĻSN 490108, 1993: Drevo ï ZisŠovanie hustoty. Praha: ĐNMZ. 

*** ĻSN 490126, 1983: Sk¼ġky vlastnost² rastl®ho dreva ï Met·da zisŠovania nap¼ļavosti. Praha: 

ĐNMZ. 

 

 

  



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

29 

Design of a Wooden Portable Office for Engineering Field Work 

Domljan, Danijela*; Grabiĺ, Tomislav1 

1 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 potential 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 and protect their 

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 and characteristic 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 physically easy, 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 often non-

ergonomic, and suitable 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 the Republic 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 developed ï one that would also meet ergonomic requirements 

and ensure the availability of measuring instruments and other equipment to improve work 

efficiency. 

There was a lack of a suitable portable ñmobile officeò to 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 efficiency 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 to measure interior spaces within buildings, using specific equipment such as 

laptops, pencils, measuring tapes or similar. The paper aims to use an online questionnaire 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 working in the field.  

This paper presents proposals for conceptual solutions for a portable office for field work. 

2. WORKING CONDITIONS CHARACTERISTIC OF FIELD WORK  

Fieldwork on buildings and interiors is most often carried out by architects, designers, 

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). Significant ergonomic 

problems arise particularly in tasks where the arms and legs are used in extreme positions, and 

back and musculoskeletal pain are reported more frequently than average (Tissot et 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 serious chronic 

musculoskeletal disorders. According to Grandjean (1988), the neck angle should not exceed 

30Á and should not be maintained for extended periods, especially when using tablets and 

smartphones, to avoid the so-called "text neck" syndrome (Fercho et al., 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 angled at 45Á (Tomita et al., 2022). 

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. The questionnaire 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 Survey description - 

A General questions 4 

B Your work in the field - the equipment you use 1 

C Your body positions on the field and pain 4 

D Instructions for designing your mobile office 10 

E Additional comments  

Sum  19 

3.2. The respondents 

The respondents in the survey were selected based on their professions, specifically the 

profession most closely 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 EP09-22/23. 

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 production. After 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. Results of 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 47.1 % of participants, while male 

respondents accounted for 52.9 %. The majority of respondents were in the 25ï30 age group, 

representing 45.1 %. The three most common professions among respondents were wood 

technology (51 %), design (15.7 %), and architecture (11.8 %). 60 % of respondents held a 

university degree. 

 

Answers to the equipment used and fieldwork (B): 
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Of the offered equipment and equipment used in fieldwork, respondents noted the greatest 

use of the following equipment: paper/notebook/pad (90.2 %); pencil/pen (86.3 %); mobile 

phone for taking pictures of the area (82.4 %); meter (72.5 %); hand-held laser (66.7 %); 

backpack (62.7 %); laptop (43.1 %); tablet (23.5 %); bag (21.6 %); cross laser (19.6 %); square 

(17.6 %); safety helmet (13.7 %); professional camera (11.8 %); gloves (5.9 %); string (2 %); 

BIM camera and accessories (2 %). Accessories not included among the offered answers but 

listed by respondents themselves include a tablet with a Windows programme and a 3D BIM 

scanner, a digital protractor, a spirit level, and assembly tools. 

 

Answers regarding body positions in the field and pain (C): 

According to the frequency of body positions during fieldwork, standing with head and 

neck rotation is the most frequently used body position during work (Table 2). 

 

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

Body posture Mark  

Standing 5 

Head and neck rotation 5 

Body rotation left-right 4 

Bending 3 

Raising arms above head 3 

Squatting or kneeling 2 and 3 

Sitting 3 

Lying 0 

 

Regarding pain during work, 60 % of respondents sometimes experience pain in their 

bodies during fieldwork, while 30 % do not experience 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, and 5.9 % do not have this need at all. 

A portable writing surface is needed by 72.5 % of respondents, while 9.8 % sometimes 

need one and 17.6 % 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 15.7 % 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) (82.4 %); a surface for storing a tablet or 

computer (computer work) (64.7 %); a space for storing a pen or pencil (64.7 %); a space for 

storing a meter or laser (51 %); a space for storing a backpack or purse (51 %); a surface for 

storing a mobile phone (47.1 %); a space for batteriesor adapters for charging tablets, laptops, 

or mobile phones (37.3 %); and a space for storing cables, wires, or strings (17.6 %). 
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According to the respondents, a product that would make field work easier should be 

carried on the back (29.4 %), by pulling or pushing on the ground using wheels (27.5 %), or by 

holding it on the shoulder (19.6 %). 

The materials that are most desirable for making a portable office according to the 

respondents are: plastic (62 %); fabric (46 %); wood composites (44 %); wood panels (26 %); 

metal rods/tubes (26 %); solid wood (16 %); twine (16 %); glass (1 %); 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 non-dismantled components (33.3 %). Only 2 % of 

respondents stated that the product should be non-foldableand non-dismantled, 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 a backpack." 

Respondent B: "Perhaps a good question would be: 'How do you travel to the field? By car, 

train, or plane?' I always wondered where or how I would carry an 'extra suitcase' with me. I 

usually travel by plane to the field, and in fact, I need a pad for working on my laptop the 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 carrying equipment, 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 should be 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 store other items such as a jacket, bottle, handbag, or backpack. 

4.3. Product requirements 

To develop conceptual solutions 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 studied literature. 

Ultimately, the product requirements were defined as follows: the product must be 

lightweight (using materials such as aluminium, lightweight wood, and recycled plastics 

(Jambrekoviĺ, 2004; Skejiĺ et al., 2015; T¿mer et al., 2021)); 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 for architects and wood technologists; be suitable for both male and 

female users aged 18 to 65; and ensure harmony of dimensions and materials. 
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4.4. Conceptual solutions 

The following sketches (Table 3) represent the phase of developing conceptual solutions 

within the Cyclic method of the creative process. 

Table 3. Proposed conceptual solutions for a mobile office. 

No Functional Concept Drawing 

I 

 
 

II  

 
 

III  

 

 

Concept I is designed as a mobile cart for transporting measuring equipment and other 

necessary items. The product includes 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 II 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, tablet, or laptop. 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 on the way. 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

35 

Concept III combines the first and second 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, tablet, or 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 452 mm Ĭ 280 mm Ĭ 700 mm ( width Ĭ depth Ĭ height), to facilitate transport to and 

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 the mobile office. Drawing: Grabiĺ, 2023 

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 to the transportation 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 fieldwork are 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 product were primarily 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 spine, neck, 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. 
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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, spinal alignment, 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 analyzing selected scientific literature, the study presents 

findings on how the combination of mattress ergonomic properties and adapted lifestyle habits can 

contribute to healthier and higher-quality sleep. The results indicate that the mattress represents a 

fundamental link between furniture products and user well-being, while routines and environmental 

factors act as supporting elements. The conclusions emphasize the importance of an interdisciplinary 

approach and highlight 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  

Sleep is one of the bodyôs essential physiological needs, crucial for physical restoration, 

energy renewal and mental well-being. Key regulatory processes that support brain function, 

immune activity and emotional stability occur during sleep, and since people spend roughly 

one-third 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 disturbances, particularly among younger individuals, who 

often experience delayed sleep onset, shallow sleep and morning fatigue (Grandner, 2019). 

Sleep quality is shaped by pre-sleep habits, environmental conditions and the physical surface 

on which a person rests. The mattress affects spinal alignment, pressure distribution and 

comfort, and when poorly adapted, it may cause discomfort and disrupt sleep continuity 

(Caggiari et al., 2021). Sleep should therefore be viewed holistically, as an outcome of 

continuous interaction 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 regulating sleep onset and preserving sleep 

continuity. As illustrated in Figure 1, sleep quality is determined by multiple interrelated 

domains including physiological, behavioral, environmental, and health-related influences. The 

following sections provide an overview 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 & Francis) 

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. The primary function of a 

mattress is to maintain spinal alignment and distribute body weight evenly across load-bearing 

regions. When a mattress provides insufficient support, spinal deviation may occur, leading to 

discomfort, pain and poor sleep continuity (Verhaert et al., 2012; Hong et al., 2023). Different 

sleeping positions require different ergonomic demands; while side sleeping may reduce 

pressure-related symptoms, it is not ideal for everyone, and prone sleeping often increases neck 

and lower-back strain. Material characteristics directly 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 bed (Hong et 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 (Low et 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 (Wong et 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 through light, deep 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 also play a significant 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 (Grandner, 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 deeper sleep (Irish et 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 lowering stress levels and promoting deeper sleep. 

However, high-intensity 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 effects (Kim et 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 pre-sleep routines and psychological well-being 

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 (Verhaert et al., 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 may also influence comfort, since materials that retain too much 

heat can increase sleep disturbances (Lee et al., 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 (Chang et al., 2015). 

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 concepts and 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 comprehensive sleep system, which includes the physical sleeping 

surface, behavioural habits before bedtime and the surrounding sleep environment. 

3.1. Influence of mattress design on sleep comfort 

Mattress design strongly affects spinal alignment, pressure distribution and sleep 

continuity. Hu et al. (2025) found that medium-firm mattresses provide adequate support for 

the spine while reducing sleep onset latency and nighttime awakenings. The replacement of an 

old mattress with a medium-firm model can significantly reduce perceived back pain over the 

first weeks of use. Jacobson et al. (2009) reported a rapid decrease in back pain ratings from 

baseline to the first week, followed by stabilisation of pain levels over the intervention period. 

These findings support the role of balanced support and adequate spinal alignment in reducing 

sleep-related discomfort and improving restorative sleep. 

Material behaviour is another essential component of comfort. Low et al. (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 polyurethane foam, which reduces discomfort and the 

likelihood of micro-arousals during sleep. Durability plays a key role in long-term satisfaction. 

Vlaoviĺ et al. (2024) reported that mattresses made entirely from PUR foam demonstrate good 

durability and stable mechanical performance after an initial break-in period. The changes that 

occur over time are further illustrated in Figure 2, which shows the indentation load deflection 

behaviour of PUR foam at 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 that foam only constructions 

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 pocket-spring 

(TFK) mattress (Adapted from Vlaoviĺ et al., 2024) 

 

In contrast, pocket-spring (TFK) systems generally maintain more stable firmness and 

mechanical integrity throughout their lifespan. As shown in Figure 2, the ILD curve for a 

mattress with a spring core exhibits minimal deviation over repeated cycles, indicating better 

long-term stability and greater resistance to structural fatigue. This confirms that spring-based 

systems can provide long-lasting support compared to foam-only structures, particularly 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. Caggiari et 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, comfort 

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 results, but also by personal perception and adaptation 

through time. Verhaert et 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 medium-firm surfaces with pressure-relieving materials 

and durable support structures offer the most consistent benefits for sleep quality. However, 

selecting a mattress should always account for the userôs physical needs, preferred sleep 

position and total sleeping environment. 

3.2. Influence of sleep 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 specific physiological 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 emotional 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 daily well-being (Grandner, 
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2019). Sleep hygiene refers to behaviours and environmental adjustments that support 

consistent and high-quality sleep. Irish et 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 night tend to report lower sleep satisfaction and reduced deep sleep. Daily 

routines also influence levels of daytime alertness. Alanazi et 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 Figure 3, which shows the difference in subjective alertness between the two 

groups. 

 

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 to more restful and 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. Verhaert et al. (2011) underline that the environment must 

align with an individualôs comfort needs, as otherwise even mild discomfort can disrupt sleep. 

Temperature shows a particularly strong effect: Okamoto-Mizuno and Mizuno (2012) found 

that even moderate nighttime warming increases body temperature and leads to lighter, more 

fragmented sleep a situation common in poorly ventilated rooms or during heat waves. 

Humidity additionally shapes thermal comfort. Basner et al. (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 through micro-arousals that often go 

unnoticed. Lighting 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 tiredness. Environmental 

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 structure and next-day 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 well-designed mattress will not be enough if sleep 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 viscoelastic foam 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 preferred 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 

transitioning 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 conditions where 

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 environment 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 well-adjusted sleeping environment. 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 and long-term well 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 volume at a given wood moisture content and 

strongly influences the properties of wood. Various non-destructive and semi-non-destructive methods 

have been developed to assess wood quality, including the resistant drilling (resistographic) method. 

With this method, we can quickly assess the density of the wood and detect internal defects. In this 

study, we focused on European beech (Fagus sylvatica L.), 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 height, 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 trunk damage. 

Key words: beech, density, Fagus sylvatica L., rezistograph 

1. INTRODUCTION  

Wood and wood-based materials have always been versatile materials used in many 

industries, from construction to furniture manufacturing and art (Ghorbanian Far et 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 EU (ZGS, 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 (Fagus sylvatica L.) (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, kitchen equipment, plywood, veneers, railway ties and other high-quality solid wood 

products (Brus, 2012b; Ļufar, 2006). In the recent years even the composites for construction 

applications were developed, such as LVL. For this very reason, an accurate assessment of the 

quality of beech wood is crucial, not only in terms of commercial value, but also for the optimal 

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 defects (Ļufar, 2006). However, defects 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 

(Ļufar, 2006; Schwarze et al., 2000). For these reasons, it is becoming increasingly important 

to develop a methodology for quality assessment, based on non-destructive and semi-non-

destructive methods that allow an insight into the internal structure of the wood during 

clasification. Wood density is one of the most important characteristics of wood (Rinn et al., 

1996).  

The method we use today, as a non-destructive and semi-non-destructive 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 through the cross-section 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 condition of structural wood (Johnstone et al., 2007; 

Schimleck et al., 2019; Yao et 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 the wood. 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 wood (Rinn 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 is up to our 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 a resistograph at different log heights. The sample we used for our study was a 

log of European beech (Fagus sylvatica L.) 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 cross-section. After felling, the log was air-dried in a natural environment under a roofin 

March 2025 for 14 days. The average daily temperature was 8.6 ÁC, the average maximum 

temperature was 14.4 ÁC and the average minimum temperature was 4.2 ÁC. The total amount 

of precipitation during the 14-day dry period was 177 mm (ARSO, 2025). However, it should 

be considered, that the wood was not exposed to precipitations.  

2.2. Resistograph analysis 

The drilling resistance method is a non-destructive and semi-destructive 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 were drilled at 

three heights of the wood. Thus, 6 analyses were carried out with a resistograph at each height. 

We used IML-RESI PowerDrill 500 device. The holes were drilled at three different heights 

along the wood, at 30, 60 and 120 cm, each in a horizontal direction at an angle of 90Á. Two 

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 min-1 and 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 measurements at different 

heights (30 cm, 60 cm and 120 cm) showed differences in median values and variability 

between groups. At a height of 30 cm, the median density value was 527.65 kg/mį with a very 

low standard deviation (2.33), indicating a high degree of homogeneity 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 slightly higher (529.05 kg/mį), while the variability 

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/mį. This height differs significantly from the other two, as it not only has a higher 

average density, but also much greater variability between measurements (standard deviation 
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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 

Height, cm 30 60 120 

Valid measurements 2 2 2 

Median 527.65 529.05 550.75 

Standard deviation 2.33 7.000 20.153 

 

We conducted an additional post-hoc test to analyse 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. 

 

Table 2. Post Hock test for wood density for three different height 

  
Mean 

difference 
SE df t ptukey 

30 60 -1.400 12.391 3 -0.113 0.993 

 120 -23.100 12.391 3 -1.864 0.292 

60 120 -21.700 12.391 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 high dispersion 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. 

 

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 typically average around 575 kg/mį. By contrast, air-dry density at 12% 
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moisture content is generally reported between 700 and 780 kg/mį (Pretzsch et al., 2018). Oven 

dry density corresponds rather well to resistograph assesed density.  

Resistographic methods have been shown to correlate strongly with gravimetric density, 

but intra-stem variations and instrument-specific factors influence absolute values . 

Furthermore, literature on vertical density trends in beech suggests that density often decreases 

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 anatomical transitions (Arniļ 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 non-destructive density profiling. Comparison with literature highlights the 

importance of calibration and contextual interpretation, particularly when relating resistograph 

data to air-dry 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 sample with a 

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 shows the drilling resistance profiles and the 

density of the resistograph at different heights of the log. 

 

 

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 Figure 3. The 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 (654.36 kg/m3) is found 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 Figure 4. The 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 kg/m3) is found at a depth of 

12 cm. The lowest density is expected in the bark area. 

 

 

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 Figure 5. The 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 (697.23 kg/m3) is found at a 

depth of 19 cm. As expected, the lowest density is found in the bark area. 

4. CONCLUSION 

The non-destructive and semi-non-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 the measurement 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 prediction techniques. Damaged material invariably exhibits a lower 

resonance frequency than undamaged material because of its reduced stiffness. We conducted a low-

cycle fatigue test on a single spruce wood specimen and monitored its resonance frequency. The 

collected data were used to predict fatigue life using between 40 % and 100 % of the monitored data. A 

Weibull cycle density distribution was applied to the predictions. Consequently, the predicted number 

of cycles with the highest probability was selected. The measured stiffness reduction in spruce wood 

was 35 Hz, or 6%, which is lower than that observed in similar materials. The prediction 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 

method demonstrated potential as an alternative to conventional methods. However, it should be further 

validated with a larger sample size, as fatigue is inherently a statistical phenomenon. 

Key words: spruce wood, fatigue 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 review (Caicedo et al., 2021) beam damage assessments 

(Gillich et al., 2022), damage identification studies (Dubey et al., 2020), evaluations of 

mechanical properties (Kouroussis et al., 2017) and investigations of resonance frequency 

changes (De Paz et al., 2019; Horta Rangel et al., 2008; Negru et al., 2015). A common finding 

is that undamaged materials exhibit higher resonance frequencies than 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 frequently 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 steel (Shang, 2003; Shang, 2009; Wang et al., 2009), aluminium 

alloys (Banks and Emeric, 1998) and composite materials (Kessler et al., 2002; Liang et al., 

2024; Wu et 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 noted by (Ġraml et al., 2019) in a review of wood 

fatigue life models. Multiple studies by Klemenc (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 models (Clorius et al., 2009; Kolesnikov and Nazarev, 2023). Previous 

research has demonstrated that cracks and lower density in wood affect resonance frequency 

and damping (Negru et al., 2015; Shah et al., 2020). Modal analysis has been successfully 

employed to predict the development of fatigue damage in glued joints (Khoshmanesh et al., 

2020) and polymer composites (Bedewi 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 systems (Barraza-Contreras et al., 2020), its application in resonance-

based fatigue 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 composites (Ibrahim, 1977; Z. Wang et al., 2012). These 

studies have found that a decrease in resonance frequency correlates with the accumulation of 

damage and the growth of cracks, enabling real-time monitoring of material condition. For 

example, the study by Bedewi (1997) demonstrated that resonance frequency is a reliable 

indicator of crack growth in polymer composites; however, similar studies are scarce for wood-

based materials. 

The aim of this study was to develop a method for monitoring the dynamic properties of 

spruce wood under low-cycle fatigue and to evaluate the usefulness of modal parameters in 

predicting fatigue life. By investigating changes in resonance frequency, we sought to 

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 structures and enhancing their safety and 

durability under real-world conditions. 

2. MATERIALS AND  METHODS 

We used clear spruce (P. abies) wood samples measuring 380 mm in length with a cross-

section of 15 mm Ĭ 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 

month under standard conditions at 20 ÁC and 65 % relative humidity. The mean moisture 

content of all specimens was 12.8 % with a coefficient of variation of 3.5 %. The moisture 

content of the fatigue specimen was 13 %. These values comply with the standard conditioning 

procedures outlined in ISO 3129 (ISO Standards, 2019). The mean density of all specimens 

was 416.4 kg/m3 and 430.5 kg/m3 for the fatigue specimen. The coefficient of variation of 

density was 9.3 %. The 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 mechanical excitation (PCI-6024E; National 

Instruments, Austin, USA) and to record the response signal (PCB-130E20; PCB Piezotronics, 

Walden, USA). The loading cycle, mechanical excitation, and response signal recording were 

automated to ensure the most consistent test conditions possible. The data obtained on 

resonance frequencies and number of cycles were 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 expression k1L = 4.73, which was used to 

calculate the distance between the supports as 210 mm according to (Gaberġļek Tuta et al., 

2025). A schematic of the experimental setup is shown in (Figure 1).  

Cyclic loading with a dynamic load ratio of 0 was applied using a universal testing 

machine. For 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 purpose. Simultaneously, 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 and was used to determine the resonance 

frequency of the specimen's first vibration mode via fast Fourier transformation. The 

subsequent loading cycle then commenced. 

 

 

Figure 1. Test setup for static fatigue bending tests and vibration resonance analysis: specimen, microphone, 

analogue-to-digital converter (ADC), microcontroller (ɛC), 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 low-cycle fatigue tests, the 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 ensure low-cycle fatigue behaviour, as described in the 

literature on the fracture of brittle wood during cyclic bending (Klemenc and Fajdiga, 2022; 

Ġraml et al., 2019) and on stiffness changes during fatigue loading (Ogawa et al., 2017). The 

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 illustrated in (Figure 2). 
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Figure 2. Experiment setup. 

 

The cyclic loading was conducted at a rate of 10 mm/min or at a frequency of 0.015 Hz. 

The test 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 of the resonance 

frequency data. 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 and the predicted fatigue 

life were updated. For the limit values, we selected the lowest values of the resonance frequency 

derived from the linear approximation. We used 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 portion; in the second simple method, the mean value of the predicted number of 

cycles was calculated; in the third method, we analysed the predicted number of cycles using 

the Weibull cycle 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 failure as accurately 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 in Equation (1) (Weibull, 1939). The parameters ʃ and 

ɼ of the Weibull c.d.d. were determined using Benard's approximation (Benard and Bos-

Levenbach, 1955). For this approximation, it is necessary to index the predicted number of 

cycles with the index i and calculate the median rank Pi according to Equation (2). In this 

equation, ni represents the total number of predictions. The predicted values must be sorted 

from the smallest to the largest value Ns, and then a linear regression must be performed to find 

the linear curve that best fits the data. The points X and Y are calculated according to Equations 
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(3) and (4). The parameters of the linear curve equation k and n are used to determine the 

parameters of the Weibull c.d.d.  ʃ and ɼ  according to Equations (5) and (6). 

                                                         Ὢὔ Ὡ                                                  (1) 

                                                                    ὖ
Ȣ

Ȣ
                                                             (2) 

                                                         ὢ ÌÎ ÌÎρ ὖ                                                      (3) 

                                                                   ὣ ÌÎὔ                                                              (4) 

                                                                      ‍  Ὧ                                                                 (5) 

                                                                     — Ὡ                                                                (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 in resonance frequency from the start to the end of fatigue is 

approximately 35 Hz, or 6 %. Relative difference between goodness of fit for linear and cubic 

approximations is 0.35 %. We 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 methods was resonance frequency (ɤ). 

The results of all three methods, along with the corresponding errors, are presented in Table 1. 

According to the first method, the best prediction, based on 40 % of the data, is from ɤ, but it 

is not conservative. The second fatigue life prediction method yields the lowest relative error 

(Erravg) when ɤ is used and is also conservative. In the third and more complex method for 

predicting fatigue life, it was necessary to determine the number of cycles at which the 

theoretical distribution attains its maximum value. 

 

Figure 3. Approximation of resonance frequency. (a) Linear approximation, (b) cubic approximation. 
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Table 1 presents the parameters of the Weibull c.d.d. equation - namely ɗ40, ɓ40, for 40 % 

of the data, and ɗ100, ɓ100, for 100 % of the data - along with the predicted number of cycles and 

the corresponding relative errors (Errw40, Errw100). The theoretical distribution of the predicted 

number of cycles, derived from ɤ at 40 % and 100 % of the data, resembles an approximately 

Gaussian curve, as illustrated in (Figure 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, 

the prediction 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. (Nw40, Nw100), using slope 

method, (N40) and using an average value from all data (Navg). 

 ɗ40 ɓ40 Nw40 Err w40 N40 Err 40 ɗ100 ɓ100 Nw100 Err w100 Navg Err avg 

ɤ 101.9 3.18 90 15.1 118 11.3 110.3 4.4 105 0.94 99 6.6 

 

 

Figure 4. Weibull c.d.d of the predicted number of cycles based on resonance frequency data. (a) 40 % of data, 

(b) full dataset. 

 

The adequacy of the third prediction method was assessed by monitoring the relative error 

across various data portions employed for the prediction. (Figure 5) 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 portion of the data, ɤ 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 and reliable parameter 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 of Bedewi (1997), who also observed a 25 % decrease in 

resonance frequency in polymer composites. Similar decreases in resonance frequency have 

been reported for other composites (Abo-Elkhier et al., 2014; Wu et 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 spot-welded steel plates, (Wang 

et al., 2009) also reported a decrease in resonance frequency of approximately 6 %. 
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Figure 5. Relative error in correlation 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 was described by 

(Wang et al., 2009). The Weibull distribution has also been employed to model the statistical 

distribution of the number of cycles, as reported by (Barraza-Contreras et al., 2020). To our 

knowledge, the combination of resonance frequency monitoring and 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 proposed method 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 better validation of the proposed 

method, as also noted by (Wang 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 temperature, 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. Real-time monitoring of resonance 

frequency, as proposed by (Omar et 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. Further investigation 

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 or defective wood species - where wave 

propagation behaviour may vary due to local density changes or structural discontinuities -

remains to be explored. Therefore, the method should presently be considered case-specific 

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 under low-cycle fatigue. Resonance 

frequency has been identified as a reliable 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 than 1  %, confirming the effectiveness of this approach. 

Modal analysis holds significant potential for monitoring the mechanical condition of 

timber structures, as it facilitates non-destructive, real-time assessment of material integrity. A 

limitation of this study is the use of a single fatigue specimen, which restricts 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 enhancing 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 Bulgaria. The manufacturers of lasers and laser equipment in 

Bulgaria are presented. An 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 of CO2 lasers for wood 

processing and wood-based materials (WBM) is presented. A part of the scientific research and practical 

work of the laboratory is presented, outlining the directions for its future development. 
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applications, University of Forestry 

1. INTRODUCTION   

Different technological equipment is used for processing solid wood and wood-based 

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 

(WWFI), 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 a low-temperature copper 

laser, and under his leadership a copper bromide vapor laser was put into operation at 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 Bulgaria, France, USA, UK, Germany, Japan 

and Australia. (Bulgarian Academy of Sciences, 2024).  

One year after the invention was recognized, in 1980, the first laser equipment factory was 

established in the city of Plovdiv, where industrial CO2 lasers were manufactured. The 

popularization of lasers during these years has led to the beginning of different types of research 

and studies in the field of wood and WBM. The developed and defended dissertations 

(Barnekov, 1983; Gochev, 1996), scientific articles (Barnekov et al., 1986; Barnekov et al., 

1986; Tayal et al., 1994; Gochev et al., 1994; Gochev, 1995; Dinkov et al., 1996, and others) 

and books (Filipov et al., 1988) show the then interest and development in the field of lasers, 

as well as contributing to new scientific literature. 

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 

https://www.bas.bg/?p=49497
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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 values and the scanning 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 factors for their continued 

existence and development to this day. Currently, there are a a series of companies importing 

in Bulgaria that import CO2 lasers or offer services in the field of laser cutting and engraving 

of wood and WBM. 

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 students. In this way, in the future, 

connections with similar structures from related universities in the country and abroad will be 

deepened, up-to-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 1960s. The American physicist R. Gordon Gould expanded A. 

Einstein's theory of stimulated emission of radiation and in 1959 introduced the term "LASER", 

which means Light Amplification by Stimulated Emission of 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 Schawlow. It is for this reason that Gould 

has waged a thirty-year struggle with the United States Patent and Trademark Office. 

The first laser with practical applications (Figure 1A) was developed in 1960 by Theodore 

Maiman, who used a synthetic ruby known as the ruby laser (Wikipedia ï Maiman, 2025). 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 

CO2 laser (Wikipedia ï Kumar and Patel, 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 laser. Thanks to Patel's 

discovery, today CO2 lasers find great application in laser cutting and engraving of a wide range 

of materials, including in WWFI. 

The potential of lasers, in manufacturing, has been noticed through the experiments done 

for laser cutting of steels in different years. An 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 1967. For the first experiment in the history of laser cutting, a CO2 laser with a 

https://en.wikipedia.org/wiki/Gordon_Gould
https://en.wikipedia.org/wiki/Gordon_Gould
https://en.wikipedia.org/wiki/Gordon_Gould
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maximum output power of 300 W at 100 Hz was developed at the Scientific Electronics 

Research Laboratory (SERL), and in the same year a laser cutting nozzle (Figure 1B) with a 

circular aperture at the tip, 2.5 mm in diameter and 1.5 mm distance from the material was 

designed (Hilton, 2002). 

 

  
A                                             B 

Figure 1. A ï The world's first laser, developed by T. Maiman; B ï 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 other essential factors that are 

the subject of research currently.  

In 1969, the world-famous aerospace manufacturing company Boeing was the first 

company to use CO2 lasers 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 technology, had their echo in Bulgaria. It was around 1962 that a group 

of Bulgarian scientists was formed to study the new discovery. Weekly seminars were held at 

BAS, discussing various literature sources (ʊhe world of physics, 2011). The strong interest in 

the full understanding and functioning of the laser led to the construction and commissioning 

of the first ruby laser in Bulgaria in 1964 by Assoc. Prof. Vasil Stefanov from the Institute of 

Electronics (IE) at the Bulgarian Academy of Sciences (Figure 2). 

 

  

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

The research work of Acad. Sabotinov of the Institute of Physics at the Bulgarian Academy 

of Sciences, in the field of lasers, led to the creation of the first powerful metal vapor laser, also 

called copper laser in Bulgaria in 1974. Despite the problem of copper evaporation, which was 

achieved at a temperature of about 1500Á, the scientist solved it by using the compound copper 

bromide. The academic applied for a copyright certificate and five years later the copper laser 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

65 

was recognized as the invention of the year. The 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 low-temperature 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 companies. Interest 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 80's the first Bulgarian laser production plants were built in 

Bulgaria. 

2.1. Laser equipment factory in town Plovdiv from 1980 to 1997 

The plant for laser equipment in the town Plovdiv was established in 1980 and later 

developed into a complex called ñOptoelectronics, Laser Equipment and Radiation 

Technologiesò.  A year later, the first industrial CO2 laser, named "Hebar 1", with a power of 

1000 W (Figure 3A) with longitudinal gas circulation and convective cooling, was produced in 

the beam technology complex. In 1982, it was demonstrated at the Technical Fair in Plovdiv. 

(Plovdiv Tech Park, n.d.). 

 

  
A                                             B 

Figure 3. A ï The first industrial CO2 laser "Heber 1"; B ï Serially produced laser model Heber 1A with power 

1300 W 

After the exhibition in Plovdiv, the Hebar 1 laser participated in the "Bulgaria-40" 

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 power - 500 W, 1000 W, 1300 W 

and 2500 W. The most successful model is considered to be the 1300 W Heber 1A (Figure 3B), 

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 the Heber 1, in the same year the first technological laser complex ñTLC-1ò 

(Figure 4) was produced, which is a program-controlled 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. 

In 1986 the complex ñOptoelectronics, Laser Engineering and Radiation Technologiesò 

was restructured as the Economic Association ñOptical Technologiesò and the Institute of Laser 

Engineering and Optics ñQuantumò was established. It constructed various laser sources and 

https://optela.com/istoria/
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systems for complex technological processes, laser processing, infrared optics production, etc. 

(Plovdiv Tech Park, n.d.). 

 

Figure 4. The first technological laser complex "TLC-1" 

 

For the period from 1982 to 1990 were 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; 

- 120 installations for growing ZnSe crystals ï RUMO, for the USSR; 

- 20 copper bromide lasers ï 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 state-owned company "Optical Technologies" was established, 

which included: 

- The former business association "Optical Technologies" - Plovdiv; 

- Scientific Research Institute of Laser Technology and Optics "Kvant"; 

- Laser equipment factory; 

- Plant for special equipment of crystals; 

- The Engineering Enterprise. 

As a result of the political and socio-economic 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 Joint-stock company "Optela", and in the period 1998 

- 2009 it regained part of the lost markets with new products: laser systems for cutting and 

engraving with solid-state and gas lasers, operating in the medium power range.  

2.2. Laser equipment factory in Sofia from 1980 to 1994 

In addition to the laser equipment factory in Plovdiv, in the same year the laser 

technological equipment factory ñIglikaò at the Optical and New Technologies Center was also 

operating in Sofia. The most successful model produced by the factory is the CO2 laser 

technological system (LTC) Iskar 500 with a maximum power of 500 W, with longitudinal flow 

circulation and convective cooling (Figure 5). 

https://optela.com/istoria/
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The Bulgarian laser cutting system Iskar 500 was available with an additional CAD/CAM 

computer system (ñPrometheusò) for automated preparation of laser cutting programs.  

 

 
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 UF - University of Forestry in the town of Sofia is still 

actively used by undergraduate and postgraduate students for research activities.  

3.1. Laser Technology Laboratory at the Higher Institute of Forestry ï HIF (now the 

University of Forestry) ï from 1982 to 2014 

The laboratory was started with the support of the institute management, at the Department 

of Mechanization and Automation of Woodworking (Faculty of Forest Industry) - successor is 

now the Department of Woodworking Machinery (WWM). This was done in the summer of 

1982 by Assoc. 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 CO2 laser source with diffusion cooling, model FEHA/LGL 200 

(maximum power 200 W - Figure 6A) by Karl Zeiss Jena (former GDR - German 

Democratic Republic) - 1982; 

 

  
                   A                                           B 

Figure 6. Laser technological equipment 
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- Electromechanical manipulator RB 256 (Figure 6B), a joint development with the 

Robot Plant SPCR (Scientific and Production Complex of Robotics) ñBeroeò, town 

Stara Zagora - 1984 to CO2 laser model FEHA LGL 200; 

- FANUC CNC system, ZIT 500M (DSO ñIzotò - Computing Plant, Sofia, Bulgaria) 

- 1984 to CO2 laser model FEHA LGL 200; 

- Fast-flow CO2 laser source, with transverse flow circulation and convective 

cooling, model Heber 1 (Figure 7) with maximum power 1000 W, manufactured 

by the Laser Equipment Factory, Plovdiv (Bulgaria) ï 1988; 

 

  

Figure 7. CO2 laser source Heber 1 

 

- FANUC CNC system, ZIT 300M (DSO "Izot" - Computer Equipment Plant, Sofia, 

Bulgaria) - 1988 for CO2 laser model Hebar 1; 

- Electromechanical manipulator (Figure 8A), a joint development with ZDM - 

Koynare Ltd (ZDM - Koynare OOD), town of. Koynare (Bulgaria) - 1988 to CO2 

laser model, Heber 1; 

 

  
                                                           A                                         B 

Figure 8. A ï Electromechanical manipulator to Heber laser source; B - Automated programming system IZOT 

1027C 

 

- System for automated programming (punched tapes as programming media), model 

IZOT 1027C - Figure 8B (DSO "Izot" - 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 inputting images 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 CNC) and software 
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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 scientific articles have 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 Sector (SRS) of HIF, in 1988 

a laser installation was installed in the Kitchen Furniture Factory ï town Velingrad. Joint 

production with MAP (Mechanical Assembly Plant) - Koynare (later WWMP - Woodworking 

Machinery Plant - Koynare Ltd.) of the LWPS 003 laser system (LWPS - Laser Wood 

Processing System) was realized. One such system with a Heber 1A laser source was installed 

(with the participation of HIF and WWMP - Koynare) in 1993 in Lebanon (Figure 8A). 

In 1984, the Laser Laboratory, on behalf of HIF and in cooperation with SPCR Beroe 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 on FEHA LGL 200 

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 the Furniture factory (FF) ñNikola Terzievò - 

the city of Haskovo, presented a set of children's and youth furniture, the front design of which 

was made with a laser beam. As a result of contracts concluded with the (FF) ñNikola Terzievò- 

Haskovo, over 1 200 sets of children's and youth furniture were manufactured in the Laser 

Laboratory, intended for export to the USSR. The laboratory has also worked on a number of 

other production tasks with FF ñ23 Decemberò - Sofia, ñMebelò - 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 laser technologies is significant (Figure 9). 

 

    

Figure 9. Samples of products produced by the laboratory in the 1980s and 1990s 

3.2. Laboratory of Laser Technologies at LTU (WWM Department ) ï 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 

Technologies (Figure 10) has been built and equipped at UF, which: 

- Slow-flow tubular CO2 laser source with convective cooling, maximum power 40 

W and dedicated software, model K40 - Figure 10A (China); 
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- Slow-flow tubular CO2 laser source with convective cooling, maximum power 100 

W and dedicated software, model AEON MIRA 9 - Figure 10B (China); 

- Portable multifunction colorimeter, model LS173 (China), with specialized 

software (Figure 11A); 

- Portable roughness profiler, model Surftest SJ-210, Mitutoyo (Japan) , with 

specialized software (Figure 11B); 

- Infrared (IR) thermometer, model KIRAY 200 (China) (Figure 11C); 

- ZnSe focusing lenses with focal lengths of 38.1 mm, 50.8 mm. 63.5 mm, and 76.2 

mm (Figure 11D); 

- Mira laser camera - CCD camera for automatic vectorization and laser contour 

cutting of raster images (Figure 11E); 

- Rotation for cylindrical workpieces with Mira laser chuck (Figure 11F); 

- LightBurn - software for laser cutting and engraving. 

 

 

Figure 10. CO2 laser sources of the Laser Technology Laboratory 

 

      

                            A                    B                              C                        D 

   
                                            E                                     F               

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 are a number 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 China. The 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 the WWFI of Bulgaria. Their widespread application and constant improvement 

are the reason for new research in this field. The Laboratory of Laser Technologies at UF will 

continue to function and develop as a scientific research unit, where scientific research will be 

conducted, including by PhD students; students 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 theoretical studies on 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 of laser beam power and feed rate variation. The linear relationship 

between the weight of material vaporized by the laser beam, the total amount of energy and their 

relationship with the specific cutting energy represented as a linear equation was investigated using MS 

Excel and the Data Analysis module, which included a linear regression procedure. Based 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: CO2 laser, solid wood, plywood, laser cutting, specific energy 

1. INTRODUCTION  

One field in the science of cutting wood and wood-based materials (WBM) is based on the 

physico-technological method of research, in which the methods of mathematics are used to 

summarize the experimental results of cutting processes into empirical formulas that are 

suitable for practical calculations (Gochev, 2018). 

Some of the first researchers of wood cutting processes with chip formation found that the 

cutting work (A) is directly proportional to the volume of wood that is converted into chips, i.e. 

(Bershadsky et al., 1975): 

 

                                                             ὃ ὑȢὗ                                                              (1) 

The quantity K is called the specific cutting work, i.e. the work that is spent on converting 

1 m3 of wood into chips and has the dimension J/m3. 

 

                                                               ὑ                                                               (2) 

Where Q is the volume of wood that is converted to chips, m3. 

 

In the woodworking and furniture industry (WWFI), as well as in the souvenir industry in 

Bulgaria and worldwide, the CO2 laser 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 beam is transformed 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 WBM (Orech et al., 1987; 

Gochev et al., 1994; Gochev, 1996; Gochev et al., 1996; Dinkov et al., 1996; Batov et al., 1997; 

Pagano et al., 2009; KubovskĨ et al., 2012; Hern§ndez-Casta¶eda et al., 2011; Eltawahni et al., 

2013; Petutschnigg et al., 2013; Gurau et al., 2017; Martinez-Conde et al., 2017; Vidholdov§ 

et al., 2017; Jurek et al., 2021; Gochev et al., 2022; Gochev, 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 material ï Es, J/kg (Orech et al., 1987; Gochev, 

1996; Gochev et al., 1996; KubovskĨ et al., 2012; Gochev, 2016; Gochev et al., 2024).  

Specific energy is widely 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 is influenced by 

the process conditions and the properties of the material being processed (Zhao et al., 2017). 

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

relation: 

 

                                                                Ўά ȢὉ                                                                  (3) 

Where Ўά ά ά  is the weight of the material vaporized by the laser beam, kg; 

m1 ï  the weight of the material before its laser beam treatment, kg; 

m2 ï the weight of the material after its laser beam treatment, kg. 

Es ï the specific energy of laser cutting, J/kg; 

Et ï the total amount of energy that is transmitted by the laser beam in a unit neighborhood 

from the surface of the material, in time t, J. 

The specific laser cutting energy (Es) is defined by the equation: 

 

                                                                Ὁ
Ȣ ȢȢ

                                                                       (4) 

Where P is the laser beam power, W; 

ɟ ï material density, kg/m3; 

vf ï laser beam feed (scanning) speed, m/s; 

h ï kerf depth, m; 

s ï kerf width, m. 

An equivalent form of equality (4) is: 

 

                                                                   Ўά                                                                               (5) 

 

Furthermore, equality (5) can be written as: 

 

                                                              Ὁ
Ў

ὧέὲίὸ                                                                (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: 

 

                                                              Ὁ
Ȣ

ȢЎ
                                                                         (7) 

Where l 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) express the linear relationship between ȹm and Et, and their 

relationship with Es can be represented as a linear equation of the form: 

 

                                                         ώὼ ὦ ὦȢὼ                                                 (8)  

 

Using this equation, it is possible to determine the values of æm and Et and to calculate 

those of Es 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 CO2 laser cutting and engraving machine, model 

AEON MIRA 9 (China) with a maximum power of 100 W (Figure 1).  

 

 

Figure 1. CO2 laser cutting and engraving machine, model AEON MIRA 9 

2.2. Material for study  

Solid wood and plywood specimens were used for the experiment. The density (ɟ, kg/m3) 

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 (Figure 2B) was cut into specimens with the dimensions: L ï length, 

mm; b ï width, mm and h ï height (thickness), mm. 

 

  
                                     A                                      B 

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

 

I. Solid wood from the following species: 

i. Common beech (Fagus sylvatica L.) ï L = 200 mm; b = 20 mm; h = 15 mm; W = 6%, 

ɟ = 590 kg/m3. 

ii.  Poplar - aspen (Populus tremula L.) ï L = 200 mm; b = 20 mm; h = 14.5 mm; W = 6%, 

ɟ = 340 kg/m3. 

iii.  Common birch (Betula pendula Roth.) ï L = 200 mm; b = 20 mm; h = 16.9 mm; W = 

6%, ɟ = 710 kg/m3. 

II.  Plywood of the following types: 

i. Common beech (Fagus sylvatica L.) ï L = 200 mm; b = 20 mm; h = 4 mm; W = 5%, ɟ 

= 707 kg/m3. 

ii.  Poplar - aspen (Populus tremula L.) ï L = 200 mm; b = 20 mm; h = 4 mm; W = 5%, ɟ 

= 360 kg/m3. 

iii.  Common birch (Betula pendula Roth.) ï L = 200 mm; b = 20 mm; h = 3 mm; W = 5%, 

ɟ = 630 kg/m3. 

 

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 dimensions: L x b x h were made from the solid wood and plywood 

(Figure 3). Their weights before and after laser beam exposure were measured with an 

electronic balance, model RADWAG WLC 1/A2 (Poland), with an accuracy of 0.001 g (Figure 

4 A). The values of the laser beam parameters were chosen in such a way that the condition of 

incomplete kerfing of the examined material was fulfilled (Figure 3; 4B). 
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                            A                                                           B 

Figure 3. Experiment scheme: 1 ï laser beam, 2 ï laser head, 3 ï material, 4 ï kerf; L ï length; b ï width;  

h ï thickness; A ï solid wood, B ï plywood 

 

   
                          A                                   B                                         C 

Figure 4. A ï RADWAG WLC 1/A2 electronic balance; B ï general view of the experiment; C ï position of the 

focus on the material surface (ȹF = 0 mm): 1 ï unfocused laser beam; 2 ï focusing lens; 3 ï material 

2.4. Planning the experimental studies 

The values of the variable factors ï laser beam power (P, W) and laser beam scan (feed) 

speed (vf, mm/s) in open and coded form are given in Table 1. The studies were conducted at 

the position of the laser beam focus, on the material surface (ȹF = 0 mm), ZnSe focusing lens 

with a focal length (F) of 50.8 mm (Figure 4C). 

 

Table 1. Values of variable factors  

Variable factors 
Minimum value Average value  Maximum value 

open form coded form open form coded form open form coded form 

Solid wood 

x1 = P, W 20 -1 25 0 30 +1 

x2 = vf, mm/s 6 -1 8 0 10 +1 

Plywood  

x1 = P, W 12 -1 14 0 16 +1 

x2 = vf, mm/s 25 -1 35 0 45 +1 

 

The matrix of the planned two-factor 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 Table 3, ten (10) kerfs were made (Figure 3; 4B). 

After the experiment, each of the test bodies was weighed and the value of its lost weight 

was recorded (Figure 4A). 
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Table 2. Matrix of the planned two-factor experiment for solid wood 

Experiment ˉ  
Variable factors 

x1 = P, W x2 = vf, 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 two-factor experiment for plywood  

Experiment ˉ 
Variable factors 

x1 = P, W x2 = vf, 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 two-factor experiment, the variance analysis methodology 

was used (Vuchkov et al. 1986). The regression equation under two factors of variation is of the 

form: 

 

                           ώ ȢȢ ὦ ὦὼ ὦὼ ὦ ὼ ὦ ὼ ὦ ὼὼ                                 (9) 

Where ypr.v. is the predicted value of the output quantity; 

bo ï coefficient in front of the free term; 

b1 and b2 ï coefficients in front of the linear terms; 

b11 and b22 ï 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 

(æm), according to the matrix of the two-factor experiment (Tables 2 and 3), and the values for 

Es calculated by equation (7), where l is the length of all ten slits for a given specimen. 
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Table 4. Specific cutting energy Es for solid wood (common beech: Fagus sylvatica L.) 

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 20 6 0.00014 200 4.76 x 106 

2. 30  10 0.00014 200 4.29 x 106 

3. 20 6 0.00013 200 5.13 x 106 

4. 30 10 0.00014 200 4.29 x 106 

5. 20 8 0.00012 200 4.17 x 106 

6. 30 10 0.00014 200 4.29 x 106 

7. 25 6 0.00018 200 4.63 x 106 

8. 25 10 0.00011 200 4.55 x 106 

9. 25 8 0.00013 200 4.81 x 106 

Experiments in the middle of the factor space 

10. 25 8 0.00013 200 4.81 x 106 

11. 25 8 0.00013 200 4.81 x 106 

12. 25 8 0.00013 200 4.81 x 106 

 
Table 5. Specific cutting energy Es for solid wood (poplar: Populus tremula L.) 

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 20 6 0.00019 200 3.51 x 106 

2. 30  10 0.00017 200 3.53 x 106  

3. 20 6 0.00019 200 3.51 x 106 

4. 30 10 0.00018 200 3.33 x 106 

5. 20 8 0.00014 200 3.57 x 106 

6. 30 10 0.00017 200 3.53 x 106 

7. 25 6 0.00025 200 3.33 x 106 

8. 25 10 0.00016 200 3.13 x 106 

9. 25 8 0.00018 200 3.47 x 106 

Experiments in the middle of the factor space 

10. 25 8 0.00016 200 3.91 x 106 

11. 25 8 0.00017 200 3.68 x 106 

12. 25 8 0.00019 200 3.29 x 106 

 
Table 6. Specific cutting energy Es for solid wood (common birch: Betula pendula Roth.)  

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 20 6 0.000112 200 5.95 x 106 

2. 30  10 0.000102 200 5.88 x 106 

3. 20 6 0.00011 200 6.06 x 106 

4. 30 10 0.00011 200 5.45 x 106 

5. 20 8 0.000087 200 5.75 x 106 

6. 30 10 0.00011 200 5.45 x 106 

7. 25 6 0.00014 200 5.95 x 106 

8. 25 10 0.00008 200 6.25 x 106 

9. 25 8 0.000109 200 5.73 x 106 

Experiments in the middle of the factor space 

10. 25 8 0.000108 200 5.79 x 106 

11. 25 8 0.000107 200 5.84 x 106 

12. 25 8 0.0001 200 6.25 x 106 
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Table 7. Specific cutting energy Es for plywood (from common beech: Fagus sylvatica L.) 

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 12 25 0.00002 200 4.80 x 106 

2. 16 25 0.00003 200 4.27 x 106 

3. 12 45 0.000012 200 4.44 x 106 

4. 16 45 0.000015 200 4.74 x 106 

5. 12 35 0.000017 200 4.03 x 106 

6. 16 35 0.00002 200 4.57 x 106 

7. 14 25 0.000024 200 4.67 x 106 

8. 14 45 0.000015 200 4.15 x 106  

9. 14 35 0.00002 200 4.00 x 106 

Experiments in the middle of the factor space 

10. 14 35 0.000018 200 4.44 x 106 

11. 14 35 0.000021 200 3.81 x 106 

12. 14 35 0.0000198 200 4.04 x 106 

 

Table 8. Specific cutting energy Es for plywood (from poplar: Populus tremula L.)  

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 12 25 0.00004 200 2.40 x 106 

2. 16 25 0.00005 200 2.56 x 106 

3. 12 45 0.00002 200 2.67 x 106 

4. 16 45 0.00003 200 2.37 x 106 

5. 12 35 0.00003 200 2.29 x 106 

6. 16 35 0.00003 200 3.05 x 106 

7. 14 25 0.00004 200 2.80 x 106 

8. 14 45 0.00003 200 2.07 x 106 

9. 14 35 0.00003  200 2.67 x 106 

Experiments in the middle of the factor space 

10. 14 35 0.00003 200 2.67 x 106 

11. 14 35 0.000031 200 2.58 x 106 

12. 14 35 0.00003 200 2.67 x 106 

 

Table 9. Specific cutting energy Es for plywood (from common birch: Betula pendula Roth.)  

ˉ 
Variable factors Initial and output values 

x1 = P, W x2 = vf, mm/s æm, kg l, mm Es, J/kg 

1. 12 25 0.00003 200 3.20 x 106 

2. 16 25 0.00003 200 4.27 x 106 

3. 12 45 0.000013 200 4.10 x 106 

4. 16 45 0.000017 200 4.18 x 106 

5. 12 35 0.00002 200 3.43 x 106 

6. 16 35 0.000028 200 3.27 x 106 

7. 14 25 0.00003 200 3.73 x 106 

8. 14 45 0.000018 200 3.46 x 106 

9. 14 35 0.000018 200 4.44 x 106 

Experiments in the middle of the factor space 

10. 14 35 0.000017 200 4.71 x 106 

11. 14 35 0.000024 200 3.33 x 106 

12. 14 35 0.000023 200 3.48 x 106 

 

The linear relationship between ȹm and Et and their relationship with Es represented 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 wood and plywood at æF = 0 mm. 

 

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 8.04E-06 

Observations 12 

 
Table 11. Dispersion analysis for common beech wood 

ANOVA  

  df SS MS F Significance F 

Regression 1 2.45E-09 2.45E-09 37.90152 0.000107413 

Residual 10 6.47E-10 6.47E-11   

Total 11 3.1E-09       

 

Table 12. Summary results for poplar wood 

Regression Statistics 

Multiple R 0.93139 

R Square 0.867488 

Adjusted R Square 0.854237 

Standard Error 1.02E-05 

Observations 12 

 
Table 13. Dispersion analysis for poplar wood 

ANOVA  

 df  SS MS F Significance F 

Regression 1  6.85E-09 6.85E-09 65.46479 1.07E-05 

Residual 10  1.05E-09 1.05E-10   

Total 11  7.89E-09       

 
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 4.65E-06 

Observations 12 

 

Table 15. Dispersion analysis for common birch wood 

ANOVA  

  df SS MS F Significance F 

Regression 1 2.13E-09 2.13E-09 98.21588 1.73E-06 

Residual 10 2.16E-10 2.16E-11   

Total 11 2.34E-09       
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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 1.5E-06 

Observations 12 

 

Table 17. Dispersion analysis for plywood from common beech 

ANOVA  

  df SS MS F Significance F 

Regression 1 2.16E-10 2.16E-10 96.08377 1.91E-06 

Residual 10 2.25E-11 2.25E-12   

Total 11 2.38E-10    

 
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 5.31E-10 5.31E-10 59.05429 1.67E-05 

Residual 10 8.99E-11 8.99E-12   

Total 11 6.21E-10    

 
Table 20. Summary results for plywood from common birch 

Regression Statistics 

Multiple R 0.868051 

R Square 0.753512 

Adjusted R Square 0.728864 

Standard Error 3.13E-06 

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 9.83E-11 9.83E-12   

Total 11 3.99E-10    

 

The coefficient of multiple correlation (Multiple R), which in this case is the coefficient of 

linear correlation between the dependent factor (æm) and the independent factor (Et) is: for 

solid wood ï common beech 0.89, poplar 0.93 and common birch 0.95; for plywood of ï beech 

0.95, poplar 0.92 and birch 0.87. 

The coefficient of determination (R Square) has the following values: for solid wood ï 

common beech 0.79, poplar 0.88 and common birch 0.91; for plywood of ï beech 0.91, poplar 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

83 

0.86 and birch 0.75. This means that for the materials studied, 79 %, 88 %, 91 %, 91 %, 86 % 

and 75 % of the variation in the dependent factor (æm) is "explained" by the regression, 

respectively.  

In the examples considered, the F-ratio has the following values: for solid wood ï common 

beech 37.9, poplar 65.4 and common birch 98.2; for plywood of ï beech 96.1, poplar 59.1 and 

birch 3.6, which are significantly greater than the corresponding critical values in the F-

distribution tables (Significance F). This gives reason to conclude that the part of the variance 

of the dependent factor (æm) that is "explained" by the regression is significantly larger than 

the residual variance (Residual), which is due 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 wood and plywood are presented in Table 

22. 

 

Table 22. The specific energy of the laser beam when interacting with ordinary birch plywood 

Material  

Specific laser cutting energy (Es) 

Experimental results Theoretically calculated results 

æF = 0 mm 

Es, J/kg (x 106) Es, J/kg (x 106) Equation (3; 8) R 

Solid wood 

Common beech 4.61 4.59 Ўά ςȢφυȢρπ ρȢχυȢρπὉ 0.89 

Poplar (Aspen) 3.48 3.47 Ўά σȢππȢρπ ςȢωσȢρπὉ 0.93 

Common birch 5.86 5.85 Ўά τȢχφȢρπ ρȢφσȢρπὉ 0.95 

Plywood 

Beech 4.33 4.32 Ўά ρȢυωȢρπ ςȢρςȢρπὉ 0.95 

Poplar 2.57 2.56 Ўά τȢχωȢρπ σȢσσȢρπὉ 0.92 

Birch 3.80 3.74 Ўά ρȢτσȢρπ ςȢυπȢρπὉ 0.87 

 

Since the moisture content of the wood is in the room dry range - it does not affect the 

variation of the specific energy of laser cutting. The strong influence exerted by the type of 

material and its density is confirmed (KubovskĨ et al., 2012; Gochev, 2016; Gochev et 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 strongest hardwoods. 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, which together prevent 

effective ablation. 

Comparative studies by KubovskĨ et al., (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 solid wood and WBM. As 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 0.2 % to 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 software Q-StatLab and checking for adequacy, the following were derived: 

 

× Regression equations for solid wood at ȹF = 0 mm: 

- common beech (Fagus sylvatica L.); 

Y1 = 4.71 + 0.198X1 - 0.048X2 + 0.276X1
2 + 0.084X2

2 - 0.093X1X2                                           (10) 

- poplar - aspen (Populus tremula L.); 

Y1 = 3,54 + 0,133X1 - 0,067X2 + 0,101X1
2 + 0,219X2

2 - 0,05X1X2                                               (11) 

- common birch (Betula pendula Roth.); 

Y1  = 5,90 + 0,1633X1  - 0,003X2  + 0,284X1
2 + 0,216X2

2 - 0,135X1X2                                        (12) 

× Regression equations for plywood at ȹF = 0 mm: 

- common beech (Fagus sylvatica L.); 

Y1 = 4,09 + 0,093X1 - 0,068X2 + 0,19X1
2 + 0,30X2

2 - 0,208X1X2                                                  (13) 

- poplar - aspen (Populus tremula L.); 

Y1 = 2,64 + 0,133X1 - 0,108X2 + 0,044X1
2 + 0,191X2

2 - 0,115X1X2                                              (14) 

- common birch (Betula pendula Roth.); 

Y1 = 3,83 + 0,165X1 - 0,09X2 + 0,149X1
2 + 0,096X2

2 - 0,248X1X2                                   (15) 

 

Where Y1 is the expected variation of the specific cutting energy Es in coded form at the 

corresponding focal length; 

X1 ï the laser beam power (P) in coded form; 

X2 ï the feed rate (vf) in coded form. 

From equations (10) - (15), it can be seen that it is the coefficient in front of X1 

corresponding to the cutting power that will have the greatest influence, and to a greater extent 

than the feed rate, on the specific cutting energy (Es). The sign in front of the coefficient is 

ñplusò, i.e. as P increases, Es will also increase. The coefficient in front of X2 has a negative 

sign, i.e. as the feed (scan) speed increases, the specific cutting energy will decrease. The sign 

in front of the coefficient X1X2 is negative, indicating the divergent influence of laser beam 

power (P) and feed rate (vf) on the specific cutting energy (Es). 

Figures 5 to 10 present the graphical relationships showing the variation of specific cutting 

energy Es versus laser beam feed rates (vf) at different beam powers (P). 

 

 

Figure 5. Variation of the specific cutting energy Es for solid wood from common beech as a function of the laser 

beam feed rates (vf) at different beam powers (P) 
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Figure 6. Variation of the specific cutting energy Es for solid wood from poplar as a function of laser beam feed 

rates (vf) at different beam powers (P)  

 

 

Figure 7. Variation of specific cutting energy Es for solid wood from common birch as a function of laser beam 

feed rates (vf) at different beam powers (P) 

 

 

Figure 8. Variation of specific cutting energy Es for plywood from common beech as a function of laser beam 

feed rates (vf) at different beam powers (P) 
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Figure 9. Variation of specific cutting energy Es for plywood from poplar as a function of laser beam feed rates 

(vf) at different beam powers (P) 

 

 

Figure 10. Variation of specific cutting energy Es for plywood from common birch as a function of laser beam 

feed rates (vf) 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 characterized 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 effective ablation. However, 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 values of Es for the studied solid wood and plywood 

materials are very close in value. The 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 (table 4-9). 
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ABSTRACT 

On May 22, 2020, Zagreb experienced a 5.5 magnitude earthquake, causing significant damage to 

many buildings, particularly in the city's historic districts. In the aftermath, it was crucial to assess the 

condition and quality of wooden load-bearing beams in the affected structures and to provide 

recommendations for their reconstruction and, where necessary, chemical protection. 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 centuries 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 species and microclimatic 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 selecting appropriate remediation methods, requiring expertise in wood technology 

and pathology. This paper presents two case studies of historic buildings in Zagreb: Object A (Lower 

Town ï Donji Grad) and Object B (Upper Town ï Gornji Grad), illustrating the most common forms of 

biological damage and the preservation measures needed to ensure the longevity of these structures. 

Key words: biological degradation, high-risk 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 19th-century buildings featuring timber floor and roof 

structures. The 2020 earthquake caused widespread structural damage, particularly to heritage 

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 wood-rotting fungi, are non-selective and can degrade both 

types. Some xylophagous insects that infest wood in service prefer fungal mycelium in the 

wood, which can exacerbate degradation (Binker et al, 2014; Eaton and Hale, 1993; Grosser, 1985; 

Langendorf, 1988; Reinprecht, 2007; Reinprecht, 2016; Reinprecht et al., 2009; Scheiding et al., 2016; 

Turkulin and Hasan, 2025; Unger, 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 beetle (Hylotrupes bajulus). Even minor insect infestations can allow 

moisture ingress into the larvae tunnels and exit holes, fostering a synergistic attack by insects 

and wood-rotting fungi (Binker et al, 2014; Cruz and Machado, 2013; Eaton and Hale, 1993; Grosser, 

1985; Langendorf, 1988; Reinprecht, 2007; Reinprecht, 2016; Reinprecht et al., Rohanova, 2020; 2009; 

Scheiding et al., 2016; Turkulin and Hasan, 2025; Unger, et al., 2001; Zabel and Morrell, 1992). 

Fungal infestations are common in historic buildings, 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 these zones, combined with hygroscopic moisture and capillary action, can 

result in wood moisture content (MC) exceeding the critical threshold of around 20 % (EN 

17121, 2019; Binker et al, 2014; Eaton and Hale, 1993; Reinprecht, 2007; Reinprecht, 2016; Reinprecht 

et al., 2009; Turkulin and Hasan, 2025; Unger, et al., 2001). 

This paper illustrates the most common forms of biological damage in historic buildings 

and discusses methods for assessing wood degradation and residual cross-sectional strength in 

wooden beams. 

2. MATERIALS AND METHODS  

A detailed in-situ 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 point (Figure 1). 

 

 

Figure 7. Visual inspection of building A ï Example 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 surface (Clarke and Squirrell, 1985; Imai et al., 2023; Rohanova, 2020). 

Inspired by this method, the authors introduced the Nail-hammer test. A T¦V-certified Picard 

hammer (600 g) with two sharp ñDBGMò edges was used for this test. The Nail-hammer 

method was applied as a fast and effective way to evaluate the mechanical integrity of the 

beams. The penetration depth of the hammer nail under equal impact energy was measured 

(Figure 2, 3).  

 

 

Figure 8. Example of the Nail-hammer test at a measurement point ï beam inserted into the wall 

Each point was classified from 1 (sound wood) to 8 (severely decayed wood), based on the 

penetration depth of the hammer nail (Table 1). 

 

Table 1. The nail-hammer penetration depth and corresponding soundness grade 

The grade Nail penetration depth 

1 < 5 mm 

2 5 to 10 mm 

3 11 to 15 mm 

4 16 to 20 mm 

5 21 to 30 mm 

6 31 to 40 mm 

7 41 to 50 mm 

8 > 50 mm 

 

The reduction of the effective load-bearing cross-section (R) was calculated using the 

equation (1): 

 

                                                        Ὑ
 ɀ 

ρππϷ                                                (1) 

where A0 is the original cross-section area and A1 is the remaining effective cross section 

of the wooden beam (Figure 3). 
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Figure 9. Determination of remaining effective cross-section by the Nail-hammer test (nh ï 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) in-situ and by the gravimetric method in the laboratory (HRN EN 13183-1, 

HRN EN 13183-2). Core specimens were drilled out from the beams at each measurement point 

(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 at (24 Ñ 1) ÁC and (75 Ñ 5) % relative humidity for 14 days. 

Specimens were taken from the surface (top and bottom) and from the central part of the 
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wooden beam (left and right) (Figure 5 left). Molds, bacterial colonies, and decay fungi were 

identified (Figure 5 right). 

 

    

Figure 11. Placement of wood pieces in nutrient agar in Petri dishes and developed microbiological cultures 

3. RESULTS AND DISCUSSION 

3.1. Object A ï 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 28 %, resulting in severe degradation, particularly in attic floors (Figure 6). The average 

density of the beams ranged from 374 to 676 kg/mį, corresponding to strength classes C16 ï 

C50 (Table 2). 

 

Table 2. 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) 

Property Average 

Value 15 % 

of the lower 

limit  

Median Min  Max 
Standard 

Deviation 

Density, kg/m3 477 401 462 374 676 76.49 

Strength class 

(HRN EN 338) 
C30 C20 C27 C16 C50  

 

According to Nail-hammer test results, the beams on the ground and first floor of the 

building were rated as 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 ï Upper Town (Gornji Grad)  

Object B exhibited moderate degradation, with attic beams most affected by condensation. 

Northern facades showed more significant biological activity, correlating with moisture 

condensation and moisture uptake. The density of the beams ranged from 398 to 556 kg/mį, 

with strength classes C20 ï C50. 

 

Table 3. 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) 

Property Average 

Value 15 % 

of the lower 

limit  

Median Min  Max 
Standard 

Deviation 

Density, kg/m3 464 417 467 398 556 47.38 

Strength class 

(HRN EN 338) 
C30 C22 C30 C20 C50  

 

 

Figure 13. Severely rotten and attacked by insect beam ends inserted in north faced outer wall 

 

According to Nail-hammer test results, the beams on the ground and first floor of the 

building were rated as 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 %. All the beams of the attic floor were almost entirely rotten, two 

adjacent beams have a complete transverse crack at their midpoint (Figure 7). 

 

   

Figure 14. Attic floor beams: Left - two adjacent transversely cracked attic floor beams; Right - completely 

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 beams suffered extensive 

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 reducing the load-

bearing cross-section 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 E, applied through 

surface brushing and injection. Injection holes (Ï3 mm, İ ï ӏ beam height) should be drilled 

alternately on opposite sides to ensure maximal penetration and even distribution of the 

preservative (Figure 8). After drying, surfaces should be sealed, and attics should be thermally 

insulated to prevent further condensation. 
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Figure 15. The arrangement, depth, and diameter of injection holes must ensure maximum penetration and 

distribution of the biocidal solution without compromising the load-bearing cross-section 

4. CONCLUSIONS 

The Nail-hammer test proved to be an efficient method for assessing wood degradation and 

calculating the reduction in load-bearing cross-section. Attic beams and northern facades were 

most affected by condensation, which facilitated insect infestation and fungal decay. 

Combining non-destructive and laboratory analyses is essential for the long-term preservation 

of Zagrebôs timber heritage. Recommendations include mechanical strengthening, chemical 

protection, and improved ventilation of beam pockets. 
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ABSTRACT 

In modern times, most furniture is discarded after a period of use due to wear, dysfunction, or 

outdated aesthetic-design features. Another contributing factor is the availability of low-cost, mass-

produced furniture, which leads consumers to overlook the potential 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 of a tabletop, rowan wood (Sorbus aucuparia L.) was 

used, while the seat and backrest of the chair were made from common walnut wood (Juglans regia L.). 

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, European walnut, recycled materials, rowan wood, wood-metal 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 materials, with wooden 

furniture constituting a considerable portion. Data indicate that China alone generates 

approximately 60 million tons of discarded wooden furniture annually (Zhang et al. 2023). The 

rapid expansion of the furniture industry, as with any other industry, 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 (Pihno et 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 cradle-to-cradle production systems have been 

developed to optimize the reuse and recycling of waste furniture, delivering both environmental 

and economic benefits (Lin et al., 2022) (Zhang et al., 2023).  Furthermore, China initiated the 

ñSpecification for Recycling and Utilization of Waste Wood Materialsò in 2009, aiming to 

institutionalize the recycling and reprocessing of solid wood furniture waste and improve 

national sustainability outcomes (Xiong et al., 2023). 
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Figure 1. Waste wooden furniture recycling process (Zhang et 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 deformation, such 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 pieces that cater to various aesthetic 

preferences. The 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 and metal waste 

into their design projects, students are encouraged to develop innovative, sustainability-focused 

solutions, thereby contributing to broader environmental conservation goals (Al -Saud et al., 

2024). Furthermore, 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 of eco-design 

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 dining set comprising a table and four 

chairs by combining recycled and new materials in a woodïmetal configuration. Metal 

components will be repurposed from decommissioned office furniture, while new elements will 

include European walnut (Juglans regia L.) and plywood for the chair seats and backrests, and 

a combination of plywood and solid rowan wood (Sorbus Aucuparia L.) for the tabletop. The 

objective is to demonstrate that high-quality, aesthetically appealing furniture can be produced 

through the integration of reused and newly fabricated parts. This 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 (comprising of four chairs and a table), 

several alternatives were considered regarding the shape of the chair backrests and the tabletop. 

After evaluating the options in terms of aesthetics and functionality, the variants deemed most 

practical and visually appealing were selected. In terms of material selection, both new and 

recycled materials were used. The new materials included rowan wood, walnut wood, plywood, 

screws, adhesive, loose tongue joints, and an oil-based surface finish. The recycled materials 

consisted of metal frames from discarded furniture components obtained through inventory 

clearance. Following 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 are critical for 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 drawn to a 

reduced scale (Figures 3 and 4). These drawings include marked cross-sections and elements, 

all of which are dimensioned accordingly. 

 

 

Figure 2. Technical drawing of the chair 
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Figure 3. Technical drawing of the table 

2.2. Manufacturing of the dining furniture set  

The wooden components of the dining set were constructed using rowan wood (Sorbus 

aucuparia L.), European walnut (Juglans regia L.) (Figure 4), and plywood. 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 

facultyôs carpentry workshop, while the final assembly took place in a designated facility at the 

University of Zagreb Faculty of Forestry and Wood technology. 

 

 

Figure 4. Unedged rowan wood boards 
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Figure 5. Recycled metal frames of chairs and table prior 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 rough areas, 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 subsequent processing, 

specifically lacquering. Once the surface was rust free 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 surface and to 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 process resulted in straight 

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 each board. Using a jointer, all boards were 

processed on two lateral and one flat surface to achieve optimal flatness and prepare them for 

precise downstream operations. After jointing, the boards were thicknessed to final dimensions 

of 25 mm for the tableôs outer frame elements and 20 mm for 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 ensure clean, smooth edges suitable for effective gluing, an additional 5 mm was 

trimmed from each side. The chair seats and backrests, as well as sections of the tabletop, were 

edge-glued using tongue-and-groove 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 saw, with the blade adjusted to 

the appropriate height to ensure precise alignment during assembly. Care was taken not to 

extend the grooves to the edges of the boards, thereby preventing the tenon from being visible 

after assembly. A D3 water-resistant adhesive was used for bonding, known for its excellent 

curing properties and ability to form strong 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 tabletop (right) after gluing and before final trimming 

 

All wooden components, including the chair seats, backrests, and tabletop, were mounted 

onto a 16 mm thick plywood 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 sandpaper. Due to the small sanding surface and the need for uniformity, this process was 

time-consuming. Additionally, all edges were manually rounded using progressively finer 

sandpaper to eliminate sharp corners, enhancing both safety and aesthetic appeal. Before oiling, 

the final surface treatment, all elements were hand-sanded with fine-grit paper (P120 or higher) 

to ensure a smooth finish. Surface 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 enhanced the woodôs natural texture 

and visual vibrancy (Figure 7), contributing to an attractive and durable final product, an 

intended outcome of the design process. 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

 

104 

 

Figure 7. Tabletop, backrests, and seats after surface treatment with oiling 

 

The tabletop was constructed from edge-glued 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 plywood board was affixed beneath the solid wood tabletop using 4 Ĭ 35 mm screws. This 

addition not only increased the structural stability of the table but also contributed to a more 

substantial and visually heavier appearance. For this reason, the plywood board was 

intentionally left visible on the tableôs lateral sides. The assembled tabletop was then secured 

to the metal frame using 4 Ĭ 65 mm screws. 

3. RESULTS 

The chair seat consists of a top layer made of edge-glued walnut wood elements joined 

with loose tongue-and-groove 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 using edge-glued walnut 

elements joined by loose tongue-and-groove, with an additional solid wood strip glued to the 

top to create a more robust and visually balanced form. The tabletop, chair backrests, and seats 

were all mounted onto the metal base using 4 Ĭ 65 mm screws. Once fully assembled, the dining 

table set was arranged in the faculty building lobby (Figure 8) to display the final product. 
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Figure 8. Final appearance of the assembled dining set 

4. CONCLUSION 

This study demonstrates the feasibility and advantages of producing a dining furniture set 

using a combination of virgin and recycled materials. The table and four chairs were constructed 

from solid rowan wood (Sorbus aucuparia L.), used for the tabletop, and European walnut 

(Juglans regia L.), used for the backrests and seats of the chairs. A plywood 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 finish of oil mixed with wax ensured 

mechanical stability and a visually appealing, durable finish. 

Through careful design and material selection, approximately 0.03 mį of rowan wood, 

0.026 mį of walnut wood, and 0.03 mį of plywood were efficiently utilized for the 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 of discarded components. The successful integration of recycled and 

natural materials confirms that high-quality, functional, and visually attractive furniture can be 

produced in a resource-efficient 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 product, 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 innovation. This 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 with non-wood 

materials in its structure, such as fiberglass and cotton fabrics pre-impregnated with alcohol-soluble 

phenol-formaldehyde resin (fiberglass prepreg and cotton prepreg).  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 four with 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 shear strength was tested in 

dry-conditioned state at 20 /65% relative humidity and after immersion of the test specimens for 6 

hours in boiling water, followed by cooling in water at a temperature of 20Ñ3  for 2 hours. In all 

plywood models, the shear strength was 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 pre-impregnated cotton and fiberglass fabrics. 

Key words: Plywood, reinforcement, pre-impregnated, fiberglass fabric, cotton fabric, phenol-

formaldehyde resin 

1. INTRODUCTION  

Many studies explore the possibilities of improvement of plywood properties through 

application of non-wood materials in its structure (Davalos et al., 2000; Jakimovska Popovska 

and Iliev, 2019; 2021; 2025). Enhancement of plywood properties can be achieved by fiber-

reinforced polymers that give the plywood better durability and water resistance (Hardeo and 

Karunasena, 2002; Choi et al., 2011; Zǭke and KalniǺġ, 2011). Different fibers and resins were 

used for plywood reinforcement (Xu et al., 1996; Xu et al., 1998; Brezoviĺ et al., 2002; 

Brezoviĺ et al., 2003; Brezoviĺ et al., 2010; Biblis and Carino, 2000; Hr§zskĨ and Kr§l, 2007; 

ManiǺġ and Zǭke, 2011). 

The possibilities to reinforce wood with pre-impregnated 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 Iliev, 

2023), as well as increases the bending strength and modulus of elasticity in bending 

(Jakimovska Popovska and Iliev, 2019). The application of pre-impregnated cotton fabric in 

the structure of plywood significantly increases its hardness (Jakimovska Popovska and Iliev, 

2021) and in-plane compressive strength of plywood (Jakimovska Popovska and Iliev, 2023). 

The bonding quality of plywood is determined by the shear strength tests of plywood. ʊhe 

aim the research is to study the shear strength of plywood reinforced with fiberglass and cotton 

fabrics pre-impregnated with methyl alcohol-soluble phenol-formaldehyde resin. 



33rd International Conference on Wood Science and Technology - ICWST 2025 

UNLEASHING THE POTENTIAL OF WOOD-BASED MATERIALS 

 

108 

2. MATERIALS AND METHODS  

For the realization of the research, eight experimental models of reinforced plywood were 

made from beech veneers with thickness of 1.5 and 1.85 mm, with cross-laminated layup of 

veneers. Four of the reinforced models were made through inserting sheets of fiberglass prepreg 

(fiberglass fabric pre-impregnated with resin) into different adhesive layers in plywood 

structure, while the other four models were made by inserting sheets of cotton prepreg (cotton 

fabric pre-impregnated with resin). In both experimental types of plywood (with fiberglass 

prepreg 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 on both sides with respect to its 

axis of symmetry. In the first model (FP-1/CP-1), the reinforcements are inserted in the fifth 

and sixth adhesive layer, while in the second model (FP-2/CP-2) they are inserted into the third 

and eighth adhesive layer. In the third model (FP-3/CP-3), the reinforcements are positioned as 

surface layers of plywood. The fourth model of plywood (FP-4/CP-4) has single sheets of 

fiberglass/cotton prepreg inserted in each adhesive layer of the panel. In all of reinforced 

plywood models, the 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 fabric made of E-glass fibers, while the 

cotton prepreg was made from cotton fabric. Both fabrics were pre-impregnated with methyl 

alcohol soluble phenol-formaldehyde resin with 51 % dry matters content, in quantity of 140 

g/m2 for fiberglass fabric and 300 g/m2 for cotton fabric. The same resin was used for veneer 

bonding, applied on the veneers in quantity of 180 g/m2. The thickness of the fiberglass and 

cotton fabric before impregnation was 0.173 mm and 0.3 mm, respectively, while the thickness 

of the fiberglass and cotton prepreg was 0,22 mm and 0.6 mm respectively. 

The pattern and cross-section 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 Iliev, 2019 and 2021). 

Assembled plywood compositions were pressed in a hot press under specific pressure of 

18 kg/cm2 at temperature of 155 ÜC for 30 min. 

The shear strength of plywood was tested according to the standard Mʂʉ EN 314-1 and 

Mʂʉ EN 314-2. Given the limited number of test specimens, the shear strength of all models 

was tested only in the central veneer sheet of the plywood panel. Pre-treatment of the test 

specimens was done which depends on its application according to humidity conditions. The 

pre-treatment includes immersion of test specimens in boiling water for 6 hours and subsequent 

cooling in water at a temperature of (20Ñ2) ÜC for 2 hours. After the treatment 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 air-conditioned test specimens from each model were also tested. 

SPSS Statistic was used for statistical analysis of the obtained data. One way ANOVA was 

used for determination of the significance of the effect of reinforcements on plywood shear 

strength. Tukeyôs test was applied to evaluate the statistical significance between the mean 
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values of this property of different plywood models. The tests were conducted at 0.05 

probability level. 

3. RESULTS AND DISCUSSION 

The results obtained from the shear strength test in an air-conditioned state (Figure 1) and 

after treatment in boiling water for 6 hours (Figure 2) show that all experimental models have 

a much higher value of this property than the minimal value of 1N/mm2 defined by the EN 314 

standard. 

The analysis of the obtained data from the shear strength test of the experimental plywood 

panels shows that during the test in air-conditioned state and after treatment in boiling water, 

the values of this property in models CP-1 and FP-1 are higher compared to the values obtained 

in the other experimental models. The mean values of these two models in air-conditioned state 

are almost equal (8.11 and 8.04 N/mm2), while those of the other models range from 5.30 

N/mm2 in model FP-3 to 6.43 N/mm2 in model FP-2. During the test after immersion in boiling 

water for 6 hours, the mean values of models CP-1 and FP-1 are again similar i.e., 6.31 and 

6.89 N/mm2, respectively. The mean values of other reinforced models range from 3.40 N/mm2 

in model CP-2 to 5.12 N/mm2 in model FP-4. 

The analysis of variance of the obtained data for the shear strength in the air-conditioned 

state (ANOVA: F(8,36)=19.96; p ᾽᾽ 0.001) and after treatment in boiling water (ANOVA: 

F(8,36)=57.40; p ᾽᾽ 0.001) showed that the differences in the mean values of at least two 

models are statistically significant. The conducted post-hoc Tukeyôs test for multiple 

comparison between models showed that the mean values of the shear strength in the 

conditioned state and after treatment in boiling water of the models CP-1 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. 

 

*The mean values with the same letters are not significantly different at 0.05 probability level 

Figure 1. Shear strength of experimental plywood in air-conditioned state 
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*The mean values with the same letters are not significantly different at 0.05 probability level 

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

 

The percentage of apparent cohesive wood failure in the shear strength test in the air-

conditioned state ranges from 10 to 20 %, while in the test of this property after treatment in 

boiling water, the percentage of the wood failure ranges from 80 to 90 %. According to the 

standard, at shear strength above 1 N/mm2, there are no limiting values for the percentage of 

wood failure on the shear surfaces. The wood fiber failure on the shear surfaces in the shear 

strength test of the experimental plywood panels are shown on Figures 3, 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 shown on Figures 1 and 2 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 CP-1 and FP-1, the adhesive layers next to the central veneer sheet in which the 
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represent adhesive layers between two veneer sheets. The difference in the shear strength values 
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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 multilayer reinforcements. 

Despite the fact that in models CP-4 and FP-4 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 models CP-1 and FP-1. This ratio of values 

between models CP-1 and FP-1 on the one hand and models CP-4 and FP-4 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, as is the case 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 models CP-4 and FP-4 can be observed in 

comparison with models CP-2, CP-3, FP-2, FP-3 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 confirmation of this statement 

can only be obtained by expanding the tests of the shear strength to all layers of the plywood 

panel. 

   

Figure 3. Wood fibre failure of reinforced plywood in air-conditioned state 

 

 

Figure 4. Wood failure of control model of plywood in air-conditioned state 

  

Figure 5. Wood fibre failure of reinforced plywood after immersion in boiling water for 6 hours 

 

 

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 experimental plywood in an air-

conditioned state and after immersion in boiling water for 6 hours, it can be concluded that a 

high bonding quality 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 1N/mm2 by the EN 314 

standard. 

The obtained results from the shear strength test of the experimental plywood indicate the 

possibility of increasing the values of this property by applying multilayer reinforcements of 

pre-impregnated cotton and fiberglass fabrics in the structure of the plywood panel. 

Confirmation of this statement can only be obtained by expanding the tests of the shear strength 

to all layers of the plywood panel. 

The research presented in the paper can help in the selection of materials and defining the 

technological parameters for production of high quality plywood durable for application in high 

humidity conditions. 
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*** Macedonian standard Mʂʉ EN 314-1, 2011: Plywood ï Bonding quality ï Part 1: Test methods. 

*** Macedonian standard Mʂʉ EN 314-1, 2011: Plywood ï Bonding quality ï Part 2: Requirements. 
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ABSTRACT 

The quality of a product is a characteristic 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 as air permeability, 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 include the 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 terms of how the 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 well as to prevent 

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 uncontrolled 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 the window are the supporting frame, 

which is contained of a case and a window sash. 

The supporting frame ï case. The supporting frame is a fixed structural element, attached 

to the sides of the communication opening. This case bears the window sash (Kyuchukov, 2009)  

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, keep coming back 

(Ristevska-Jovanoska, 2010). Businesses 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 service that fulfil  the 

satisfaction of consumer needs (Shuklev, 2011). 

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 have to be achieved 

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 ventilation of the 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 quality window which will satisfy all the required features, it is necessary 

to know the attributes of the built-in materials and how they affect the quality of the window. 

Windows made of profiles of different materials were taken as samples for this research. 

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 used, i.e. a subgroup of windows made of 

Aluplast Ideal 4000 ï PVC profile, Alumil M9650 ï aluminium profile and wooden profile 

(Figure 1). Each subgroup will have three windows with dimensions 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 sample preparation. The 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. Cross-section of window profiles (according to the ɸluplast and ɸlumil manufacturings) 

 

First, windows made of profiles of different materials with similar dimensions and glazed 

with the same glass will be tested according to the standard/test-method EN 1026:2016 

Windows and doors - Air permeability - Test method. According to the standard/test-method, 

how much air loss there is at a certain pressure will be measured and the average class of air 

permeability will be determined according to the classification of EN 12207:2016 Windows 

and doors - Ai r permeability - Classification. A water permeability test will also be done 

according to the standard method EN 1027:2016 Windows and doors - Water 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 doors - Water tightness - Classification. 

Wind resistance deviation will be measured on the samples accordingly EN 12211:2016 

Windows and doors - Resistance to wind load - Test method and it will be determined in which 

class they are counted for wind resistance accordingly ɽN 12210:2016 Windows and doors - 

Resistance to wind load - Classification. 

 Afterwards, the samples are prepared according to the standard EN 514:2018 Plastics - 

Poly (vinyl chloride) (PVC) based profiles - Determination of the strength of welded corners 

and T-joints. 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 to show how and to what extent the material of the window 

frame profile can affect the 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 affect the ʘir permeability, water tightness and 

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 window. However, 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 and 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 from the manufacturer K.Schulten mbH&Co.KG model KS 3040/650 shown in Figure 

2. 
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Figure 2. ʄeasurement according to standards EN 1026:2016, EN 1027:2016, EN 12211:2016 

4.1. Results of the air permeability 

Tables 1, 2 and 3 give the average values of the group of windows tested from the same 

profile. Three windows were tested from each group and the average value of air permeability 

was calculated.  

 

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

Normal pressure, Pa 50 100 150 200 250 300 450 600 
General 

class 
Actual pressure, Pa 50 100 150 201 251 301 452 603 

Air permeability mį/h 0.71 1.33 1.82 2.30 2.73 3.17 4.51 6.08 

Perimeter 
mį/(h/m) 

0.25 0.46 0.63 0.79 0.94 1.09 1.56 2.10  

Class 4 4 4 4 4 4 4 4 4 

Window surface 
mį/(h/mĮ) 

0.83 1.90 2.65 3.28 3.84 4.35 5.61 6.66  

Class 4 4 4 4 4 4 4 4 4 

         4 

 
Table 2. Sample 2 ï air permeability (aluminium profiles) 

Normal pressure, Pa 50 100 150 200 250 300 450 600 
General 

class 
Actual pressure, Pa 50 99 150 199 250 300 452 598 

Air permeability mį/h 6.06 9.98 14.55 19.82 25.19 30.26 54.28 80.50 

Perimeter 
mį/(h/m) 

1.19 1.96 2.86 3.89 4.95 5.95 10.66 15.81  

Class 3 3 3 2 2 2 0 0 2 

Window surface 
mį/(h/mĮ) 

3.33 5.48 8.00 10.89 13.84 16.63 29.82 44.23  

Class 3 3 3 3 3 3 303 0 2 

         2 
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Table 3. Sample 3 ï air permeability (wooden profiles) 

Normal pressure, Pa 50 100 150 200 250 300 450 600 
General 

class 
Actual pressure, Pa 51 100 150 201 251 301 463 602 

Air permeability mį/h 2.04 3.08 3.99 4.78 5.50 6.18 8.06 9.90 

Perimeter 
mį/(h/m) 

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 
mį/(h/mĮ) 

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 the water permeability 

Tables 4, 5 and 6 show the lowest values of the group of windows tested from the same 

profile. Three windows from each group were tested and the lowest water permeability value 

was obtained. 

 

Table 4. Sample 1 ï water permeability (PVC profiles) 

Class 
Pressure in Pa 

Time 
Water entrance 

Observation 
Normal Actual Dripping  Flowing 

A1 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 

ɸ6 250 250 00:05:00 00:00:00 00:03:44   NOT OK  

 

Table 5. Sample 2 ï water permeability (aluminium profiles) 

Class 
Pressure in Pa 

Time 
Water entrance 

Observation 
Normal Actual Dripping  Flowing 

A1 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  

 

Table 6. Sample 3 ï water permeability (wooden profiles) 

Class 
Pressure in Pa 

Time 
Water entrance 

Observation 
Normal Actual Dripping  Flowing 

A1 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 of resistance 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 values of the classes according to the EN 12211:2016 standard. 

 

Table 7. Maximum deflection to the classification at the base width 

Class Deflection 

f, mm (ʘ-ʩ) 660 mm 

A (a-c)/ 150 4.40 

B (a-c)/ 200 3.30 

C (a-c)/ 300 2.20 

 

Tables 8, 9 and 10 give the average values of the groups for frontal deflections observed at 

a wind pressure of 1600 Pa. The average values are taken for PVC profile windows, aluminium 

profile windows and wooden profile windows. 

Table 8. Measuring results of the deflection in mm ï PVC windows 

Wind 

pressure, 

Pa 

Point 1(a) Point 2(b) Point3(c) 
Deflection 

f, mm 

1603Pa 0.32 0.43 0.30 0.12 

0Pa 0.00 0.00 0.00 0.00 

-1600Pa 0.34 0.40 0.31 0.08 

0Pa 0.00 0.00 0.00 0.00 

 

Table 9. Measuring results of the deflection in mm ï aluminium windows 

Wind 

pressure, 

Pa 

Point 1(a) Point 2(b) Point3(c) 
Deflection 

f, mm 

1603Pa 0.27 0.43 0.20 0.20 

0Pa 0.00 0.00 0.00 0.00 

-1600Pa 0.15 0.27 0.12 0.14 

0Pa 0.00 0.00 0.00 0.00 

 
Table 10. Measuring results of the deflection in mm ï wooden windows 

Wind 

pressure, Pa 
Point 1(a) Point 2(b) Point3(c) 

Deflection 

f, mm 

1603Pa 0.68 1.03 0.73 0.33 

0Pa 0.00 0.00 0.00 0.00 

-1600Pa 0.41 0.92 0.94 0.25 

0Pa 0.00 0.00 0.00 0.00 

 

4.4. Results from windows made from PVC profile 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 sash samples. 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 subjected to force. 

     

Figure 3. Force applied on samples from a group of frame 

 

Table 11. Determining the strength of the corner joints of the frame ï PVC windows 

Measured force at the moment of breaking the sample 

F1-1 

(N) 

F2-1 

(N) 

F3-1  

(N) 

F4-1  

(N) 

F5-1  

(N) 

F6-1  

(N) 

F7-1 

(N) 

F8-1  

(N) 

F9-1  

(N) 

F10-1 

(N) 

F11-1  

(N) 

F12-1  

 (N) 

5814 5612 5334 5612 5551 5125 5866 5328 5811 5817 5421 5577 

Average value                                         F1 = 5572 N 

 
Table 12. Determining the strength of the corner joints of the frame ï aluminium windows 

Measured force at the moment of breaking the sample 

F1-2 

(N) 

F2-2 

(N) 

F3-2  

(N) 

F4-2  

(N) 

F5-2 

(N) 

F6-2  

(N) 

F7-2 

(N) 

F8-2  

(N) 

F9-2  

(N) 

F10-2 

(N) 

F11-2  

(N) 

F12-2  

 (N) 

7625 7890 8001 8115 7930 8005 8120 7930 7844 7860 8001 7863 

Average value                                         F2 = 7932 N 

 
Table 13. Determining the strength of the corner joints of the frame ï wooden windows 

Measured force at the moment of breaking the sample 

F1-3 

(N) 

F2-3 

(N) 

F3-3  

(N) 

F4-3  

(N) 

F5-3  

(N) 

F6-3  

(N) 

F7-3 

(N) 

F8-3  

(N) 

F9-3  

(N) 

F10-3 

(N) 

F11-3  

(N) 

F12-3  

 (N) 

7301 7311 7483 7930 7280  7912 7866 7771 7890 7913 7821 7882 

Average value                                         F3 = 7697 N 

4.4.2. Results from a group of sash tests 

Figure 4 shows samples from the group of window sash that are subjected to force. 

   






































































































































































































































































































