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TYPOLOGICAL-ERGONOMIC ANALYSIS AS A 

METHODOLOGICAL FRAMEWORK FOR CREATING 

INNOVATIVE FORMS IN DESIGN 

Patrícia Pančíková 

ABSTRACT 

The project focuses on the design of an experimental seating element intended for 

informal home-based work and study environments. It responds to contemporary patterns of 

working from home, in which users naturally adopt non-standard and often non-ergonomic 

body postures. Rather than restricting these positions, the aim of the design is to analyze 

them through a typological-ergonomic experiment and modify them toward postures that 

reduce physical strain and support long-term comfort. The seating element employs form, 

proportions, and materiality as tools for bodily support, enabling posture variability, 

dynamic sitting, and adaptation to individual user needs. The project integrates ergonomic 

principles with an aesthetic expression and seeks to develop a design solution that reflects 

real bodily behavior in domestic environments while minimizing the negative effects of 

prolonged sitting. 

Keywords: ergonomics, experiment, innovation 

INTRODUCTION 

The design of seating furniture has traditionally been shaped by established ergonomic 

principles and conventional typologies, primarily optimized for structured, formal 

environments such as corporate offices, healthcare facilities, and academic institutions. 

Historically, the field of ergonomics evolved from practical wartime applications in the 

1940s to a sophisticated interdisciplinary science encompassing biomechanics, psychology, 

and engineering. However, despite rapid advances in high-performance materials and 

manufacturing technologies, standard seating—most notably the conventional office chair—

frequently fails to address the complex, fluid needs of the 21st-century user. As noted in the 

evolution of ergonomic design, there is a growing mismatch between the static furniture 

dictated by the industrial era and the dynamic, mobile behavior characteristic of the digital 

age. 

This systemic failure is increasingly evident in the context of recent global trends, most 

notably the shift toward hybrid and remote work models. This transition has forced 

professional and educational activities into informal domestic environments that lack 

adequate ergonomic infrastructure. In these spaces, the boundaries between productivity and 

relaxation are fundamentally blurred, leading to a disconnect between evolving human 

behavior and static design standards. Recent observational research has shown that young 

adults, particularly the demographic aged 20 to 35, are disproportionately affected by these 

non-ergonomic conditions. This "digital native" generation frequently adopts spontaneous, 

physiologically atypical postures—such as sitting on beds, sofas, or floor surfaces—that are 

not designed for prolonged cognitive tasks. Such informal behaviors, while reflecting 
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modern lifestyle flexibility, often result in unhealthy spinal loading, excessive posterior 

pelvic tilt, and the increasingly prevalent "forward head posture" (tech-neck), which 

substantially increases the risk of chronic musculoskeletal disorders (MSDs). 

Despite the widespread availability of ergonomic guidelines, most existing standards 

are primarily tailored to traditional, structured work contexts. A critical gap remains in 

addressing the spatial and behavioral complexity of modern multipurpose interiors where 

users are constantly transitioning between various states of activity. This study responds 

directly to that gap by positioning ergonomic design not merely as a set of restrictive 

regulatory guidelines, but as an evolving methodology that bridges rigorous analytical 

research with creative intuition. It advocates for a paradigm shift: moving away from 

ergonomics as a tool for increasing industrial productivity toward a framework for enhancing 

holistic quality of life and long-term musculoskeletal health. 

The primary objective of this paper is to explore the intersection of visual identity, 

functional utility, and user health through a typological-ergonomic experiment focused on 

innovative seating design. The research is framed by the hypothesis that analyzing non-

ergonomic behaviors and postures in informal settings will reveal unique opportunities to 

improve comfort and reduce health risks. Unlike traditional design approaches that often 

prioritize either aesthetic form or mechanical function, this study embraces their 

interdependence as the foundation for a new generation of seating. 

By leveraging experimental methods, somatographic analysis, and interdisciplinary 

thinking, the present research contributes to a more nuanced understanding of "active 

ergonomics." The resulting design philosophy, embodied in the Pelvyn system, utilizes the 

principles of a deformable volume and air-responsive interfaces. This approach seeks to 

establish a holistic model where the seating object functions as a dynamic partner of the 

human musculoskeletal system, providing continuous biological feedback (bio-feedback) to 

encourage natural movement. In doing so, the study demonstrates that rather than treating 

comfort and aesthetics as opposing priorities, their integration is essential for supporting the 

physiological and psychological well-being of the modern user. 

This research addresses the critical gap between structured workspace solutions and 

the chaotic, mobile reality of modern multipurpose interiors. It positions ergonomic design 

not merely as a set of restrictive guidelines, but as an evolving methodology that bridges 

analytical research with creative intuition. The study advocates for a paradigm shift: from 

ergonomics as a productivity tool to ergonomics as a framework for enhancing the holistic 

quality of life. By integrating aesthetic innovation with functional biomechanics, the 

research seeks to develop a seating solution that does not just "correct" posture, but actively 

engages with the user’s movement. 

The primary objective of this paper is to explore the intersection of visual identity, 

functional utility, and user health through a typological-ergonomic experiment. The central 

hypothesis suggests that by analyzing non-ergonomic behaviors in informal settings, we can 

discover new aesthetic forms that are inherently supportive. This approach seeks to establish 

a holistic model where form and function are inseparably integrated. The resulting design, 

embodied in the Pelvyn system, utilizes the principle of a deformable volume and air-

responsive interfaces to transform seating from a static object into a dynamic partner of the 

human musculoskeletal system. Through this experiment, the study contributes to a more 

nuanced understanding of how active ergonomics can provide biological feedback, signaling 

the user to change positions and thus preventing the onset of fatigue and long-term spinal 

issues. 
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MATERIALS AND METHODS 

The methodological framework of this research is established on a multi-stage iterative 

design process that transitions from theoretical behavioral mapping to physical prototyping 

and rigorous technological verification. Grounded in the principles of User-Centered Design 

(UCD) and participatory ergonomics, the process aimed to bridge the gap between abstract 

ergonomic theories and the practical needs of young users in informal domestic settings. The 

investigation was initiated with an extensive study of user behavior, focusing on identifying 

the physiological discrepancies between standardized seating and spontaneous postural 

shifts. Through somatographic analysis, postural data were collected from a target group of 

young adults aged 20 to 35. These recordings allowed for the identification of specific 

pressure points in the area of the ischial tuberosities and undesirable changes in spinal 

curvature that occur during informal activities, such as working on floors or reclining on 

sofas. The resulting data set confirmed that the target group frequently changes positions and 

does not maintain a single static posture, which established the core ergonomic requirements 

for the Pelvyn seating system. This led to the definition of a "dynamic ergonomics" 

requirement—an adaptive interface that responds to the continuous micro-adjustments and 

movements of the pelvis rather than enforcing traditional static support. 

The process of generating ideas and seeking the final form was conducted through 

extensive author sketching and material probes, seeking a rigorous balance between aesthetic 

value and the functional deformation of the object. This experimental phase involved a series 

of tests with various structures, ranging from 3D-printed polymer cells to cast flexible 

masses and latex membranes. Material testing specifically focused on evaluating the 

performance of air-filled components, elastomeric foams (such as EVA), and alternative 

flexible structures. The results revealed that while air-based systems provide high 

adaptability and a fluid change in stiffness, they present challenges related to structural 

integrity and air leakage at connection points. Conversely, foam-based materials like latex 

offer improved durability but may present limitations in terms of material efficiency and 

production costs. A critical discovery in this development was the investigation of the 

synergy between a flexible "skin" and air cavities, which allows the seating to function as a 

deformable volume where applied pressure leads to controlled shape transformation. 

To verify the proposed principles of active ergonomics, a functional 1:1 scale model 

based on a modular hexagonal grid was developed. This geometric system, inspired by the 

Voronoi diagram, was selected for its unique mechanical properties, particularly its capacity 

for multi-axial stress distribution. The hexagonal structure allows for the localized 

deformation of individual segments, enabling the system to adapt to various sitting postures 

regardless of adjacent modules. This configuration ensures that the organic geometry of the 

modules supports a more even distribution of body weight, reducing localized stress while 

enhancing overall comfort. Furthermore, the variability of the formal shape allows the folds 

generated under load to reveal a new visual-functional dimension, serving as an intuitive 

communication channel that alerts the user to body parts under strain, signaling the need for 

a postural change. 

For the exact quantification of the interaction between the human and the object, thin-

film FSR-type pressure sensors and air cushions were integrated into selected hexagonal 

modules. The primary goal of this technological experiment was to measure the mechanical 

work and pressure differences generated by the body during a standardized sitting cycle. 

Data collection took place at a sampling frequency of 10 Hz, capturing three basic states: 

static contact, dynamic transitions, and physiological micro-movements. A specific focus 

was placed on the intersection between ergonomic design and technological innovation 
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through the exploration of energy generation. While the results indicate that the energy 

produced through static loading is limited compared to dynamic kinetic systems (like 

flooring), the integration of these responsive elements remains crucial. They contribute 

significantly to user awareness and interaction, reinforcing the relationship between the body 

and the seating object. This methodological procedure provided an essential empirical 

foundation for evaluating the energetic balance and the effectiveness of the biological 

feedback loop (bio-feedback) in the subsequent phases of the research. 

Fig. 1 Iterative form exploration and material synthesis. The upper section visualizes various 

morphological solutions for seating segments, while the lower section documents experimental testing 

of "aero" and foam components to verify their structural and aesthetic potential. 
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RESULTS AND DISCUSSION 

The analysis of the experimental data and the subsequent verification of the 1:1 scale 

prototypes demonstrate a significant departure from the traditional concept of a single, 

optimal static sitting posture toward a paradigm that prioritizes movement and continuous 

adaptation. Experimental observations within this study validate this shift, as the analyzed 

user group exhibited a consistent tendency to frequently alter sitting positions, confirming a 

physiological requirement for postural variability. Biomechanical analysis suggests that 

while prolonged static sitting correlates with heightened muscle tension, the Pelvyn seating 

system facilitates micro-movements through its open geometry and graduated material 

density. By utilizing firm EVA foam for pelvic stability and softer latex for peripheral zones, 

the effective support area was increased by approximately 25%, thereby mitigating peak 

pressure points and fostering a more uniform distribution of body weight. 

The design of the seating object was guided by the intrinsic qualities of the human 

form—its proportions, curves, and the sculptural logic of anatomy. This organic approach is 

not merely a passive imitation of anatomy but an active reinterpretation of its structure and 

function. The resulting modular hexagonal configuration operates as a series of independent 

deformable volumes, reflecting organic lines and soft transitions. This architectural 

approach, capturing the sense of harmony inherent in human physiology, allows the object 

to act as a medium between the user and the space. The integration of subtle anatomical 

references was better received during user testing, as these biomorphic shapes provide 

intuitive support and align more naturally with the body’s contours. 

As part of the technological evaluation, air-filled cushions were combined with 

pressure-sensing elements to monitor real-time distribution and evaluate energy-harvesting 

potential. The empirical results, quantitatively illustrated in Figure 2, reveal a theoretical 

power output ranging from 0.5 mW to 2.0 mW per movement cycle. While these values are 

insufficient to power external consumer electronics, their primary value lies in enhancing 

system responsiveness. The seating element is thus transformed into a "sculpture in 

motion"—a dynamic companion that bridges the user with space and time. The minimal 

energy generated is sufficient to power a bio-feedback loop, where the physical connection 

between body and form leads to a more profound sense of harmony. 

Ultimately, these findings indicate that the Pelvyn system offers a realistic, user-

centric alternative to conventional static models. By merging functionality with sculptural 

beauty, the design accommodates postural diversity and encourages user awareness. The 

capacity for localized deformation and the use of semi-transparent materials contribute to 

the perceived lightness and spatial harmony of the object. Consequently, the application of 

these dynamic ergonomic principles optimizes comfort and mitigates long-term 

musculoskeletal strain, proving that contemporary domestic furniture can be both 

ergonomically valid and aesthetically transformative. Beyond the immediate physical and 

aesthetic results, this research suggests a broader approach to designing responsive 

environments. The integration of adaptive surfaces and low-energy sensing indicates a shift 

toward furniture that is no longer just a static tool, but an active participant in human well-

being. By validating the effectiveness of modular systems and bio-feedback, this work offers 

a foundation for creating restorative spaces that address the physical demands of modern 

digital lifestyles. This approach reinforces the importance of merging artistic vision with 

technology and ergonomics to better meet the complex needs of contemporary interiors. 
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Fig. 2 Comparison of energy generation potential from different sitting postures and power 

consumption of selected electronic devices (logarithmic scale). 

 
 

 

Fig. 3 Biomechanical mapping and pressure distribution analysis. 
 

This visualization documents the transition from standard to informal seating postures, 

highlighting the system’s ability to maintain ergonomic spinal alignment and healthy joint 

angles. By integrating interfacial pressure heatmaps with skeletal models, it demonstrates 

the uniform load distribution and continuous physiological support provided by the adaptive 
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volumes. The analysis confirms that the dynamic framework effectively eliminates peak 

pressure points, accommodating the fluid movement of the modern user. 

CONCLUSION 

Contemporary ergonomic paradigms are progressively shifting from rigid static 

models toward dynamic, adaptive approaches that more accurately reflect real user behavior. 

This research confirms that the observed tendency of users to frequently change sitting 

positions underscores the inherent limitations of traditional seating predicated on a single, 

fixed posture. By prioritizing postural variability, design can better address the physiological 

need for movement and reduce the long-term musculoskeletal strain associated with 

sedentary activities in informal work environments. 

The developed seating system demonstrates the potential of merging sculptural, 

human-inspired forms with functional modularity. The hexagonal configuration, acting as a 

series of independent deformable volumes, enables continuous micro-adjustments and 

supports the body’s natural contours. Material and structural testing revealed that while the 

capacity for energy generation is secondary, the true value of integrating responsive elements 

lies in the creation of an active interface. This interaction reinforces the relationship between 

the user and the object, transforming the chair from a passive tool into a dynamic companion. 

The findings suggest that the future of seating design lies in flexible, responsive 

systems that accommodate diverse behaviors rather than enforcing standardized solutions. 

By validating the synergy between adaptive structures and user-centered analysis, this study 

contributes to the discourse on "intelligent materiality" in contemporary interiors. 

Ultimately, this approach shows that merging artistic vision with ergonomic innovation leads 

to solutions that not only enhance comfort but also reflect the complexity and fluidity of 

modern lifestyles. 
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LINKING LIFE CYCLE ASSESSMENT AND ESG REPORTING IN 

THE CONTEXT OF FINANCIAL EFFICIENCY OF WOOD-

PROCESSING COMPANIES 

Laura Miháliková – Denisa Malá 

ABSTRACT 

Globalisation, market pressure, and increasing environmental requirements are 

motivating enterprises to adopt more sustainable and transparent practices. The Life Cycle 

Assessment (LCA) method represents a key tool for evaluating the environmental impacts 

of products across their entire life cycle and simultaneously provides a relevant foundation 

for the environmental component of ESG reporting. In 2022, the European Union introduced 

mandatory comprehensive disclosure of social, environmental, and governance information 

for large enterprises. As supply chains are closely interlinked, these requirements are 

expected to gradually reach small and medium-sized enterprises (SMEs). 

This study focuses on wood-based and wood-processing SMEs and integrates two 

research strands. The first consists of a systematic literature review based on the search and 

analysis of scientific articles, studies, and publications from the Web of Science, Scopus, 

ScienceDirect, and Google Scholar databases, with emphasis on the intersection of LCA, 

ESG reporting, and the financial performance of wood-processing enterprises. The second 

strand includes selected outcomes of the preliminary primary research, evaluated using 

statistical methods, which identified significant factors influencing the implementation of 

LCA in wood-processing SMEs in Slovakia. 

The findings, based on preliminary and exploratory empirical evidence, suggest that 

LCA may enhance corporate transparency and credibility and support the quality of 

environmental indicators disclosed in ESG reporting. Moreover, the results suggest that 

systematic environmental reporting may be associated with improved process efficiency and 

enhanced financial performance. 

 

Keywords: Life Cycle Assessment; ESG reporting; wood-processing SMEs; financial 

performance 

INTRODUCTION 

Increasing regulatory pressure and stakeholder expectations are driving enterprises to 

adopt more transparent sustainability practices, particularly in the area of ESG reporting. 

The introduction of the CSRD directive expands reporting obligations, gradually affecting 

also wood-processing SMEs.  

LCA represents a key tool for evaluating environmental impacts across the product 

life cycle and provides a structured basis for environmental indicators used in ESG reporting. 

Despite the growing research on LCA and ESG reporting, their integrated application in 

SMEs, particularly in relation to financial performance within the wood-processing sector, 

remains insufficiently explored. 
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The aim of this paper is to examine the relationship between LCA implementation, 

ESG reporting, and financial efficiency in wood-processing SMEs. The study combines a 

literature review with exploratory preliminary empirical research conducted among Slovak 

enterprises. 

 

LITERATURE REVIEW 

LCA and ESG Reporting in the Wood-Processing Industry 

The wood-processing industry represents a key pillar of the Slovak economy and plays 

an important role in the economy and sustainable resource management (Dzianová et al., 

2025; Sedliačiková et al., 2016). With increasing demand for environmentally friendly 

products, companies in this sector are progressively adopting sustainability-oriented 

approaches (Malá et al., 2018). In this context, LCA has emerged as a fundamental tool for 

evaluating environmental impacts across the entire product life cycle, from raw material 

extraction to end-of-life (Ahmed et al., 2025; Hauschild et al., 2018). 

LCA enables the identification of environmental inefficiencies and prevents the 

shifting of environmental burdens between life-cycle stages. Its integration into ESG 

reporting is particularly relevant in light of the EU Directive 2022/2464 (CSRD), which 

requires transparent disclosure of environmental, social, and governance information 

(Pantazi, 2024). LCA provides quantified and comparable environmental data, thereby 

improving the quality, credibility, and transparency of ESG reporting (de Salles and 

Brantsch, 2025; Isik and Žilka, 2023). As a result, companies can strengthen stakeholder 

trust and enhance their competitive position. 

The Environmental Pillar of ESG as a part of LCA and the Financial 

Performance of Wood-Processing Enterprises 

The environmental pillar of ESG is closely linked to LCA, as it relies on measurable 

indicators such as emissions, energy consumption, and resource efficiency. Empirical studies 

show that environmental disclosure is positively associated with financial performance 

indicators, including return on equity (ROE), return on assets (ROA), and market value 

(Radzi, 2023; Alareeni and Hamdan, 2020; Buallay, 2019). These effects are primarily 

driven by improved resource utilisation, cost reduction, and increased investor confidence. 

In this sector, efficient use of natural resources represents a key determinant of 

economic efficiency and long-term competitiveness. ESG reporting further enhances 

corporate governance, employee engagement, and stakeholder trust, contributing to 

improved organisational performance and market positioning (Zeng and Jiang, 2023; 

Khamisu et al., 2023). 

At the same time, sustainability investments are often evaluated based on economic 

criteria such as ROI and payback period, especially in SMEs, which may face barriers related 

to administrative burden and limited access to financial incentives (Sedliačiková et al., 

2025). ESG adoption is also associated with reduced operational costs, improved efficiency, 

and lower risk, which together contribute to long-term financial stability and profitability 

(Ali et al., 2025; Abakwuru et al., 2024; Zhao et al., 2018). 

MATERIALS AND METHODS 

The primary objective of this research is to examine how LCA indicators can be linked 

with ESG reporting practices in small and medium-sized wood-processing enterprises and 

to evaluate how this integration influences their financial efficiency. The study applies a 
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two-phase research design, combining primary questionnaire-based research with a 

systematic literature review. 

Phase 1. Preliminary quantitative research (October 2025 – February 2026) focused 

on the extent to which wood-processing enterprises integrate LCA indicators into ESG 

reporting. It examined the relationship between the duration of LCA/environmental measure 

implementation and the intensity of environmental outcomes, as well as their potential link 

to financial efficiency. The study also identified which benefits SMEs perceive as key 

drivers for LCA adoption. 

Phase 2. The second phase consisted of a systematic literature review aimed at 

synthesising knowledge on the relationships between LCA, ESG reporting, and financial 

performance, with a focus on the wood-processing sector. 

The review used databases including Scopus, Web of Science, ScienceDirect, 

ResearchGate, and Google Scholar (2018–2025). Keywords included “life cycle 

assessment”, “ESG reporting”, “financial performance”, and “wood-processing SMEs”. The 

review combined synthesis and analytical approaches, including backward citation tracking. 

Artificial intelligence tools were used to support language refinement and clarity of 

presentation.  

Sample and Data Analysis 

The preliminary research focused on Slovak wood-processing enterprises. 

Representativeness was tested using a chi-square test (α = 0.05). The minimum required 

sample size was set at 100 companies. Given the sample size, the empirical findings should 

be interpreted as exploratory rather than confirmatory. Data was analysed using IBM SPSS 

Statistics 29. Spearman’s rank correlation coefficient assessed relationships between 

implementation duration and benefit intensity. The Friedman test evaluated differences 

among motivational factors, with the Wilcoxon signed-rank test used for pairwise 

comparisons. 

Hypotheses 

H1: There is a positive relationship between the duration of LCA/environmental 

measure implementation and the intensity of selected environmental benefits. 

LCA is a process that enables enterprises to identify inefficiencies and optimise 

resource use across the product life cycle (Ahmed et al., 2025; Hauschild et al., 2018). In 

the wood-processing industry, its longer application improves data quality and supports 

reductions in emissions, waste, and resource consumption (Husgafvel et al., 2013; 

Schaubroeck et al., 2013). 

H2: The environmental benefits resulting from the implementation of 

LCA/environmental measures constitute a precondition for the subsequent indirect 

improvement of a company’s economic indicators. 

Reduced energy and material consumption and waste minimisation are linked to cost 

reduction and operational efficiency (Abakwuru et al., 2024). Environmental performance 

within ESG reporting is further associated with improved financial indicators and investor 

confidence (Radzi, 2023; Alareeni and Hamdan, 2020; Buallay, 2019). 

H3: SMEs consider those benefits of LCA adoption that are reflected immediately in 

the internal functioning of the enterprise to be more significant motivating factors than 

benefits of a reputational or market-related nature. 

Due to resource constraints, wood-processing SMEs prioritise measures with 

immediate operational impacts, such as cost savings and efficiency gains, over long-term 

reputational benefits (Sedliačiková et al., 2025). 
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RESULTS AND DISCUSSION 

This part presents the key findings of the research, followed by their interpretation in 

the context of existing literature.  

The relationship between the length of LCA implementation, or environmental 

measures respectively (Question 38), and the intensity of the reported benefits (Question 39) 

was analyzed using Spearman’s rank correlation coefficient for Hypotheses 1 and 

Hypotheses 2. 
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o39a o39b o39c o39d o39e o39f 

o38 Correlation 

Coefficient 

0,328 -0,162 -0,278 0,192 0,286 0,382 

Sig. (2-tailed) 0,101 0,428 0,169 0,348 0,157 0,054 

N 26 26 26 26 26 26 

o39g o39h o39i o39j o39k o39l 

o38 Correlation 

Coefficient 

0,153 -0,045 0,125 -0,084 0,041 -0,110 

Sig. (2-tailed) 0,457 0,827 0,542 0,684 0,843 0,592 

N 26 26 26 26 26 26 

o39m o39n o39o o39p o39r o39s 

o38 Correlation 

Coefficient 

0,183 -0,272 0,314 -0,095 -,417* 0,077 

Sig. (2-tailed) 0,372 0,178 0,118 0,645 0,034 0,710 

N 26 26 26 26 26 26 

o39t o39u o39x o39y o39z 

o38 Correlation 

Coefficient 

-0,032 -0,007 -0,295 0,016 0,043 

Sig. (2-tailed) 0,876 0,974 0,143 0,937 0,836 

N 26 26 26 26 26 

a. Reduced consumption of primary raw materials and resources

b. Reduced energy consumption

c. Reduced water consumption

d. Reduced heat consumption

e. Reduced volume of production waste

f. Reduced emissions released

g. Reduced total waste generation

h. Extended product lifespan

i. Greater transparency regarding the origin of materials

j. Integration of environmental criteria into decision-making processes

k. Introduction of monitoring for environmental indicators

l. Improved cooperation among different departments within the company

m. Reduced operating costs of the company

n. Increased efficiency of production processes

o. Improved waste management

p. Increased competitiveness through an environmentally responsible approach

r. Strengthened environmental awareness among employees

s. Improved corporate reputation and customer relations

t. Increased profit as a result of implementing environmental measures

u. Greater attractiveness for investors and business partners

x. Opportunity to enter new markets (e.g. better access to public funding)

y. Reduced fuel consumption

z. Reduced mileage travelled

Fig. 1 Relationship Between the Duration of LCA Implementation and the Intensity of Reported 

Benefits: Spearman’s Rank Correlation Results 

Given the ordinal data and small sample (N = 26), the results should be interpreted as 

exploratory and preliminary, and not as confirmatory statistical evidence. No statistically 

significant relationship was found between implementation duration and financial indicators, 
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including operating costs (p = 0.372), production efficiency (p = 0.178), and profit (p = 

0.876), nor for market-related outcomes such as competitiveness, reputation, investor 

attractiveness, or market expansion (p > 0.05). 

However, several environmental indicators showed positive trends, particularly 

emission reduction (p = 0.054), reduced material consumption (p = 0.101), improved waste 

management (p = 0.118), and lower production waste and energy use. Although these 

relationships are not statistically significant, they may indicate the need for further research 

with larger samples. 

Environmental improvements should be seen as mechanisms that can indirectly lead 

to economic benefits through cost reduction and efficiency gains. Hypothesis H2 cannot be 

statistically confirmed; however, the observed patterns may suggest a possible indirect 

relationship that should be tested. 

This interpretation is consistent with studies highlighting LCA as a tool for improving 

resource efficiency and environmental performance, which are linked to better financial 

outcomes and stakeholder trust (Ahmed et al., 2025; de Salles and Brantsch, 2025; 

Abakwuru et al., 2024; Isik and Žilka, 2023; Alareeni and Hamdan, 2020; Buallay, 2019). 

A statistically significant negative relationship was identified for employees’ 

environmental awareness (p = 0.034), indicating stronger effects in early implementation 

stages. 

Overall, no direct relationship was confirmed between implementation duration and 

financial indicators. However, positive environmental trends suggest an evolving connection 

between environmental and economic performance, providing only limited exploratory 

support for H1. This aligns with LCA as an iterative process that improves environmental 

outcomes over time (Dominguez-Villanueva et al., 2025; Pantazi, 2024; Hauschild et al., 

2018; Husgafvel et al., 2013; Schaubroeck et al., 2013). 

To assess motivating factors for LCA adoption (Question 40) in relation to Hypothesis 

H3, indicators were grouped into environmental, ESG-related, and financial-strategic 

categories. The Friedman test showed no significant differences within environmental 

indicators, suggesting they are perceived as a homogeneous set of expected benefits. 

In contrast, significant differences were found among financial-strategic indicators (p 

< 0.001). Cost reduction was the highest-ranked motivator, followed by profit increase, 

investor attractiveness, and production efficiency, while reputation, competitiveness, and 

market expansion were rated lower. Wilcoxon tests confirmed a significant difference only 

between cost reduction and profit increase (p = 0.027), indicating that cost savings are 

perceived as a stronger and more immediate motivator. 

o40t-o40m o40u-o40t o40n-o40u o40s-o40n o40p-o40s o40x-o40p 

Z -2,205b -1,324b -,587b -,492c -,330b -1,530b 

Asymp. Sig. (2-

tailed) 

0,027 0,186 0,557 0,622 0,741 0,126 

a. Wilcoxon Signed Ranks Test b. Based on positive ranks. c. Based on negative ranks.

m. Reduced operating costs of the company

n. Increased efficiency of production processes

p. Increased competitiveness through an environmentally responsible approach

s. Improved corporate reputation and customer relations

t. Increased profit as a result of implementing environmental measures

u. Greater attractiveness for investors and business partners

x. Reduced fuel consumption

Fig. 2 Results of the Wilcoxon Test for Financial-Strategic Indicators 
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The results indicate that cost reduction is perceived as a stronger motivational factor 

than profit growth. Other pairwise differences within financial-strategic indicators were not 

statistically significant (p > 0.05), suggesting that while differences exist, they are not clearly 

pronounced. Overall, wood-processing SMEs appear to prioritise immediate and tangible 

benefits, while profit growth, market expansion, and reputational effects are viewed as 

secondary and longer-term. 

Within ESG-related indicators, significant differences were identified (p = 0.010), with 

the highest rankings assigned to employees’ environmental awareness and interdepartmental 

cooperation. However, Wilcoxon tests did not confirm significant differences between 

individual pairs (p > 0.05), indicating that variations occur at the overall priority level rather 

than between specific indicators. 

 

  o40l - o40r o40j - o40l o40k - o40j o40i - o40k 

Z -1,438b -,500b -,380c -1,419b 

Asymp. Sig. 

(2-tailed) 

0,150 0,617 0,704 0,156 

a. Wilcoxon Signed Ranks Test b. Based on positive ranks. c. Based on negative ranks. 

i. Greater transparency regarding the origin of materials 

j. Integration of environmental criteria into decision-making processes 

k. Introduction of monitoring for environmental indicators 

l. Improved cooperation among different departments within the company 

r. Strengthened environmental awareness among employees 

Fig. 3 Results of the Wilcoxon Test for Indicators Associated with ESG Reporting 
 

Respondents differentiated between groups of motivators. Environmental indicators 

were perceived as a balanced set of expected benefits, while financial-strategic and ESG-

related factors were more clearly prioritised. Cost reduction appeared as the dominant driver, 

confirming that SMEs favour benefits directly reflected in daily operations. Within ESG, 

emphasis was placed on internal factors such as employees’ environmental awareness and 

interdepartmental cooperation, indicating that LCA is also perceived as a driver of 

organisational change. 

This is consistent with literature showing that SMEs prioritise immediate and tangible 

benefits, particularly cost savings and efficiency gains (Sedliačiková et al., 2025; Abakwuru 

et al., 2024), while reputational and market-related benefits are viewed as indirect and long-

term (Zeng and Jiang, 2023; Khamisu et al., 2023). LCA also supports governance and 

decision-making through structured environmental data (de Salles and Brantsch, 2025; 

Pantazi, 2024). 

Overall, the findings indicate that internally observable benefits play a decisive role in 

LCA adoption. Although preliminary, the results support Hypothesis H3, as wood-

processing SMEs assign greater importance to operational benefits than to reputational or 

market-related outcomes. 

CONCLUSION 

The exploratory study examined the relationship between LCA implementation, ESG 

reporting, and financial efficiency in wood-processing SMEs. The results did not confirm a 

statistically significant direct relationship between the duration of LCA implementation and 

financial performance indicators. 

However, positive trends observed in environmental indicators suggest that 

environmental improvements may represent an indirect pathway toward economic benefits. 
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Reduced resource consumption, emissions, and waste can contribute to cost savings and 

efficiency gains over time. 

From a motivational perspective, SMEs prioritise benefits that are immediately 

observable within internal operations. Cost reduction and process efficiency were identified 

as the most significant drivers of LCA adoption, while reputational and market-related 

benefits were perceived as less influential. 

The findings also highlight the importance of internal organisational factors, 

particularly environmental awareness, cooperation, and the integration of environmental 

criteria into decision-making. This suggests that LCA plays not only a technical role but also 

supports organisational development. 

Despite the absence of strong statistical evidence, the results support the assumption 

that LCA and ESG reporting may contribute to both environmental and economic 

performance, when implemented systematically. 

The main limitation of the study is the small sample size, which limits the 

generalisability of the findings and reinforces their exploratory nature. Future research 

should extend the dataset and incorporate qualitative approaches to better understand the 

mechanisms behind LCA adoption and its impacts. Further work should also focus on 

developing practical frameworks that support the integration of LCA data into ESG reporting 

and enhance its usability in wood-processing SMEs‘ practice. 
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POTENTIAL OF FACILITY MANAGEMENT  

IN CRAFT FAMILY BUSINESSES 

Martin Synák-Varga – Mariana Sedliačiková – Denis Pinka  

ABSTRACT 

The management of support processes is a key strategic factor for companies in ensuring 

their long-term competitiveness and sustainability in a rapidly changing business 

environment. Facility management plays a crucial role in this context by coordinating 

support activities that enable the effective functioning of core business processes. It takes on 

particular significance in the family business segment, which is characterized by specific 

management and work organization characteristics. Family businesses in the field of craft 

production of specialty wood products form a distinct group. These businesses utilize wood 

as a renewable natural resource while emphasizing artisanal production, originality, and a 

personalized approach to the customer. The main scientific objective of this study was to 

analyze the theoretical foundations of facility management in the context of family 

businesses in the craft sector, with a focus on the production of specialty wood products. The 

research objective was achieved through a detailed analysis of secondary sources focusing 

on the topics of facility management, family businesses, craft businesses, and the production 

of specialty wood products. In the presented study, relevant professional sources by 

reputable authors, published primarily in licensed scientific databases, were utilized. The 

analysis of the issues was conducted using scientific methods such as description, analogy, 

summarization, and synthesis of knowledge and information. Based on the findings, 

recommendations are formulated for theory, science, and practice, focused on the effective 

use of facility management in family businesses in the field of craft wooden product 

manufacturing. The conclusion of the study also suggests possible directions for further 

research in this area.  

Keywords: facility management; family business; craft; specialty wood products.  

INTRODUCTION 

Matos et al. (2023) argue that facility management (FM) involves the planning, 

organizing, and controlling of activities related to the operation and maintenance of buildings 

and technical equipment. FM is an integrated approach to managing people, processes, and 

the physical environment with the aim of supporting the effective functioning of an 

organization (ISO 41011, 2017). From the perspective of current trends, FM can be viewed 

as a dynamic managerial function that responds to changing user needs, technological 

developments, and growing demands for service quality, while contributing to 

organizational performance even under conditions of increasing operational complexity 

(Ismaeil, 2024). 

Family businesses (FBs) constitute an exceptionally significant group of entities in 

both European and global economies, whose activities have a fundamental impact on wealth 
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creation, employment, and regional development. They act as a stabilizing force in the 

economic environment thanks to the integration of business objectives with family values 

and a long-term decision-making horizon (Nyabakora, 2024). Birdthistle and Hales (2024) 

emphasize that FBs are among the most important job creators in the labor market, 

significantly contribute to economic growth, and contribute to social sustainability and 

community development. Zajkowski et al. (2022) argue that the combination of family 

ownership, managerial influence, and intergenerational business succession creates the 

unique character of FB. Amore et al. (2022) also demonstrated that FBs with higher levels 

of family involvement exhibit greater resilience during crises, stemming from a long-term 

orientation and a willingness to sacrifice profits in favor of long-term stability. 

Craft entrepreneurship represents a specific business model based on the combination 

of manual production, artisanal know-how, and an individualized approach to product 

creation. Unlike industrial production, craft entrepreneurship is characterized by small-batch 

production, a high proportion of manual labor, and often significant involvement of the 

entrepreneur themselves in the production process (Ganzin et al., 2024). The process-

oriented nature of craft entrepreneurship reinforces consumers’ perception of the uniqueness 

and authenticity of products. Consumers place high value on the story behind a product’s 

creation, the craft techniques used, and the maker’s identity (Downey, 2024). This approach 

allows businesses to differentiate themselves from mass production and create emotional 

bonds with customers, but at the same time limits the possibilities for rapidly increasing 

production capacity (Pine & Gilmore, 2020). The essence of artisanal production is 

characterized by the fact that the product’s value is created gradually through manual labor, 

craftsmanship, and the maker’s creative decisions (Smagina & Ludviga, 2020). In this 

context, the finished product is perceived not only as a functional object but also as a bearer 

of culture, aesthetics, and the producer’s personal identity (Luckman, 2015). This business 

model is characterized by a distinct logic of value creation that is not based on production 

volume, but on the authenticity, originality, and cultural significance of the products 

(Solomon & Mathias, 2020; Dobrev & Verhaal 2024).  

Wood is one of the oldest materials used in human economic activity and continues 

to play a significant role in the production of high-value-added products. (Schubert et al., 

2022). In the wood-based products industry, wood serves as a material that combines 

technical, environmental, and emotional values, and its processing significantly influences 

the perceived quality and long-term durability of products (Duan et al., 2023; Ross, 2021). 

Current literature does not provide a uniform definition of the term “special wood products” 

(SWPs), but they can be defined based on product characteristics, function, and method of 

use. In general, SWPs can be understood as wood products with higher added value, which 

differ from basic products primarily through a higher degree of processing and the 

enhancement of material properties (Calvano et al., 2025). The category of SWPs includes 

a wide range of products with various uses, particularly those intended for household, 

leisure, and cultural purposes, such as kitchenware, musical instruments, or decorative items 

that go beyond the basic material utilization of wood (Hetemäki et al., 2023; de Araujo et 

al., 2017). In these products, wood is processed into a final form intended for the end 

customer, with design, quality of workmanship, and the product’s functional properties 

playing a key role (Suandi et al., 2022). The successful production of SWPs requires not 

only a high level of craftsmanship but also the ability to systematically manage production 

processes and workmanship quality, as defects have a direct impact on the functional and 

aesthetic properties of the final product (Zhao et al., 2021; Yaghoubi et al., 2024). 

Family-owned craft businesses (FOCBs) generally do not have systematic energy 

consumption monitoring in place or defined energy efficiency targets. Electricity, gas, or 
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heat consumption is monitored primarily through billing data, while a more detailed 

analysis of energy-intensive processes and equipment is lacking. This situation significantly 

increases the businesses’ vulnerability to rising energy prices and limits their ability to 

actively respond to changes in their cost structure (Baniya, 2023). Energy inefficiency is 

often closely linked to the technical condition of production facilities and infrastructure. 

Many craft businesses use facilities that were not designed with current energy efficiency 

requirements in mind. Inadequate thermal insulation, outdated lighting, or inefficient 

technical equipment lead to energy losses that directly translate into rising operating costs 

(Altwassi et al., 2024; Vitkova & Vitasek, 2024). The underestimation of preventive 

maintenance poses a significant problem for operational management, as maintenance of 

buildings and technical equipment is often carried out only after a failure has occurred 

(Matos et al., 2023). While a reactive approach to maintenance is characterized by lower 

initial costs, it leads to unplanned downtime and higher long-term repair costs, which 

negatively impacts overall operational efficiency (Gholipour et al., 2025). Another 

significant limiting factor is the absence of systematic planning and tracking of operating 

costs. Energy, maintenance, and FM costs account for a significant portion of total building 

operating costs, and their effective management requires systematic data collection and 

analysis (Moghadam & Besiktepe, 2025). The lack of structured and detailed cost data limits 

the company’s ability to identify key cost drivers and make effective decisions regarding 

operational optimization and investments in technical modernization or energy efficiency 

(Alrubaidi, 2024). Based on a synthesis of the above findings from the literature, key 

operational issues and their impact in FOCBs can be identified, which are systematically 

summarized in Table 1. 

 
Tab. 1 Operational challenges and their impact on family-owned craft businesses 

Management area Problem Impact on the business 

production management intuitive decision-making 
ineffective cost and 

investment planning 

energy management 
lack of energy consumption 

monitoring 

increased sensitivity to rising 

energy prices 

maintenance of buildings 

and facilities 

irregular maintenance instead 

of preventive maintenance 

malfunctions, downtime, and 

higher repair costs 

work organization the owner's time constraints 
reduced management 

efficiency and risk of errors 

workplace safety 
inadequate established safety 

procedures 

increased operational and 

health risks 
Source: authors’ own elaboration based on Baniya, 2023; Matos et al., 2023; Gholipour et al., 2025; Solomon 

and Mathias, 2020; Dixit et al., 2021. 

 

The operational and organizational management of FOCBs is often characterized by 

a lack of flexibility, a reactive approach, and limited strategic planning, which restricts the 

businesses’ ability to respond effectively to changing conditions (Sedhom et al., 2024). In 

the context of growing demands for energy efficiency and sustainability, the absence of 

systematic operations and maintenance management poses a significant risk to the long-term 

stability and performance of these businesses. Identifying these weaknesses provides a 

starting point for considering the use of facility services as a tool for the systematic 

management of operations, energy, and costs (Shohet, 2025). 

 

Current literature focuses primarily on FM in large enterprises, while its application 

in small and specific segments, such as FOCBs producing SWPs, remains under-researched. 
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This gap limits our understanding of the possibilities for systematically managing support 

processes in the context of craft production. 

The segment of FOCBs producing SWPs is of research interest due to the interplay 

of family management, the artisanal nature of production, and the growing importance of 

wood as a high-value-added material, while these businesses often operate without 

formalized management approaches. 

The contribution of this study is the creation of a theoretical framework for the 

application of FM in this segment, supplemented by an implementation model and 

recommendations for practice, with the aim of supporting the efficiency and sustainability 

of these businesses. 

The main scientific goal of this study is to analyze the theoretical foundations of FM 

in the context of FBs engaged in the craft production of SWPs and to assess its potential as 

a tool for enhancing the operational efficiency and long-term sustainability of these 

enterprises; the study also includes a proposal for a model example of its practical 

application. 

MATERIALS AND METHODS 

To ensure a clear structure and systematic treatment of the subject matter, the 

methodology of this paper was divided into three interconnected stages. The study focuses 

on a theoretical analysis of the subject matter. In the first stage, an in-depth analysis of 

secondary sources focused on FM, FBs, craft businesses, and SWPs was conducted. As part 

of the analysis, the selection of sources focused on foreign scientific studies published in 

licensed databases such as Web of Science, Scopus, ScienceDirect, and ProQuest. The 

analysis was conducted by comparing the approaches of individual authors and identifying 

common and differing characteristics of the subject matter. In the second stage, a synthesis 

of the acquired knowledge was performed, which involved integrating partial findings into 

a comprehensive concept for the application of FM in the context of FOCBs. The synthesis 

was based on a logical-systematic approach, with individual findings organized according 

to the functional areas of FM and subsequently transformed into proposed solutions 

reflecting the specifics of craft production. Subsequently, a model example of a FOCB was 

created, which serves as an illustrative tool for the practical application of the identified 

principles of FM. The model example was chosen due to the lack of empirical data, and its 

purpose is to demonstrate the practical feasibility of the proposed solutions, identify key 

operational issues, and illustrate possible solutions under the real-world conditions of a small 

business. The concluding section of the study is based on the methods of analogy, synthesis, 

deduction, and summarization, where the summary of conclusions is subsequently 

strategically supplemented by a systematic approach that enables the formulation of the 

future direction of the presented research.  
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RESULTS AND DISCUSSION 

The following section of this study focuses on analyzing the potential for utilizing 

facility services in the context of FOCBs specializing in the production of SWPs. The focus 

is on assessing how facility services can contribute to enhancing competitiveness and 

ensuring the long-term sustainability of these businesses. 

 
The strategic potential of facility management in family-owned craft businesses 

producing specialty wood products 

In FOCBs producing wooden goods, operations tend to expand gradually, with 

production areas, warehouses, auxiliary workspaces, and administrative facilities growing 

without a unified planning framework (Matos et al., 2023). This development can lead to 

unclear processes, conflicts between activities, and inefficient use of space, which negatively 

impacts production flow and the quality of the work environment (Nota et al., 2021). The 

implementation of FM provides tools for analyzing operational processes and infrastructure 

utilization, thereby contributing to a more effective alignment of production and support 

activities. It is of particular importance in the context of enterprise asset lifecycle 

management, which encompasses planning, maintenance, and infrastructure renewal 

(Alkhard, 2024). In practice, we often encounter an insufficiently systematic approach to 

asset management and problems with data integration, which can lead to inefficient use of 

resources and increased maintenance costs. Implementing FM principles enables better 

planning of renewal, investments, and maintenance, thereby supporting the efficiency and 

stability of business processes (Ehab et al., 2025). A key area where FM adds value is the 

management of operational risks associated with the handling of hazardous materials and 

waste. Failure to adequately follow procedures and guidelines can lead to risks to employee 

health, environmental hazards, and violations of legal requirements. A systematic approach 

to managing these processes, including the implementation of standardized procedures, 

regular training, and inspections, is essential for minimizing risks and ensuring safe 

operations (Dixit et al., 2021). From an organizational perspective, facility services serve as 

an important tool for reducing a company’s dependence on a single individual. In a FOCB, 

the owner is often the holder of key knowledge and decision-making authority, and their 

personal involvement and value orientation significantly influence the company’s operations 

(Solomon & Mathias, 2020). This concentration of knowledge also increases the company’s 

vulnerability in the event of the owner’s prolonged absence or generational transition. The 

formalization of support processes, documentation of procedures, and systematic asset 

management therefore contribute to greater organizational stability and facilitate the transfer 

of know-how within the business (Pipatanantakurn, 2022). FM also supports the ability of 

FOCBs to respond to market growth and changes. Changes in the scale of production or the 

organization of operations place increased demands on logistics, spatial layout, and support 

processes. Without systematic management of these areas, resources may be used 

inefficiently and the quality of services provided may decline. The implementation of FM 

enables improved planning, organization, and maintenance of infrastructure, thereby 

supporting the efficient operation of the business without disrupting the artisanal nature of 

production (Simpeh et al., 2023; Baniya, 2023). As previously mentioned, a significant trend 

in FM is the gradual digitization of support processes, which may also be relevant for 

FOCBs. Even simple digital tools for asset tracking, maintenance planning, or monitoring 

operations and costs increase transparency and support economic and managerial decision-
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making (Ismaeil, 2024). The digitization of FM increases management efficiency even in 

small FOCBs, provided it is tailored to their capacity (Nota et al., 2021). 

Based on the above, the management process of a FOCBs can be understood as a 

continuous and interconnected cycle of support and production activities, which is 

systematically influenced by the implementation of facility services. In this context, FM 

serves as a strategic framework that links planning, day-to-day operations, the execution of 

production processes, regular maintenance of buildings and equipment, as well as 

modernization and improvement activities aimed at ensuring the company’s stability and 

greater competitiveness in the market. This cyclical nature of management demonstrates that 

the individual phases are interdependent and form a logical sequence of activities leading to 

the long-term stability and competitiveness of a FOCB. These interconnections imply that 

FM does not merely fulfill an operational support function but serves as an integrating 

element of the enterprise’s life cycle management, as schematically illustrated in Fig. 1. 

 

 
Fig. 1 The management lifecycle of a family-owned craft businesses 

Source: authors’ own elaboration based on Matos et al. (2023); Ismaeil (2024);  

Baniya (2023); Simpeh et al. (2023); Alkhard (2024) 

 

In the long term, FM in FOCBs specializing in specialty wood products can be 

viewed as a tool to support their competitiveness and sustainability. Systematic management 

of facilities, processes, and infrastructure creates stable conditions for the long-term 

development of craft production, reduces operational risks, and supports business continuity 

over time. FM thus need not pose a threat to the traditional character of craft production, but 

can be understood as a logical complement to it in the context of growing market demands 

and regulation (Baniya, 2023; Okoro, 2023). 

 

A case study of the use of facility services in a family-owned craft business specializing 

in specialty wood products 

As a practical example of facility services, we can consider a small family workshop 

specializing in the craft production of SWPs. This business operates out of a small 

production facility that was created by gradually converting former farm buildings into a 

workshop and warehouse. The business specializes in the production of wooden toys, 

designer kitchen accessories, and smaller custom decorative items, with each product 

undergoing multiple manual operations - from material selection, through machining, 

sanding, and finishing, to packaging. Production is small-batch and heavily dependent on 
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the craftsmanship of family members, who participate in individual production phases 

according to their abilities. The company’s organizational structure is very simple and 

informal. The owner handles production management, customer communication, material 

procurement, and technical management of the workshop, while other family members are 

primarily involved in manual production operations and product packaging. This 

arrangement allows for a flexible response to individual orders and maintains a high degree 

of product authenticity, but at the same time makes the operation heavily dependent on a 

single key person. Decisions regarding work organization, equipment maintenance, and 

investments in equipment are made intuitively based on experience and current needs, 

without systematic planning of support processes. The company’s production facilities are 

divided into a woodworking zone, a product finishing area, and a small warehouse for 

materials and finished products. However, the individual workstations were created 

gradually in response to expanding production needs, leading to a confusing flow of 

materials and frequent movement of products between operations. In the craft production of 

SWPs, which require precise manual processing and multiple inspection steps, these spatial 

constraints result in increased labor time and more complicated organization of production 

processes. The workshop’s technical equipment consists of a combination of basic 

woodworking machines, hand tools, and auxiliary devices for sanding and finishing 

products. Maintenance of this equipment is primarily performed on an ad hoc basis, that is, 

in response to a problem that has arisen or reduced machine functionality. Preventive 

inspections are conducted on an irregular basis and are not systematically documented. A 

similar situation is evident in the area of building and workplace management, where minor 

technical issues are addressed on an ad hoc basis, but without a long-term strategic plan for 

the company’s development. From an occupational safety perspective, the production of 

SWPs involves handling sharp tools, rotating machine parts, and chemical agents used in 

surface treatments. Safety measures are based primarily on the family members’ experience 

and long-term practice, while formal risk assessment procedures or regular workplace 

inspections are not fully developed. While this approach is consistent with the nature of a 

small family workshop, it may pose a significant operational risk as the business grows, 

production volumes increase, or new workers are hired. 

In this model craft business, facility services could be introduced gradually and to an 

extent commensurate with its size, financial resources, and time constraints.  

• As a first step, it would be advisable to systematically map out the support activities 

related to workshop management, workstation organization, equipment maintenance, 

and workplace safety. Such an analysis would make it possible to identify specific areas 

where makeshift solutions are affecting the smooth flow of SWPs production and 

increasing the owner’s workload. 

• In terms of organizing production spaces, facility services could focus on optimizing the 

layout of workstations according to the logical sequence of production operations 

typical of craft woodworking. For products that undergo multiple manual processing 

steps, it is important to ensure a smooth flow of materials from initial processing through 

to final quality control. A better arrangement of work zones would reduce the need for 

repeated movement of products, facilitate quality control, and simultaneously create a 

safer working environment. 

• In the area of equipment maintenance, it would be advisable to implement a simple 

schedule of preventive inspections for machines used in woodworking and sanding, as 

these machines have a key impact on product quality and precision. Regular inspections 

of the technical condition would reduce the risk of breakdowns during production peaks 
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and ensure more stable production conditions, which are important in small-batch 

production. 

• Facility services could also be beneficial in systematizing safety measures tailored to 

the nature of woodworking. The implementation of simple checklists for workstations 

and clear labeling of storage areas would help reduce the risk of workplace accidents 

without creating an excessive administrative burden. 

• The most relevant facility services for a small craft family workshop include the 

management and organization of production spaces, preventive maintenance of 

equipment, record-keeping of operational documents, monitoring of energy 

consumption, and the systematization of safety procedures. As supplementary practical 

tools, FOCBs can utilize simple and affordable solutions, such as cloud storage for 

recording service interventions, inspections, machine operating manuals, warranty 

documents, and safety procedures. Simple measuring devices, such as meters for 

electricity consumption, humidity, temperature, or dust levels, can also be useful in 

identifying energy-intensive activities, unsuitable wood storage conditions, safety risks, 

and the need for preventive equipment maintenance. Implementing these measures can 

contribute to better workplace organization, a lower risk of unplanned downtime, 

improved workplace safety, and greater operational transparency for a family-run craft 

business. 

 

The expected benefits of implementing facility services in a model family workshop 

would be reflected primarily in improved organization of production processes, greater 

operational transparency, and reduced dependence of the business on a single individual. 

The owner would gain a better overview of the condition of workstations, equipment, and 

risks, which would allow them to focus more on developing new products. At the same time, 

the systematization of support processes would create more stable conditions for the long-

term operation of the business and its potential expansion with new employees. 

The risks of implementing facility services lie primarily in the time-consuming nature 

of the process and the limited financial resources of a small FOCB. Therefore, it is necessary 

for the scope of facility services to be tailored to the specific needs of SWPs manufacturing 

and not to reduce the flexibility that is key to a craft business. 

 

Based on the identified operational shortcomings and the proposed measures for 

implementing FM, we can understand the transformation process of a FOCB as a systematic 

transition from intuitive management to a process-oriented management model. This 

transition involves changes in the organization of production processes, maintenance 

management, and occupational safety, as well as in the level of transparency and operational 

control. The comprehensive interconnection of these changes and their impact on the 

company’s operations is schematically illustrated in Fig. 2. 
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Fig. 2 Transformation of a family-owned craft businesses through the implementation of 

facility management 

Source: authors’ own elaboration based on insights from Matos et al. (2023); Gholipour et al. 

(2025); Baniya (2023); Ismaeil (2024); Dixit et al. (2021); Solomon and Mathias (2020) 

 

Fig. 2 presents a synthetic summary of the transformation mechanism for a FOCB 

resulting from the implementation of FM as an integrating management framework. The 

initial state of the business is characterized by the absence of systematic management of 

support processes, which leads to inefficiency, increased risks, and high dependence on the 

owner. The implementation of FM connects individual activities, thereby creating a 

coordinated management system based on planning, control, and process optimization. The 

transformation includes the optimization of material flows, the introduction of preventive 

maintenance, the systematization of safety procedures, and increased operational 

transparency. At the same time, personnel dependency is reduced and the company’s 

organizational stability is strengthened. The resulting state represents a more efficient, 

stable, and better-managed business environment capable of responding to growth 

opportunities and changing market conditions. 

Fig. 2 confirms that FM in FOCBs does not merely serve a supportive role, but rather 

represents a key integrative management tool that enables the systematic development of the 

business, improves its performance, and ensures long-term sustainability. 

 

When interpreting the proposed model example, its limitations must also be taken 

into account. The model is based on a theoretical synthesis of knowledge and has not been 

empirically tested on a specific FOCB. At the same time, it reflects a specific type of small 
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craft family workshop focused on the production of SWPs; therefore, its application in other 

types of FBs may require adaptation based on the size of the operation, technical equipment, 

and nature of production processes. From a practical standpoint, it is recommended that 

FOCBs begin implementing FM gradually, starting with simple inventory of technical 

equipment, planning preventive maintenance, and basic tracking of operating costs. At the 

same time, it is advisable to implement simple safety and organizational procedures that will 

not increase the administrative burden but will promote transparency, safety, and stability in 

day-to-day operations. 

 

The study’s findings confirm the understanding of FM as an integrative function that 

connects processes, people, and the physical environment to support organizational 

performance, as noted by Ismaeil (2024). They also align with the conclusions of Sedhom et 

al. (2024), who emphasize the importance of flexibility and adaptability in FM when aligning 

it with organizational requirements. In the context of FOCBs, this need is particularly evident 

in the fact that support processes must be managed more systematically, yet without 

compromising the flexibility and artisanal nature of production. These findings can be 

further interpreted in light of Solomon and Mathias (2020), who point to the tension between 

the growth of craft businesses and the preservation of their value-oriented character. The 

results of this study suggest that FM can serve as a supportive tool in the context of FOCBs 

for systematizing selected operational activities without directly interfering with the artisanal 

nature of production. In this context, FM does not act as a tool for excessive formalization, 

but rather as a means of improving operational organization, workplace safety, and quality 

consistency. From the perspective of digitalization, the findings align with technology-

oriented approaches in FM that emphasize the importance of integrating data and digital 

tools into operations management (Altwassi et al., 2024; Alrubaidi, 2024). However, unlike 

solutions designed for larger and more complex organizations, this study shows that in the 

context of small FOCBs, a more appropriate approach is the gradual implementation of 

simple and affordable tools for equipment inventory, maintenance planning, energy 

consumption monitoring, and operational cost control. The results are also consistent with 

those of Matos et al. (2023), who emphasize the importance of preventive maintenance in 

managing the technical condition of buildings and the need for a systematic approach to 

maintenance. This view is complemented by the findings of Gholipour et al. (2025), 

according to whom the transition from reactive to preventive maintenance contributes to 

reducing breakdowns, unplanned downtime, and long-term costs. However, in the context 

of FOCBs producing SWPs, preventive maintenance also has qualitative significance, as the 

technical condition of equipment can affect not only operating costs but also machining 

precision, the smoothness of production operations, and the quality of the final product. This 

perspective is further explored in a study by Vitková and Vítášek (2024), who emphasize the 

importance of systematic cost and technology management throughout a building’s life 

cycle. The present study extends this approach to the specific context of FOCBs, where 

support and production processes are closely intertwined. The specific nature of this segment 

lies primarily in its low degree of formalization, high dependence on the owner, and the 

direct impact of operating conditions on the quality of the final product - factors that 

traditional FM models have not yet taken into account. 
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CONCLUSION 

The issue of FM in the FM segment of the SWPs craft industry represents a 

significant area in terms of enhancing operational efficiency, stability, and the ability to 

respond to changing conditions in the business environment. The specific nature of these 

businesses, stemming from the intertwining of family relationships, artisanal production, and 

an intuitive management style, creates conditions for operational inefficiencies, inadequate 

planning, and increased dependence of the business on a single individual. In this context, 

FM represents not only an operational management tool but also a strategic approach 

enabling the systematization of support processes, more efficient use of resources, and the 

reduction of operational risks. 

Based on the analysis conducted, three key findings can be identified. First, family-

owned craft businesses are characterized by the absence of systematic management of 

support processes, which leads to inefficient use of resources and increased operational 

costs. Second, the business’s high dependence on a single individual poses a significant 

organizational risk, particularly from the perspective of business continuity. Third, the 

implementation of FM has the potential to significantly improve the transparency, stability, 

and efficiency of management without disrupting the artisanal nature of production. 

From a practical standpoint, several recommendations can be made for FOCBs 

specializing in SWPs. The implementation of a systematic approach to operations 

management should be carried out gradually and in line with the company’s capacity. Key 

measures include, in particular: 

- implementation of a monthly preventive maintenance schedule for equipment, 

- creation of a simple energy consumption tracking system, 

- optimizing the layout of production areas according to the flow of production 

operations, 

- implementing basic records of operating costs, 

- formalizing simple safety procedures, 

- using simple digital tools for asset and maintenance tracking, 

- delegating support activities to other employees within the company. 

The implementation of these measures enables a shift from intuitive management to 

a systematic approach that increases transparency, reduces risks, and supports the long-term 

sustainability of the business. A limitation of this study is its theoretical focus and the lack 

of empirical validation of the proposed approaches. Future research should focus on 

empirically verifying the benefits of FM in this segment, particularly in terms of its impact 

on performance, cost-effectiveness, and risk management. At the same time, it is necessary 

to identify specific tools and models for implementing FM that are practically feasible and 

financially accessible for small FBs. 
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APPLICATION OF COMPUTED TOMOGRAPHY FOR ASSESSING 

DEFECTS IN SAWN BEECH TIMBER 

Branislav Priadka – Rastislav Lagaňa – Barbora Herdová – Radovan 

Gracovský – Tomáš Gergeľ  

ABSTRACT 

This research focuses on the use of computed tomography (CT) to develop, 

implement and evaluate a method for detecting selected quality parameters of unedged beech 

timber (Fagus sylvatica L.). In response to the increasing demand for hardwoods in load-

bearing applications, a methodology was created that allows non-invasive identification of 

internal imperfections, including knots, cracks and fibre deviation. CT scanning was proved 

capable of capturing local variations in density that correspond to the presence of these 

defects. Calibration performed on seven wood species with different density levels 

demonstrated a strong linear correlation between CT image intensity and material density (r 

= 0.998). The findings indicate that CT technology can be effectively used not only for 

sorting roundwood but also for assessing sawn boards after processing, supporting 

production optimisation and enhancing the added value of wood products. Density-based 

detection of defects further opens new possibilities for automated grading supported by 

machine-learning techniques.  

Keywords: automated grading beech timber, computed tomography (CT), timber quality, 

wood density 

INTRODUCTION 

Climate change is reshaping forest species composition. European beech (Fagus 

sylvatica L.), widely distributed across western and central Europe, has been traditionally 

utilized primarily in furniture manufacturing; however, its application in load-bearing 

structural elements is now receiving increasing attention (Aicher et al., 2014, Ehrhart et al., 

2016, Pramreiter, Grabner, 2023).  

Computed tomography (CT) enables detailed visualization of the internal structure of 

wood, allowing the detection of defects such as knots, cracks, and decay, as well as the 

assessment of local density and moisture distribution (Davis, Wells, 1992). As positive 

attributes cannot be directly assigned to wood, its evaluation must rely on negative 

characteristics, specifically the presence of defects (Gejdoš et al., 2021). The market value 

of sawn timber is primarily determined by surface-visible defects, particularly knots, 

notches, and others (Stängle et al. 2015). The application of CT scanning for log analysis 

and subsequent cutting-plan optimization has been shown to increase yield by up to 20% 

(Stängle et al., 2015; Rais et al., 2017).  

CT images are typically presented as two‑dimensional representations of attenuation 

coefficients arranged on a square grid. Each grid element, referred to as a pixel, is assigned 

a grey value corresponding to the calculated mean attenuation coefficient of the respective 



 

39 
 

 

area within the cross‑section of the object. Materials with lower density are depicted by 

darker grey tones, whereas higher densities appear as lighter shades. Variations in wood 

density related to annual ring structure and the presence of quality‑related features, such as 

knots, cracks, and decay, can therefore be clearly identified (Davis, Wells, 1992; Gejdoš et 

al., 2023). X‑ray attenuation is governed by the atomic composition of the examined material 

and the energy of the X‑ray radiation. To ensure comparability of images acquired using 

different scanners, for instance those operating at varying X‑ray energies, a standardized 

normalized unit has been introduced. Hounsfield units (HU) or indexes (H) or CT numbers 

are normalized to the X-ray attenuation of water as follows:  

 

                             HU = 1000(𝜇pixel− 𝜇water)/𝜇water                                        (1) 

 

where:  HU  Hountsfield unit (-) 

 μpixel  linear attenuation coefficient of pixel (mm-1) 

 μwater  linear attenuation coefficient of water (mm-1) 

 

Manufacturers of commercial CT scanners supply calibration procedures, typically 

based on standardized water‑filled samples, which must be performed regularly to ensure 

that Hounsfield units are set to HU = 0 for water and HU = −1000 for air, independent of the 

X‑ray energy applied (Davis, Wells, 1992; Parr et al., 2004).  

Nevertheless, the assessment of CT‑based quality in beech wood remains 

insufficiently resolved, as the standards for visual strength grading were originally 

developed for coniferous species and subsequently adopted for hardwoods, where they do 

not fully reflect their specific characteristics (Plos et al., 2018). Moreover, as highlighted by 

Frühwald and Schickhofer (2005), the correlation between strength and density in hardwood 

timber is relatively low, reaching only about 16 %. In contrast, local features that negatively 

affect the strength performance of timber can be detected through density variations. 

Consequently, the application of CT scanning is more appropriate for identifying local 

density heterogeneity rather than for determining the average density of the timber.  

The objective of this study was to develop, implement, and evaluate a methodology 

for assessing selected qualitative characteristics of unedged beech timber. The main 

contribution of the research lies in the application of CT scanning as a non‑contact approach 

for wood growth defects identification and visual wood grading aimed at the production of 

wood products with higher added value. 

MATERIALS AND METHODS 

A beech log (Fig. 1) classified as quality class 3.B according to STN 48 0056:2007 

was used in the analysis. The log had a length of 5700 mm, with end diameters of 370 mm 

and 400 mm, respectively. It was felled in September 2023 and scanned after two months of 

storage in an outdoor log yard.  
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Fig. 1 Frontal view of analysed log prepared for CT scanning and followed cutting 

In January 2024, live sawn timber with a thickness of 55 mm was produced. The live 

sawing pattern was chosen as it is the most commonly applied method in studies utilizing 

CT scanning of sawn timber (Chang, Gazo, 2009; Stängle et al., 2015). Nevertheless, several 

authors have reported lower qualitative and quantitative yields of this cutting method 

compared to alternative sawing patterns (Popadić et al., 2014; Vilkovský et al., 2023). 

Following sawing, the logs were reassembled from individual boards. During reassembly, 

spruce spacers with dimensions of 2 × 3 cm were placed between the boards, and each 

reconstructed log was secured with a clamping strap to ensure shape stability during the 

drying process. The moisture content of the boards immediately after sawing ranged from 

39% to 45% and was measured using a GMH 3851 (Greisinger, Regenstauf, Germany) 

moisture meter for solid materials. The prepared samples were air-dried for 21 months under 

covered and dry conditions while being secured with clamping straps. The ambient 

temperature in the storage area varied seasonally. Prior to CT scanning, the moisture content 

of the individual boards was measured, with an average value of 16%. During the reassembly 

of the logs, each board was marked for identification purposes (Fig. 2). 

 

 
Fig. 2 Labelling of sawn timber from a beech log prior to CT scanning 

The boards were arranged to approximate the original log geometry and secured using 

plastic clip strapping. The scanning procedure and methodological framework have been 

described in detail by Gejdoš et al., (2023). Prior to image analysis, Hounsfield units were 

converted into an 8-bit intensity scale (digital numbers) ranging from 0 to 255.  
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Image processing was performed using the open-source software 3D Slicer version 

5.6.2 (Fedorov et al., 2012). As an initial step a region of interest (ROI) with dimensions of 

200 × 2000 mm, as specified by STN EN 975-1:2009, and with a height exceeding the board 

thickness, was defined and inserted into the image (Fig. 3 and Fig. 4). For each board, the 

most favourable position of the ROI was selected (Fig. 4). The occurrence of selected 

defects, namely knots, cracks, and fibre deviation, was then identified within the ROI on 

both the upper and lower board surfaces in accordance with STN EN 975-1:2009. Knots 

were detected by segmentation based on density differences between the knot tissue and the 

surrounding wood. 

 

 
Fig. 3 Cross-sectional view of the selected area of interest 

 
Fig. 4 Longitudinal section view of the selected area of interest 

To verify the relationship between CT image intensity and material density, device 

calibration was required. Seven wood species with densities ranging from 300 to 800 kg·m⁻³ 

were used, all conditioned to a moisture content of 12%. The calibration set included samples 

of paulownia, willow, aspen, pine, birch, beech, and ash. The samples had dimensions of 

700 × 16 × 100 mm (length × thickness × width). Initially, an individual segment was created 

for each calibration sample, after which the corresponding CT image intensity was 

determined using the Segment Statistics function. 

RESULTS AND DISCUSSION 

The relationship between CT image intensity expressed as digital numbers (DN) and 

wood density exhibited a linear correlation (Fig. 5). Using seven wood species with different 

density levels, a correlation coefficient of 99.8% was achieved (Freyburger et al., 2009; Wei 

et al., 2011; Wang et al., 2019). The established relationship between density (kg·m⁻³) and 
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CT image intensity, represented by DN values indicating the numerical intensity of the 

reflected or emitted signal in individual image pixels, is specific to the CT device used in 

this study. Provided that the scanning conditions remain constant, the derived linear equation 

can be applied to subsequently estimate the density of unedged timber. 

 
Fig. 5 Graph showing the relationship between average segment density and average density of 

calibration samples 

Within the defined ROI, knot identification was straightforward (Fig. 6). Defects can 

be detected not only in sawn timber but also during the cutting preparation stage, where the 

positioning of knots within the board can be influenced (Beaulieu, Dutilleul 2019; Gejdoš 

et al. 2023). 

 

 
Fig. 6 Identified knots on the longitudinal section 

When processing dried timber, cracks can be readily identified (Fig. 7) and are most 

commonly located in the vicinity of the sapwood (Bhandarkar et al., 2005; Wei et al., 2011; 

Gejdoš et al., 2023). In the case of log-level analysis, a substantially larger number of 

cross-sections would need to be evaluated to obtain sufficient data for the development of a 

predictive model capable of forecasting the formation of drying cracks in wood. 
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Fig. 7 Identified cracks on longitudinal section 

Fibre deviation represents the most challenging defect to identify using CT scanning. 

In the case of beech wood, the assessment of fibre deviation is generally problematic, and 

visual evaluation methods are considered unreliable. The only dependable approach for 

determining fibre deviation in beech timber is the measurement of the fracture angle after 

destructive testing (Aicher et al., 2001; Frühwald, Schickhofer, 2005; Westermayr et al., 

2018). However, when employing a live sawing pattern, it can be assumed that fibre 

deviation largely corresponds to the natural taper and convergence of the roundwood. An 

additional influencing factor may be spiral grain around the pith, which varies radially and 

can currently be resolved by CT technology only at ultra-high imaging resolutions (Hu et al., 

2022).  

The analysis was carried out on 11 boards produced from two sections of a single log. 

Table 1 shows that the occurrence of cracks was increased in the central zone, which we 

attribute to the presence of wood rays. The occurrence of knots and cracks was identified on 

4 boards, representing 36 %. Fibre deviation was identified visually on 2 boards, 

representing 18 %. For this reason, we would classify both cuts as quality class F-S3 

according to the STN EN 975-1:2009. The density of individual boards in an air-dry state 

ranged from 695 to 734 kg/m3, with an average density of 719 kg/m3. Our density values 

are between those reported in the literature, where Lagaňa and Babiak (2012) report a density 

of 680 kg/m3 for beech, and Gryc et al. (2008) report values ranging from 736 to 768 kg/m3. 

 
Tab. 1 Table showing the occurrence of defects in individual boards 

Log Part Board Knots Cracks 
Fibre 

deviation 

CT image 

intensity 

Density 

(kg/m3) 

8 TL 1 ✓ ✓ × 151 704 

8 TL 2 × × × 154 721 

8 TL 3 ✓ ✓ × 154 728 

8 TL 4 × × × 154 726 

8 TL 5 × × ✓ 150 695 

8 BL 1 × × ✓ 154 734 

8 BL 2 × ✓ × 154 730 

8 BL 3 ✓ ✓ × 153 724 

8 BL 4 ✓ × × 154 728 

8 BL 5 × × × 153 721 

8 BL 6 × × × 150 700 

Legend: ✓ - the selected error was found in the board, × - the selected error was not found in the board  

TL , Top log, thinner part of the trunk, BL – Butt log, thicker part of the log, Board number – number of the 

board in the reassembled log from sawn boards 
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CONCLUSION 

Within the framework of the study, a comprehensive methodology was developed 

and implemented to assess selected qualitative attributes of unedged beech timber through 

computed tomography (CT). Each methodological stage was examined individually, and its 

influence on the overall outcome was systematically evaluated. The results confirmed that 

the use of CT scanning allows for reliable evaluation of the qualitative characteristics of 

beech timber, both prior to and following the cutting process. 

The analysis further revealed a statistically significant linear relationship between CT 

image intensity and wood density. These findings underscore the potential for broader 

implementation of CT technology in the assessment of sawn timber, offering prospects for 

optimizing wood processing workflows and facilitating the production of higher value-added 

products. 

Recent study points to the future research focusing on extending CT-based quality 

assessment from logs to construction timber, thereby broadening the technology’s 

applicability. Additional efforts will include expanding the calibration dataset and examining 

the influence of moisture content on CT image intensity. 
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EFFECT OF SELECTED 3D PRINTING PARAMETERS ON THE 

MECHANICAL PROPERTIES OF FURNITURE JOINTS  

Šimon Beliansky – Jozef Fekiač – Nadežda Langová   

ABSTRACT 

This study focuses on the design and experimental verification of a 3D-printed 

connector based on a modified dovetail geometry intended for furniture frame corner joints. 

PLA-wood material was used for the fabrication of the connectors, and the influence of 

selected 3D printing parameters, namely infill density (20%, 30%, and 40%) and perimeter 

thickness expressed by the number of perimeters (1P, 3P, and 5P), on mechanical properties 

and material consumption was analyzed. Test specimens were incorporated into beech wood 

corner joints and subjected to compression testing in the angular plane according to 

applicable testing procedures. The results demonstrated that increasing infill density from 

20% to 40% led to a 7–17% increase in load-bearing capacity, depending on the number of 

perimeters, while increasing the number of perimeters from 1P to 5P resulted in a 28–43% 

increase in load-bearing capacity. At the same time, perimeter thickness was confirmed to 

have a greater influence on material consumption than infill density, with connector weight 

increasing by up to 70% when changing from 1P to 5P. Based on the evaluation of weight-

specific load-bearing capacity, it was found that configurations with the highest absolute 

load-bearing capacity did not represent the most efficient solution in terms of strength-to-

material consumption ratio. Variants 3P20 to 3P30 were identified as optimal configurations, 

providing the most favorable compromise between load-bearing capacity, material 

consumption, and manufacturing efficiency. The results confirm the importance of 

optimizing 3D printing parameters in the design of additively manufactured connectors for 

furniture constructions. 

    

Keywords: 3D printing; furniture joints; connector; additive manufacturing; mechanical  

properties 

INTRODUCTION 

The dovetail joint is among the most historically significant form-fitting joints in 

wood processing, with its use dating back to ancient civilizations, where it was applied in 

furniture production and wooden structural elements. Its long-term use is attributed to its 

favorable mechanical properties, high dimensional stability, and ability to create a strong 

connection without the need for additional fastening elements. 

Joints represent a critical structural component of furniture, as they significantly 

influence load-bearing capacity, stiffness, stability, service life, and assembly requirements. 

Therefore, the development of joint types capable of efficiently transferring loads, being 

technologically feasible, and meeting aesthetic and economic production requirements has 

long been an important objective in furniture engineering. Among traditional and proven 

solutions is the dovetail joint, which is widely applied in furniture manufacturing due to its 



 

48 
 

 

favorable geometry based on the mechanical restriction of the degrees of freedom of 

connected elements. Previous studies have confirmed that the geometry of dovetail and 

related form-fitting joints significantly affects joint stiffness, strength, and stability, while 

an appropriately designed shape improves load transfer and contact interaction between 

connected components (Kamboj et al., 2020; Tannert et al., 2016; Wu et al., 2024). 

The dovetail joint is also advantageous because its geometry naturally provides a 

self-locking effect, thereby reducing the need for additional fastening elements and 

contributing to precise positioning of components during assembly. Its mechanical 

properties are influenced not only by the existence of the mechanical interlock itself, but also 

by the contact surface area, manufacturing tolerances, and degree of compression between 

the connected parts (Kamboj et al., 2020; Wu et al., 2024). In furniture constructions, 

dovetail joints are valued for their ability to create compact and dimensionally stable nodes 

with favorable load transfer in corners and intersections of components. 

The development of additive manufacturing technologies opens new possibilities in 

the design of furniture joints. 3D printing enables the production of non-standard, shape-

optimized connectors tailored to specific structural requirements, which is particularly 

advantageous in prototyping and small-batch production. The dovetail principle appears to 

be a suitable basis for the design of 3D-printed connectors, as it combines mechanical 

interlocking with the possibility of parametric geometry modification. Previous studies have 

shown that 3D-printed connectors can achieve favorable mechanical properties, while their 

behavior is significantly influenced by printing parameters such as material type, infill 

density, print orientation, and perimeter thickness (Nicolau et al., 2022; Nicolau et al., 2025; 

Mazlan et al., 2023). 

Based on the above, the dovetail geometry can be considered a suitable design 

principle for the development of new 3D-printed connectors for furniture constructions. 

Therefore, the present study is based on a modified dovetail-shaped connector and 

investigates the effect of selected 3D printing parameters on the mechanical performance of 

a furniture joint.  

MATERIALS AND METHODS 

Construction Materials 

The design of the experimental joining system considered the joint type, the 

characteristics of the connected elements, the material of the joined parts, and the material 

of the 3D-printed connector. Beech wood (Fagus sylvatica L.) was selected as the base 

material for the test corner joints due to its common use in furniture structures and favorable 

mechanical properties. PLA-wood filament manufactured by AzureFilm, containing 

approximately 40% wood particles, was used for the fabrication of the 3D-printed 

connectors. The material was selected because of its good printability, wood-like aesthetic 

appearance, and potential applicability in furniture production. The slot in the beech 

elements was designed with respect to the geometry of the modified dovetail connector and 

the technological possibilities of its machining. Machined connector slots (Fig. 1a) were 

produced by milling on an SCM TECH Z5 CNC machining center using a spiral end mill 

with a diameter of 5 mm. The geometry of the connector is shown in Fig. 1b.  
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 a) b) 

Fig. 1 Machined slot (a) for connector insertion and geometry (b) of the dovetail-shaped connector. 

 

3D Printing Parameters 

Prior to the fabrication of test specimens, printing parameters were optimized based 

on the filament manufacturer’s recommendations and preliminary prototype testing. The 

filament was dried for 8 h at 55 °C before printing. The connectors were manufactured using 

FDM technology on a Bambu Lab X1C 3D printer equipped with a 0.4 mm nozzle. The 

nozzle temperature was set to 220 °C and the textured PEI build plate temperature to 55 °C. 

The layer height was 0.2 mm. The printing speed of the first layer was set to 50 mm·s⁻¹ for 

the perimeter walls and 105 mm·s⁻¹ for the infill, while the remaining layers were printed at 

60 mm·s⁻¹ for the perimeter walls and 270 mm·s⁻¹ for the infill. 

The print orientation was selected so that the primary layer deposition direction 

corresponded to the anticipated loading direction of the connector in order to minimize 

interlayer weakening. A monotonic infill pattern was used for the three bottom and three top 

shell layers. The orientation of the printing paths was set at an angle of 45° relative to the 

longitudinal axis of the connector. In the middle layer, the orientation of the printing paths 

was rotated by 90° relative to the first and third layers. The print preparation was performed 

in Bambu Studio software. Two main 3D printing parameters were analyzed in the 

experiment: 

− infill density: 20%, 30%, and 40% (Fig. 2a)  

− perimeter thickness / number of perimeters: 1P, 3P, and 5P (Fig. 2b)  

The perimeter parameter represents the number of outer walls forming the external 

shell of the printed component. When using a 0.4 mm nozzle, the corresponding approximate 

perimeter thicknesses were 0.4 mm for 1P, 1.2 mm for 3P, and 2.0 mm for 5P. 

Plné  

 

Connector Infill 

Cubic infill was selected as the internal infill pattern based on its assumed favorable 

mechanical behavior under multidirectional loading. Infill density was analyzed at three 

levels: 20%, 30%, and 40%. The selection of cubic infill was based on the requirement to 

ensure sufficient load-bearing capacity of the connector while simultaneously optimizing 

material consumption. 
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 a) b) 

Fig. 2 Visual representation of the analyzed 3D printing parameters of the connectors: (a) cubic infill 

densities of 40%, 30%, and 20% (from left to right); (b) number of perimeters, perimeter thickness 

corresponding to 1P, 3P, and 5P (from left to right). 

 

Determination of Mechanical Properties of Frame Corner Joints 

Mechanical tests were performed using a universal testing machine, LabTest 4.050, by 

loading the test specimens in compression in the angular plane (Fig. 3). The test specimens 

consisted of frame corner joints made of beech wood with a thickness of 18 mm, into which 

3D-printed connectors of the individual variants were inserted. Six replicates were tested for 

each variant, resulting in a total of 54 measurements. 

 

  
 

 a) b) c) 

Fig. 3 Geometry and dimensions of the test specimen (a), testing setup and determination of load-

bearing capacity of the tested joints using the LabTest 4.050 machine (b), representative force–

deformation diagram of the test procedure (c) (Beliansky, 2024). 

 

Determination of Mechanical Characteristics 

The load-bearing capacity of the corner joint Mu was calculated according to Equation 

(1): 

 

𝑀𝑢 = 𝐹𝑚𝑎𝑥   ⋅  𝑙  (Nmm) (1) 

 

where:  Fmax – maximum force at joint failure (N) 

l – joint arm length (mm) 

 

The weight-specific load-bearing capacity of the connector was calculated according 

to Equation (2): 

𝑀𝑢,𝑠 =
𝑀𝑢

𝑚
 (Nmm/g) (2) 
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where: Mu,s – weight-specific load-bearing capacity of the connector (N.mm/g)  

Mu – load-bearing capacity of the joint (N.mm)  

m – connector weight (g) 

All printing parameters other than infill density and perimeter thickness were kept 

constant throughout the experiment. 

RESULTS AND DISCUSSION 

The results of experimental testing of the mechanical properties and weight of the 3D-

printed connectors are presented in Table 1. In addition to the average load-bearing capacity, 

the specific load-bearing capacity was calculated for each variant, defined as the ratio of 

achieved load-bearing capacity to connector weight. This parameter expresses the efficiency 

of material utilization and enables a more comprehensive evaluation of 3D printing 

parameter optimization, as it considers not only the mechanical performance of the connector 

but also the material demands of its production. 

 
Tab. 1 Mechanical Properties and Material Efficiency of Tested Connectors 

Variant Infill 

Density  

(%) 

Perimeter Average Load-

Bearing Capacity Mu 

(N·mm) 

Weight 

(g) 

Specific Load-Bearing 

Capacity Mu,s 

(N·mm/g) 

1P20 20 1P 12377 2.56 4835 

1P30 30 1P 13576 3.15 4310 

1P40 40 1P 14535 3.74 3886 

3P20 20 3P 16225 3.49 4649 

3P30 30 3P 17139 3.95 4339 

3P40 40 3P 17441 4.41 3955 

5P20 20 5P 17725 4.36 4065 

5P30 30 5P 17326 4.74 3655 

5P40 40 5P 19864 5.08 3910 

 

Effect of Infill Density and Number of Perimeters on Joint Load-Bearing 

Capacity 

The results showed that increasing both infill density and the number of perimeters 

generally led to an increase in joint load-bearing capacity. Increasing the infill density from 

20% to 40% resulted in a load-bearing capacity increase of 17% for the 1P variant, 7% for 

the 3P variant, and 12% for the 5P variant. At the same time, increasing the number of 

perimeters from 1P to 5P led to an increase in load-bearing capacity of 43% at 20% infill, 

28% at 30% infill, and 37% at 40% infill. 

These results confirm that both analyzed parameters significantly affect the 

mechanical properties of the connector, with a more pronounced influence observed for the 

number of perimeters. This phenomenon can be explained by the fact that the perimeter wall 

represents the primary load-bearing part of an FDM-printed component and transfers load 

more efficiently than the internal infill. The outer shell of the printed part consists of 

continuous layers deposited along the perimeter of the component, creating a more compact 

and mechanically efficient structure than the internal infill. In contrast, the infill consists of 

a discontinuous internal geometry, whereas the perimeter provides a more continuous 

material connection in the loading direction and improves stress transfer between individual 

layers. 

An additional important factor is the adhesion between deposited filaments, which 

significantly influences the mechanical properties of FDM-printed parts. The quality of 
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bonding between adjacent deposited filaments is generally higher in the outer perimeter 

walls than in the internal infill regions, further increasing their contribution to load transfer. 

Similar conclusions were reported by Mazlan et al. (2023), who stated that perimeter 

thickness has a greater influence on the mechanical response of FDM-printed parts than infill 

density alone. Figure 4 shows the typical failure modes of the tested connectors under 

mechanical loading. 

 

        
 a) b)  

Fig. 4 Typical failure modes of the tested connectors: (a) failure across the entire connector cross-

section for the 1P configuration; (b) failure of the specimen arm without connector failure for the 3P 

configuration. 

 

In the 1P configuration, failure occurred across the entire cross-section of the 

connector (Fig. 4a). In contrast, for the 3P configuration, no failure of the connector itself 

was observed  instead, failure occurred in the arm of the test specimen against which the 

connector was supported (Fig. 4b). This indicates that increasing the number of perimeters 

substantially improves the mechanical resistance of the connector and shifts the critical 

failure location outside the connector body. 

 

Effect of Printing Parameters on Material Consumption 

The weight of the connectors increased with increasing infill density and number of 

perimeters, while the perimeter had a more pronounced effect on material consumption. 

Changing the perimeter from 1P to 5P resulted in a weight increase of up to 70% at 20% 

infill density, whereas increasing infill density from 20% to 40% caused a maximum weight 

increase of 46%. These results indicate that increasing the number of perimeters is more 

material-intensive than increasing infill density, which should be taken into account when 

optimizing printing parameters. 

Evaluation of Weight-Specific Load-Bearing Capacity 

Maximum load-bearing capacity alone does not represent a sufficient indicator of the 

technical efficiency of the connector, as it does not account for the amount of material 

required to achieve the given strength. For this reason, weight-specific load-bearing capacity 

was also evaluated to assess material utilization efficiency. The highest weight-specific load-

bearing capacity was achieved by variant 1P20 (4835 N·mm/g), followed by variant 3P20 

(4649 N·mm/g), while the lowest value was recorded for variant 5P30 (3655 N·mm/g). 

These results indicate that configurations with the highest absolute load-bearing 

capacity were not necessarily the most efficient in terms of material consumption. Although 

variant 5P40 achieved the highest absolute load-bearing capacity, its weight-specific load-

bearing capacity was lower than that of several lighter configurations. This suggests that 
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further increases in infill density and number of perimeters lead to diminishing efficiency, 

where the increase in material consumption exceeds the gain in mechanical resistance. 

Although variant 1P20 achieved the highest weight-specific load-bearing capacity, its 

absolute load-bearing capacity was substantially lower than that of the 3P variants. 

Therefore, from a practical engineering perspective, variants 3P20 to 3P30 can be considered 

optimal, as they provide the most favorable compromise between load-bearing capacity, 

weight, and material efficiency. 

The obtained results are consistent with previous studies dealing with 3D-printed 

connectors and furniture joints. Krzyżaniak et al. (2021) reported that the mechanical 

properties of 3D-printed fastening elements are significantly influenced by connector 

geometry and material properties, while optimization of geometric and structural parameters 

is essential for achieving the required joint strength. Similarly, Smardzewski et al. (2016) 

confirmed that properly designed 3D-printed connectors can achieve sufficient strength and 

stiffness for application in furniture structures, with geometry and structural design 

remaining critical factors. 

CONCLUSION 

Based on the design, fabrication, and experimental verification of the 3D-printed 

connector derived from a modified dovetail geometry, the following conclusions can be 

drawn: 

- It was confirmed that the selected 3D printing parameters significantly influence 

the mechanical properties of 3D-printed connectors applied in furniture frame 

corner joints.  

- Increasing the infill density from 20% to 40% resulted in a 7–17% increase in joint 

load-bearing capacity, depending on the number of perimeters.  

- Increasing the number of perimeters from 1P to 5P led to a 28–43% increase in 

load-bearing capacity, confirming the greater influence of perimeter thickness on 

the strength properties of the connector compared to infill density.  

- At the same time, it was demonstrated that increasing the number of perimeters 

had a greater impact on material consumption than increasing infill density, with 

connector weight increasing by up to 70% in some variants.  

- Evaluation of weight-specific load-bearing capacity showed that configurations 

with the highest absolute load-bearing capacity did not represent the most efficient 

solution in terms of strength-to-material consumption ratio.  

- Configurations 3P20 to 3P30 were identified as optimal variants from a techno-

economic perspective, providing the most favorable compromise between load-

bearing capacity, material consumption, and manufacturing efficiency.  

- The results confirm that 3D-printed connectors based on modified dovetail 

geometry represent a promising solution for application in furniture constructions, 

while their mechanical properties can be effectively optimized through appropriate 

selection of printing parameters. 
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EFFECT OF FEED RATE AND DEPTH OF CUT ON SURFACE 

UNEVENNESS OF NORWAY SPRUCE DURING FACE MILLING ON 

A SINGLE-SPINDLE THICKNESS PLANER 

Veronika Šugárová – Lukáš Adamčík – Richard Kminiak 

 Technical University in Zvolen, Faculty of Wood Sciences and Technology 

ABSTRACT 

Surface integrity, expressed through surface irregularities, is a key indicator of wood 

machining quality. This study analysed the influence of feed rate and depth of cut on surface 

unevenness of Norway spruce (Picea abies L.) during face milling on a thickness planer 

Robland D630 EL equipped with a spiral cutter block. Surface quality was evaluated using 

roughness (Ra) and waviness (Wa) parameters, measured with a Keyence VHX-7000 digital 

microscope according to ISO 21920 standards. A full-factorial design with three levels of depth 

of cut and ten feed rate levels was applied at constant spindle speed. Two-way ANOVA 

revealed a significant effect of feed speed and a significant interaction between feed speed and 

depth of cut. Surface roughness increased with feed speed, and a similar trend was observed 

for waviness. Increasing feed speed from the lowest to the highest level resulted in a 33% 

increase in roughness and a 76% increase in waviness. Post-hoc tests showed significant 

differences between the highest and lowest feed speed levels, while adjacent levels often did 

not differ significantly. Depth of cut alone was not significant. 

Key words: feed speed; depth of cut; Norway spruce; thickness planer; surface roughness; 

surface waviness 

INTRODUCTION 

The surface quality of machined wood is a key indicator of machining performance and 

significantly affects subsequent processing, functional properties, and the aesthetic appearance 

of wood products (Kvietková et al. 2015; Novák et al. 2011). In wood machining practice, 

surface quality is commonly evaluated using surface roughness and surface waviness, which 

describe different scales of surface irregularities resulting from the interaction between the 

cutting tool, machining conditions, and the anatomical structure of wood (Hernández et al. 

2014). In chip-forming wood machining processes, particularly face milling on a thickness 

planer, the surface is generated by the periodic cutting action of the rotating tool combined with 

the linear feed motion of the workpiece. Surface roughness, typically characterized by the 

parameter Ra, is mainly associated with short-wavelength irregularities such as tool marks, 

chip formation, and local fiber damage (Angelescu et al. 2025; Keturakis et al. 2017). In 

contrast, surface waviness, expressed by the parameter Wa, represents longer-wavelength 

surface undulations related to dynamic effects in the machine–tool–workpiece system, system 

stiffness, and material inhomogeneity (Raja et al. 2002). 

Norway spruce (Picea abies, L.) is one of the most widely processed softwood species 

in Central Europe but presents specific technological challenges due to the pronounced contrast 

between earlywood and latewood, the low density of earlywood, and its susceptibility to fiber 

pull-out, fuzziness, and waviness formation (Wang and Yang 2025). These effects are 

particularly evident during roughing operations, where higher feed rates and greater depths of 

cut are applied to achieve high material removal rates. 

https://www.zotero.org/google-docs/?l1SBKg
https://www.zotero.org/google-docs/?yEWpGl
https://www.zotero.org/google-docs/?yEWpGl
https://www.zotero.org/google-docs/?tuP3TP
https://www.zotero.org/google-docs/?tbSov6


 56 

Experimental studies consistently indicate that feed rate is one of the most influential 

parameters affecting wood surface quality. Increasing feed rate generally leads to greater chip 

thickness, higher mechanical loading of wood fibres, and deterioration of the surface roughness 

parameter Ra, while simultaneously promoting higher surface waviness (Wa) (Piernik et al. 

2023; Novák et al. 2011). The depth of cut influences surface quality mainly through its effect 

on cutting forces and process stability, with a more pronounced impact when combined with 

higher feed rates (Qi et al. 2023; Pakzad et al. 2023). 

Available literature further suggests that surface roughness and waviness do not 

respond identically to changes in machining parameters. While roughness is closely related to 

cutting geometry and feed per tooth, waviness is more strongly influenced by process 

dynamics, system stiffness, and the anisotropic structure of wood. Therefore, evaluating 

surface quality solely based on roughness parameters may be insufficient, particularly under 

roughing conditions (Ruzova a Haddadi 2025).  

Surface topography can be understood as a combination of irregularities occurring at 

different wavelengths, while the quality of the generated surface refers to the magnitude of 

deviations (irregularities) of the real surface from an ideal, perfectly smooth surface (Adamčík 

et al. 2024). Roughness is associated with short-wavelength irregularities, whereas waviness 

represents those with longer wavelengths (Khazaeian 2006). 

The aim of this study is to analyze the effect of feed rate and depth of cut on surface 

roughness (Ra) and surface waviness (Wa) of Norway spruce wood during face milling on a 

thickness planer. The investigation focuses on roughing conditions, where technological and 

material-related factors are expected to have a more pronounced impact on surface formation, 

contributing to improved understanding and optimization of machining parameters with respect 

to productivity and surface quality. 

  

MATERIALS AND METHODS 

 

Sample Preparation and Milling 

 

Spruce wood (Picea abies L.) samples were prepared from radial defect-free boards 

(without knots, cracks, resin pockets, or visible fiber deviations). The material was first cross-

cut and ripped into test specimens with dimensions 500 mm × 65 mm × 20 mm (length × width 

× thickness). The boards were kiln-dried and subsequently stored under controlled conditions 

to maintain an equilibrium moisture content of w = 8 ± 2 %, minimizing moisture-related 

variability prior to machining. 

Thickness planing (longitudinal - face milling) was performed on a single-spindle 

thickness planer Robland D630 EL (Robland NV, Brugge, Belgium) equipped with a spiral 

cutter block. The experiment followed a full-factorial design with three levels of depth of cut 

(ae = 1 mm, 2 mm, and 3 mm) and ten feed speed levels (vf0–vf9). The spindle speed was kept 

constant (6 000 rpm) throughout the experiment. 

The feed speed levels were distributed evenly across the selected range. The increment 

between consecutive levels was calculated as (22 − 5) / 9, corresponding to a constant step of 

1.89 m·min⁻¹: 

 
Tab. 1 Feed speed levels and corresponding feed speed values used in the experiment 

Feed speed level Feed speed (vf) [m·min⁻¹] 

vf0 5.0 

vf1 6.9 

vf2 8.8 

https://www.zotero.org/google-docs/?6R3jBk
https://www.zotero.org/google-docs/?6R3jBk
https://www.zotero.org/google-docs/?YdJMFZ
https://www.zotero.org/google-docs/?IosgxZ
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Feed speed level Feed speed (vf) [m·min⁻¹] 

vf3 10.7 

vf4 12.6 

vf5 14.4 

vf6 16.3 

vf7 18.2 

vf8 20.1 

vf9 22.0 

 

Each specimen was machined using the selected combination of depth of cut and feed 

rate, generating surfaces intended for subsequent roughness (Ra) and waviness (Wa) evaluation. 

 

Measurement of Surface Roughness and Waviness with Microscopic Analysis 

  

Measurements were performed using a Keyence VHX-7000 digital microscope 

(Keyence Corporation, Osaka, Japan), which was used for both roughness measurement and 

microscopic analysis. Roughness was measured on the radial surface of the samples. The 

measurement was carried out over an evaluation length of 12.5 mm, with a lateral resolution 

of 0.1 μm to ensure sufficient accuracy. Surface roughness was defined using an L-filter cutoff 

wavelength (λc) of 2.5 mm and an S-filter (λs) of 8 μm, in accordance with the ISO 21920 

(2021) series of standards. Among the available roughness parameters, Ra (arithmetical mean 

height) was selected, as it is the most widely used parameter and allows comparison with results 

from other studies. Surface waviness was also evaluated using the parameter Wa with an L-

filter cutoff wavelength (λc) of 2.5 mm and an F-filter (λf) of 8 μm.  

  

Statistical Evaluation 

  

The measured dataset was subsequently analyzed using the statistical software 

STATISTICA 14 (TIBCO Software Inc., Palo Alto, California, USA). Prior to performing the 

analysis of variance (ANOVA), the assumptions required for its application were verified. The 

normality of the data distribution for all combinations of machining parameters was tested 

using the Shapiro–Wilk test, which confirmed that the measured values followed a normal 

distribution. The homogeneity of variances was evaluated using Levene’s test. Although the 

equality of variances was not fully satisfied, which may be attributed to the natural 

heterogeneity of the wood surface, ANOVA was applied because the method is considered 

sufficiently robust to moderate violations of this assumption. The independence of observations 

was ensured by the experimental design and verified by logical evaluation. 

To evaluate the combined effect of the two investigated factors, a two-way analysis of 

variance (ANOVA) was applied. The results of the ANOVA indicated that both factors had a 

statistically significant individual effect on surface roughness, as well as a significant 

interaction effect (p < 0.001). 

  

RESULTS AND DISCUSSION 

The obtained results are further interpreted in relation to the applied machining 

parameters and compared with findings reported in previous studies.  

The ANOVA results (Tab. 2) show that feed rate (vf) significantly affects surface 

roughness (F = 8.581, p < 0.001). In contrast, depth of cut (ae) was not significant (p = 0.229) 
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and had a negligible effect (partial η² = 0.012). The interaction between vf and ae was significant 

(p = 0.003). Overall, the results clearly demonstrate that feed rate is the key parameter 

controlling surface roughness, while depth of cut has a minor direct effect but contributes 

through interaction. However, other studies suggest that depth of cut may become significant 

under specific conditions or in combination with other parameters (Hernández et al. 2014). 

 

  
 Tab. 2   Two-way ANOVA for surface roughness (Ra) 

Source of variation sum of 

squares 

mean 

square 

F 

statistic 

P – level  Partial η² 

ae 2.906 1.453 1.481 0.229 0.012 

vf 75.772 8.419 8.581 <0.001 0.243 

ae*vf 39.572 2.198 2.241 0.003 0.144 

 

According to Tab. 3, both roughness (Ra) and waviness (Wa) showed an overall 

increasing trend with feed rate, although the relationship was not strictly linear. Roughness 

values increased from 2.61–3.19 µm at the lowest feed speed (vf = 5.0 m·min⁻¹) to 4.08–4.98 

µm at higher feed speeds (vf = 18.2–20.1 m·min⁻¹). In contrast, waviness showed a more 

pronounced increase, from 1.31–1.80 µm to 2.70–3.99 µm over the same feed speed range. The 

development of Ra was non-linear, with local maxima occurring at intermediate feed rates, 

such as 5.49 µm at vf = 6.9 m·min⁻¹ (ae = 1 mm), indicating the influence of material 

heterogeneity. In contrast, Wa increased more consistently, reaching maximum values at  

vf = 22.0 m·min⁻¹ for all depth of cut levels. No consistent trend was observed for depth of cut. 

However, differences between depth levels became more pronounced at higher feed rates. For 

example, at vf = 22.0 m·min⁻¹, waviness increased from 2.70 µm (ae = 1 mm) to 3.99 µm  

(ae = 3 mm), confirming an interaction effect. Roughness showed a similar but less pronounced 

pattern, ranging from 4.08 to 4.98 µm at higher feed speeds. 

Tab. 3 Surface parameters Ra and Wa across the full feed rate range (vf0 - vf9) for each depth of cut 

Parameter Depth of cut 

[mm] 

Minimum [µm] 

 

Maximum [µm]  Increase 

[µm] 

Increase (%) 

Ra 1 2.66 (vf5) 5.49 (vf2) 2.83 106.5 

 2 2.61 (vf1) 4.98 (vf7) 2.38 91.2 

 3 2.33 (vf2) 4.55 (vf9) 2.22 95.4 

Wa 1 1.31 (vf1) 2.70 (vf9) 1.39 106.3 

 2 1.72 (vf1) 2.91 (vf9) 1.19 69.2 

 3 1.80 (vf1) 3.99 (vf9) 2.19 121.7 

 

The relatively high variability of the measured values can be attributed to the 

heterogeneous structure of wood, particularly the contrast between earlywood and latewood 

(Gurău et al. 2021). In the case of Norway spruce, this behaviour is further associated with its 

https://www.zotero.org/google-docs/?mtsyL3
https://www.zotero.org/google-docs/?rvpr8h
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relatively low density, which promotes the formation of protruding fibres on the machined 

surface. During milling, these fibres are not always completely separated and tend to remain 

partially attached, creating surface fuzziness, which contributes to increased roughness (Carll 

a Wiedenhoeft 2009; Adamčík et al. 2024). A similar tendency has been reported by Landry et 

al. (2013), who observed a higher propensity for fuzziness formation in low-density wood 

species. Conversely, increasing wood density leads to a reduction in surface fuzziness, as 

reported by Evans et al. (2017), which explains the higher susceptibility of spruce to surface 

irregularities.  

 

 
Fig. 1 Parameter Ra with varying rotational speed 95 % confidence intervals for population means, 

spindle speed 6000 rpm 

 

Surface roughness (Ra) showed an overall increasing trend with feed speed, rising from 

approximately 2.5–3.2 µm at 5 m·min⁻¹ to about 4.0–5.0 µm at higher feed speeds (Fig. 1). 

Duncan’s post hoc test confirmed statistically significant differences (p < 0.05) mainly between 

low (vf0–vf1) and high feed speeds, while adjacent levels often did not differ significantly.  The 

influence of cutting depth was less consistent, with ae = 2 mm exhibiting the highest variability 

and local extremes, while ae = 1 mm and ae = 3 mm showed more gradual changes. Despite 

these trends, the substantial overlap of standard deviations suggests limited statistical 

significance between several parameter combinations. The observed variability can be 

attributed to the heterogeneous anatomical structure of wood, particularly the earlywood–

latewood contrast. 

https://www.zotero.org/google-docs/?FgtOov
https://www.zotero.org/google-docs/?FgtOov
https://www.zotero.org/google-docs/?fyLhpb
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Fig. 2 Parameter Wa with varying rotational speed 95 % confidence intervals for population means, 

spindle speed 6000 rpm 

 

The waviness parameter (Wa) exhibited a slight increasing trend with feed speed, rising 

from approximately 1.3 - 2.2 µm at lower feed rates to about 2.5 - 4.0 µm at the highest values. 

The highest Wa values were observed at vf9 (22.0 m.min-1), particularly for ae = 3 mm, 

indicating a stronger effect of cutting depth at extreme conditions. However, considerable 

overlap of standard deviations (in Tab.3 - 5) suggests limited statistical differences between 

most parameter combinations. This behaviour is consistent with previous findings of Kuljich 

et al. (2013), where surface quality parameters were shown to be influenced not only by 

machining conditions but also by cutting mechanics, including chip formation and tool - wood 

interaction. Higher depths of cut can lead to increased cutting forces and instability in the 

cutting process, which may contribute to greater waviness (Hernández et al. 2010). Eliminating 

these wave patterns, which indicate the tool’s movement across the surface, is important. 

Particularly to ensure better conditions for subsequent sanding operations (Adamčík et al. 

2024).  

CONCLUSIONS 

Feed rate (vf) was identified as the dominant factor influencing surface quality, with a 

statistically significant effect on surface roughness (Ra) (p < 0.001), while depth of cut (ae) 

showed no significant main effect but contributed through interaction. Both Ra and waviness 

(Wa) generally increased with increasing feed rate, although Ra exhibited a non-linear 

development with local extremes, whereas Wa showed a more consistent upward trend. High 

variability and overlapping standard deviations indicate that the influence of machining 

parameters is partially masked by the heterogeneous anatomical structure of wood. The 

formation of surface irregularities, including fuzziness and waviness, is further associated with 

low density of spruce wood and the mechanics of chip formation during milling. From a 

practical perspective, minimizing feed rate is essential for achieving lower surface roughness 

https://www.zotero.org/google-docs/?4Mz6oe
https://www.zotero.org/google-docs/?4Mz6oe
https://www.zotero.org/google-docs/?ESFrKp
https://www.zotero.org/google-docs/?utFShv
https://www.zotero.org/google-docs/?utFShv


 61 

and waviness, thereby improving the suitability of the surface for subsequent sanding 

operations. It should be noted that an “optimal” level of surface irregularity cannot be defined 

universally, as it depends on the intended application and subsequent processing requirements. 
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TYPOLOGICAL AND STRUCTURAL ANALYSIS OF THE 

TRUSS OF THE CHURCH OF ST. ELIZABETH IN ZVOLEN 

 
Zuzana Števková – Martin Čulík 

ABSTRACT 

This paper examines the historic roof structure of the Church of St. Elizabeth in 

Zvolen, Slovakia, in the broader context of Central European timber roof construction, with 

the aim of determining its typological classification, construction characteristics, and 

probable dating. The study is based on field documentation, visual survey, and structural 

analysis of the timber framework, focusing on the truss system, carpentry joints, assembly 

marks, and selected construction details, which are interpreted alongside available historical 

sources and comparative examples of analogous roof structures. The analysis indicates that 

the roof can be associated with construction traditions characteristic of the 17th century, 

supported by both typological comparison and the historical context of the monument. The 

identified structural features reflect established regional carpentry practices and contribute 

to understanding the development and transformation of historic roof systems. The study 

demonstrates that typological and material analysis can provide valuable evidence for dating, 

interpretation, and preservation of significant timber heritage structures.    

Keywords: historical truss, catholic church, timber structures 

INTRODUCTION 

Historic timber roof structures represent a significant part of architectural heritage, 

preserving evidence of past construction knowledge, regional carpentry traditions, and 

technological development. As primary load-bearing systems, roof trusses are important not 

only from a structural point of view, but also as valuable sources for understanding building 

chronology, construction phases, and historical craftsmanship. Their study has become an 

established field within building archaeology, timber engineering research, and heritage 

conservation. 

Research on historic roof structures has received considerable attention in several 

European countries, where systematic documentation and analysis have produced important 

research frameworks and databases. Examples include the Vienna Dachkataster, the Czech 

Atlas historických krovů, and the documentation and public presentation of the historic roof 

structures in Cheb. A notable recent example demonstrating the contemporary relevance of 

traditional timber construction is the reconstruction of the roof structure of Notre-Dame de 

Paris, where historical carpentry knowledge played a central role in the design of the replica. 

These examples highlight the growing recognition of historic roof structures as important 

subjects of both scientific research and cultural heritage preservation. 

In Slovakia, however, systematic research in this field remains comparatively 

limited. Significant contributions have been made by Ľubor Suchý, Daniela Zacharová, and 

Karol Ďurian through their dissertation research, which resulted from extensive investigation 

of historic roof structures and later contributed to the methodological publication Metodika 

identifikácie a výskumu historických krovov. Despite these important contributions, many 
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historic roof structures in Slovakia remain insufficiently documented and studied, 

particularly in relation to typological classification and comparative analysis. 

The Church of St. Elizabeth in Zvolen represents an important historical monument 

whose roof structure has not yet been comprehensively analyzed from a typological and 

constructional perspective. The aim of this paper is to analyze this roof structure, classify it 

within the framework of Central European roof truss typology, evaluate selected 

construction details, and discuss its probable dating in relation to comparative examples and 

historical context. Particular attention is given to the potential of typological and material 

analysis as a tool for interpreting and preserving historic timber structures. 

MATERIALS AND METHODS 

The research is based on three principal groups of source materials: historical-

construction evidence, direct field documentation, and comparative material. 

Based on available historical sources and previous investigations, the Church of St. 

Elizabeth in Zvolen underwent several major construction phases. The original single-nave 

church was established in the mid-13th century, documented by a charter of King Béla IV 

and represented by the preserved early Gothic southern portal. In the 14th century, the church 

was enlarged by the construction of the present sacristy with adjoining chapel and a Gothic 

charnel chapel. In the 15th century, additional northern structures, including a royal oratory 

and town hall connection, were added. Significant interventions occurred during the 16th 

century, when side galleries were introduced, the nave was vaulted, and the western tower 

was probably constructed. In the 17th century, the southern chapel was added, while early 

18th-century reconstruction following damage caused by the forces of Francis II Rákóczi 

resulted in a Baroque upper structure of the tower (Kresánek et al., 2009). 

These phases provide the historical framework for interpreting the existing roof 

structures. 

 

Relevant typological types of historical roof structures 

One of the relevant typological types for the investigated object is represented by 

collar-beam roofs with a central frame and lateral queen post frames. In structures of larger 

span, these roofs are characterized by a developed longitudinal binding system formed by a 

combination of a central frame below the ridge and lateral queen post trusses. The central 

frame and queen post frames are braced by systems of stiffening members, including upward 

braces, downward braces and St. Andrew’s crosses. Vertical posts are stabilized by 

horizontal struts or purlins, which may occur at one or several height levels. In roof structures 

with larger spans, the number of lateral standing trusses may increase and may also occur in 

higher parts of the roof structure, often between collar beams. 

Full trusses alternate with reduced intermediate trusses, which generally lack vertical 

posts and more substantial bracing members. Roofs of this type belong among the most 

complex historical timber roof structures and are generally associated with late medieval and 

early modern construction of the 15th and 16th centuries. Characteristic roof pitches range 

approximately between 58° and 68°. 
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Fig.  1 Truss of St. Martin's Cathedral (Krušinský, 2010) 

Another relevant typological group is represented by roof structures with 

longitudinal binding by Liegender Stuhl, occurring from the 16th to the first half of the 19th 

century. Their principal structural element is the Liegender Stuhl, forming a self-supporting 

spatial frame situated in full transverse trusses between rafters and collar beams. In 

transverse section, the system is formed by inclined posts connected by a horizontal strut 

and stabilized by diagonal braces. In the longitudinal direction, the structure is braced by St. 

Andrew’s crosses, upward braces or downward braces. 

Early forms of Liegender Stuhl, generally associated with the 16th and 17th 

centuries, are characterized by four-sided purlin profiles, frequent absence of a sill beam, 

offset positioning of the horizontal strut relative to the collar beam, and upward braces 

passing through multiple structural elements simultaneously, connecting them by lap joints. 

Developed forms, typical mainly of the 17th to early 19th centuries, are characterized by the 

horizontal strut placed directly beneath the collar beam, simplified wind bracing connecting 

only the Liegender Stuhl frame, five-sided purlins, and more regularized carpentry jointing 

(Suchý et al., 2018a). 

 
Fig.  2 Types of Liegender Stuhl (Suchý, 2018) 

These two typological groups represent the principal structural groups relevant to 

the investigated roof structures. 

RESULTS AND DISCUSSION 

Structural characteristics of the roof structure 

The roof structure above the nave and presbytery of the church, originally dating 

from the mid-13th century and later significantly rebuilt in the late 14th century, is a historic 

two-tier collar-beam system with a reduced ridge configuration (ridge beam positioned 
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below the upper collar beam) and high queen post side frames. The principal trusses consist 

of a lower and upper collar beam system and rafters connected to the ends of tie beams by 

mortice and tenon. 

High queen posts are tenoned into the tie beams and terminated by purlins beneath 

the collar beams. Between these purlins, horizontal straining beams are inserted and braced 

with diagonal struts using dovetailed lap joints. The queen posts are also braced by 

downward beams connected to tie beams.   

 

 
Fig.  3 Truss above the nave of church of St. Elizabeth (Pauer, 2026) 

A central post connects the lower collar beam and straining beam system, while the 

upper part is stabilized by symmetric diagonal braces. The main trusses are further stiffened 

by intersecting struts forming St. Andrew’s crosses between the tie beams and lower collar 

beams. Intermediate trusses consist of simplified tie beam–collar beam systems without full 

bracing. The central truss is also brace by St. Andrew’s crosses in the longitudinal direction 

in the section above the lower collar beam.  

The side stools are formed by vertical posts embedded into transverse tie beams and 

closed by purlins. These are stabilized by diagonal braces and short struts. Every other post 

is reinforced by full-height diagonal bracing member intersecting the post in the middle and 

connecting to the queen truss purlins on the upper end and longitudinal header beam 

(perpendicular and connected to the tie beams) on the lower end (Suchý et al., 2018b). 

 
Fig.  4 Field notes of the truss (Suchý, 2018) 
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The roof structure above the southern chapel consists of a younger-type Liegender 

Stuhl truss, exhibiting several atypical features (Bláha et al., 2020). The purlin has a four-

sided profile and is positioned below the level of the transverse strut. Inclined braces are 

tenoned into the lying posts and the transverse strut. The collar beam is situated directly 

above the transverse strut. In the longitudinal direction, the truss is braced by a system of 

double St. Andrew’s crosses. The roof structure also incorporates the construction of a 

sanctus turret, formed by a hanging-post (suspension) structure. The tie beams embedded in 

the masonry are made of oak. 

 

 
Fig.  5 Truss above the southern chapel, Liegender Stuhl 

 

Typological and constructional particularities 

A remarkable and relatively rare feature within historic roof structures is the 

placement of longitudinal header beams between tie beams beneath the bases of the side 

posts. Another notable detail is the decorated profile of tie beam ends, indicating a high level 

of carpentry refinement. 

The roof comprises alternating full and intermediate trusses, with two intermediate 

trusses between each full truss. The overall span of the roof is approximately 12 m with a 

height of about 10 m. 

 

Assembly marks and carpentry technique 

The roof structure is constructed using traditional hewn timber elements from Fir 

(Tiralová et al., 2005) with predominantly halved dovetail joints, supplemented by mortise-

and-tenon connections in key load-bearing areas. Assembly marks are present in the form of 

incised Roman numerals, exhibiting a relatively archaic execution. Numbering begins from 

the tower side and continues consistently across both principal trusses and queen post 

trusses, including posts, braces, struts, and purlins 
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Evidence of Repairs and Construction Phases 

The roof structure has undergone several construction phases and repair interventions. 

The most recent documented intervention was carried out in 2012. During this 

reconstruction, an inclined truss was inserted into the roof over the southern chapel, while 

several timber side-plates and replacements were executed in the nave roof. Laths and 

shingles were also renewed.  

Earlier repairs can be attributed to the 19th and 20th centuries, when interventions 

were carried out mainly on rafters and longitudinal header beams in the roof over the nave. 

Evidence of an earlier construction phase is also legible in the roof structure, particularly in 

carpentry joints preserved on the wall plate, indicating reuse or modification of older 

structural arrangements. 

Although the roof structures above the nave and the presbytery are typologically 

identical, differences were identified in carpenters’ assembly marks and in the execution of 

individual carpentry joints, for example in the scarfing of the foot braces (Fig. 6). This 

suggests that both roofs were likely constructed within the same general period, but possibly 

by different carpentry teams or in a short chronological sequence. 

 

  
Fig.  6 Different details of upward braces 

 

 

At the junction where the roof over the southern chapel connects to the roof over the 

nave, several hand-hewn battens have been preserved, representing additional evidence of 

earlier construction fabric. 

 

Chronological interpretation of the roof structures 

Based on typological analysis and comparison with Central European analogies, both 

the roof over the nave/presbytery and the roof over the southern chapel can most plausibly 
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be associated with a single construction phase connected with the addition of the southern 

chapel, generally dated to the 17th century. 

Although the roof structures differ in their detailed execution and structural 

arrangement, these differences do not necessarily indicate a significant chronological gap. 

Instead, they may reflect variation in carpentry practice, different execution teams, or 

adjustments to local spatial and structural conditions within one construction campaign. 

The nave roof represents a modified continuation of a late medieval collar-beam 

system with a central frame and lateral standing trusses, a type that remained in use and was 

structurally adapted well into the early modern period. The structures in Central Europe, 

such as the roof over the monastic Church of St. Peter of Alcantara in Okoličné (1489/1490) 

and the Chapel of the Zápolský family in Spišská Kapitula (1490/1491), represent more 

archaic forms of this typological group, reflecting its earlier developmental stage 

(Zacharová, 2016). 

Within this broader typological framework, a closer structural and chronological 

correspondence to the analysed nave roof is provided by the roof structure of the Church of 

Saint Cosmas and Damian in Háj (1692) (Suchý, 2008), and Church of St. Xaver in Leoben 

(1661–1662) (Caston, 2006) (Fig. 7), which constitutes a more directly comparable example 

of a similarly developed and later form of the same construction tradition. 

 
Fig.  7 Leoben, St. Xavier (Caston, 1998) 

The roof over the southern chapel corresponds to a developed form of the Liegender 

Stuhl system, which is typically dated from the second half of the 17th century onwards. 

Despite some atypical structural features, its construction logic and longitudinal bracing 

system are consistent with early developed forms of this typology. 

Taken together, the typological characteristics and comparative evidence suggest that 

both roof structures were likely executed within a single construction episode in the 17th 

century, corresponding to the building phase of the southern chapel. The observed 

differences are therefore interpreted as variations within one building campaign rather than 

indicators of separate chronological stages. 
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CONCLUSION 

The analysis of the roof structures of the Church of St. Elizabeth in Zvolen has 

demonstrated that both the nave/presbytery roof and the southern chapel roof can be 

interpreted within a single broader construction phase associated with the 17th-century 

building development of the monument. Despite their typological differences, the structural 

systems show sufficient continuity in execution logic, carpentry techniques, and construction 

context to exclude a significantly different chronological origin. 

Comparative analysis indicates that the nave roof preserves an older structural 

tradition of a collar-beam system with a central frame and lateral standing trusses, which 

represents a conservative and regionally adapted continuation of late medieval construction 

principles. In this respect, it shows closer affinity to developed early modern examples such 

as the roof structure of the Church of St. Xaver in Leoben (1661–1662), rather than to earlier 

medieval prototypes from Okoličné or Spišská Kapitula, which represent more archaic 

stages of the same typological group. 

The southern chapel roof corresponds to a developed form of the Liegender Stuhl 

system, consistent with its general chronological range from the second half of the 17th 

century. Although it exhibits several atypical features, these are interpreted as local or 

workshop-specific variations rather than indicators of a different period of construction. 

Overall, the study confirms that typological and constructional analysis, supported 

by comparative examples, provides a reliable framework for relative dating and 

interpretation of historic timber roof structures. The results contribute to a better 

understanding of the construction history of the monument and highlight the importance of 

detailed structural documentation for the study and preservation of timber architectural 

heritage. 
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STIFFNESS-BASED GRADING OF THERMALLY MODIFIED 

BEECH TIMBER FOR STRUCTURAL APPLICATIONS 

Filip Valko – Jarmila Schmidtová – Tomáš Andor – Barbora Herdová – 

Rastislav Lagaňa 

ABSTRACT 

Thermally modified wood is mainly used in exterior applications because thermal 

treatment improves dimensional stability and resistance to biological degradation, but the 

associated loss of strength still limits structural use. This condensed paper summarizes an 

experimental study on structural-size European beech timber thermally modified at 190 °C 

in an oxidizing atmosphere. Timber from 32 beech logs was visually graded according to 

DIN 4074-5:2003, evaluated by acoustic non-destructive methods (NDT), and tested in four-

point bending according to EN 408:2011. Mechanical properties, density and characteristic 

values were determined and grading models based on modulus of elasticity were assessed. 

Thermal modification reduced mean bending strength by about 17 % and increased strength 

variability, whereas static and dynamic stiffness remained statistically unchanged. The 

characteristic bending strength fell below the lowest EN 338:2016 hardwood class. Global 

MOE was the best single predictor of bending strength, while stiffness prediction improved 

markedly when local and acoustic moduli were combined. The results confirm the potential 

of thermally modified beech for stiffness-controlled applications, but also its clear 

limitations in strength-controlled design.    

Keywords: thermally modified wood; beech; structural timber; bending strength; non-

destructive testing 

INTRODUCTION 

In Europe, hardwood species are receiving growing attention in structural applications 

because softwood resources are under increasing pressure, while beech remains widely 

available and is expected to gain importance in mixed and climate-resilient forests 

(Pramreiter and Grabner, 2023). At the same time, the construction sector is looking for 

materials with higher added value and broader utilization potential. European beech (Fagus 

sylvatica L.) is therefore a logical candidate for further structural use, especially in 

applications where its high stiffness and favourable mechanical performance can be 

exploited. 

Thermal modification is already well established as a treatment that improves 

dimensional stability, lowers equilibrium moisture content, increases resistance to biological 

degradation, and gives wood a darker and more uniform appearance (Hodžić and Bahmani, 

2023). These advantages explain why thermally modified wood is commonly used in 

exterior cladding and other non-load-bearing applications. The main limitation is that the 

treatment can alter mechanical behaviour in a species-dependent way. Earlier studies showed 

that thermally modified beech may retain stiffness relatively well, but bending strength, 
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toughness, and reliability can decrease substantially, particularly under more severe 

treatment regimes (Widmann et al., 2012; van Blokland, 2020; Al-Musawi et al., 2023). 

This creates a serious challenge for structural design. Conventional grading systems 

such as EN 338:2016 and EN 384:2016+A2:2022 assume stable relationships between 

density, modulus of elasticity, and strength, but these assumptions are not fully valid for 

heavily modified wood. As a result, visually graded thermally modified beech may appear 

satisfactory in terms of stiffness, while still failing to achieve the strength requirements 

expected for structural members. Non-destructive testing methods based on dynamic or 

static stiffness have already been studied for untreated timber and for selected thermally 

modified softwoods, yet comparable models for structural-size thermally modified beech 

remain limited (van Blokland et al., 2019; van Blokland, 2020; Azzi et al., 2025). 

The present study addresses this gap by evaluating structural-size European beech 

timber thermally modified in an oxidizing atmosphere at 190 °C. The work focuses on the 

comparison of untreated and treated boards, the determination of characteristic mechanical 

properties, and the assessment of grading models based on stiffness-related indicator 

properties.  

MATERIALS AND METHODS 

Stems from 16 beech trees harvested in the Zvolen district, Slovakia, were sawn into 

boards, air-dried, visually graded according to DIN 4074-5:2003, and paired so that 

neighboring boards could be compared before and after thermal modification. Industrial 

thermal modification was carried out in an oxidizing air atmosphere at 190 °C for 3.5 h. 

Material selection and adjacent-board pairing are shown in Fig. 1. 

 
Fig. 1 Segmental sawing pattern and adjacent-board pairing for TMW and NoTMW. 

NDT evaluation used ultrasound and natural frequency measurements to derive 

dynamic modulus of elasticity. Afterwards, four-point bending tests according to EN 

408:2011 were performed on boards re-sized to 50 × 150 × 3100 mm. Moisture content, 

density, modulus of elasticity (local and global) and modulus of rupture were determined; 

characteristic values were calculated according to EN 384:2016+A2:2022 and EN 

14358:2016. 

Paired t-tests were used to compare treated and untreated boards, whereas linear and 

multiple regression models were applied to investigate the prediction of bending strength 

and stiffness from NDT indicators. The analysis focused on identifying practically usable 

grading variables and on assessing whether multivariable models improve the strength–

stiffness description of TMW beech. 
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RESULTS AND DISCUSSION 

The paired comparison showed that thermal modification significantly reduced 

moisture content, density and bending strength, while the measured elastic moduli did not 

differ significantly between untreated timber and TMW (Tab. 1, Fig. 2). Treated timber 

reached an equilibrium moisture content of about 6 %, compared with roughly 15 % for 

untreated timber. The mean bending strength of the paired boards decreased significantly, 

confirming that heat treatment weakened the material even when the same log source was 

considered. 

 
Tab. 1 Results of paired sample t-test (NoTMW versus TMW treatment). Probabilities of significant 

differences are marked in bold. 

Explanatory variable N t-Test Df p-Level 

fm,h150 34 −3.41 33 0.002 

MOEsylv,ref w 31 0.52 30 0.605 

MOEMTG,ref w 33 0.78 32 0.440 

MOEl,ref w 34 0.34 33 0.734 

MOEg,ref w 34 0.36 33 0.720 

ρ408,ref w 34 −6.35 33 0.000 

MC 34 −40.20 33 0.000 

 

 
Fig. 2 Box plot—95% confidence intervals for significantly different means between treated (TMW) 

and untreated (NoTMW) paired boards: (a) moisture content; (b) density at reference MC; (c) height 

corrected bending strength at reference MC. SE stands for standard error. 

The complete dataset confirmed the same trend. Thermally modified boards showed a 

mean bending strength of 63.33 MPa, versus 76.31 MPa for untreated boards, corresponding 

to a reduction of about 17 %, whereas mean moduli remained at a similar level and density 

decreased by about 5 % (Tab. 2). The strength distribution of TMW became broader and less 

uniform than in untreated timber, which points to greater scatter and to a stronger influence 

of defects after modification (Fig. 3). 
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Tab. 2 Descriptive statistics of the entire set of samples (N = 53). 

Property (unit) TMW Mean 
TMW 

CV* (%) 
NoTMW Mean 

NoTMW 

CV* (%) 

Difference 

(%) 

fm,h150 (MPa) 63.33 45% 76.31 14% −17% 

MOEsylv,w (GPa) 20.05 8% 20.01 7% 0% 

MOEMTG,w (GPa) 17.91 7% 17.38 9% 3% 

MOEl,ref w (GPa) 16.00 12% 15.67 10% 2% 

MOEg,ref w (GPa) 14.92 10% 14.61 8% 2% 

ρ408,ref w (kg.m-3) 663.1 5% 694.5 5% −5% 

MC (%) 6.09 11% 14.93 7% −59% 

* Coefficient of variation. 

 

 
Fig. 3 Histogram (a) and cumulative relative frequency diagram (b) of bending strength for treated 

(TMW) and untreated beech timber (NoTMW). The dashed lines show estimated normal distributions. 

The characteristic values highlight the main structural limitation of the treated 

material. The characteristic bending strength fm,k reached only 17.27 MPa, i.e. below the 

lowest deciduous strength class D18, even though mean modulus and density remained 

comparatively high (Tab. 3). In practical terms, thermally modified beech may appear 

sufficiently stiff, but its strength level and especially its variability remain unfavorable for 

standard structural classification. 

 
Tab. 3 Characteristic values of TMW timber. 

fm,05  

(EN 14358) 

fm,k  

(EN 384) 

Em,0,mean  

(EN 384) 

Em,0,k  

(EN 384) 
ρk ρmean ρ05 

24.68 17.27 13.62 11.44 526.9 632.3 598.8 
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Fig. 4 Relationship of characteristic strength with global MOE for heat-treated beech timber. The 

black line represents the prediction of the fifth percentile boundary; horizontal blue lines represent 

characteristic values fm,k; the solid red line is the regression line. 

Regression analysis showed that global MOE was the best single predictor of bending 

strength, but the relationship remained weak, explaining only about 17 % of strength 

variability. Adding further NDT indicators increased the coefficient of determination only 

marginally, to approximately 19 %. By contrast, stiffness prediction was much better: 

combining local and acoustic moduli explained about 76 % of the variation in bending 

stiffness. The grading relationship between characteristic strength and global MOE is 

summarized in Fig. 4. 

These findings are consistent with previous studies reporting that thermally modified 

beech often preserves stiffness better than strength and becomes more brittle after treatment 

(Widmann et al., 2012; Hodžić and Bahmani, 2023; Al-Musawi et al., 2023). The present 

results also support the view that standard grading rules developed for untreated hardwoods 

cannot be transferred directly to TMW beech (Widmann et al., 2012; van Blokland, 2020; 

Al-Musawi et al., 2023). From a structural-design perspective, the material seems more 

suitable for stiffness-controlled or low-stress applications than for members in which 

bending strength governs. For practice, milder treatment regimes and enhanced grading 

models incorporating knot geometry or fibre orientation should be preferred. 

CONCLUSION 

The study confirmed that structural-size beech timber thermally modified at 190 °C 

retains static and dynamic stiffness but loses part of its bending strength and becomes 

markedly more variable. Because the characteristic bending strength fell below EN 338:2016 

class D18, direct use of conventional hardwood grading rules is unreliable. Global MOE can 

be used as a first grading indicator, yet strength prediction remains weak; stiffness prediction 

is substantially better when local and acoustic moduli are combined. Thermally modified 

beech therefore has structural potential only under conservative design assumptions and with 

improved, material-specific grading procedures. 
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