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STUDY OF KERF DEPTH IN CO2 LASER CUTTING OF SOLID 

BEECH WOOD 
 

 

Lukáš Adamčík1 – Engindzhan Halim2 
 

Abstract 
This paper presents the results of experimental investigations into the variation in kerf 

depth (zmax) during laser cutting of solid beech wood (Fagus sylvatica L.) using a universal 

ZnSe lens with a focal length of F = 50.8 mm, suitable for detailed laser engraving and 

cutting up to 10 mm. The experiments were conducted on a CO2 laser machine, AEON 

MIRA 9, at three laser beam power levels (P = 30 W, 60 W, 90 W), three feed rates  

(vf = 9 mm.s-1, 11 mm.s-1, 13 mm.s-1), and three focal point positions relative to the surface 

of the processed material (ΔF = -2 mm, 0 mm, 2 mm). A Keyence VHX–7000 digital 

microscope was used to determine the kerf depth (zmax) and the kerf widths (s1 – s2) of the 

experimental specimens. 

It was established that the laser beam power (P) had the strongest effect on kerf depth 

(zmax), followed by the focal point position (ΔF) and the feed rate (vf). The obtained 

mathematical model can be used to predict kerf depth (zmax) and to optimize technological 

parameters in CO2 laser cutting of solid beech wood (Fagus sylvatica L.). 

 

Key words: CO2 laser cutting, kerf depth, solid beech wood, cutting parameters, ANOVA, 

digital microscope 
 

 

INTRODUCTION  
CO2 laser cutting is a modern, chipless machining process widely used for processing solid 

wood and a variety of other materials, including plywood, particleboard, acrylic (PMMA), 

textiles, and others. The process provides high cutting accuracy, a narrow kerf width, a high 

degree of automation, and minimal mechanical impact on the workpiece. The absence of 

tool wear and the need for tool sharpening represents a significant advantage over 

conventional cutting technologies. Despite these advantages, the quality of the machined 

surface and the kerf geometry (width and depth) are strongly influenced by the selected 

processing parameters as well as by the anatomical structure of the wood itself. 

Solid wood species such as beech (Fagus sylvatica L.), oak (Quercus robur.), Norway 

spruce (Picea abies), and aspen (Populus tremula), among others, have attracted 

considerable interest in CO2 laser cutting research. In the furniture industry, solid beech 

wood (Fagus sylvatica L.) is increasingly preferred for both structural and decorative 

components due to its favorable mechanical and aesthetic properties. Owing to its relatively 

high density and homogeneous diffuse-porous structure, beech wood may respond 

differently to CO2 laser cutting than softwoods or other hardwood species with ring-porous 

anatomical structures. 
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Previous studies (Gochev et al. 1994; Gochev 1996; Gochev et al. 1996; Dinkov et al. 

1996; Gurau et al. 2017, 2024; Kúdela et al. 2020, 2022, 2024; Adamčík et al. 2023, 2025; 

Halim et al. 2025) have demonstrated that the outcome of laser processing of wood and 

wood-based materials depends not only on the laser beam power (P), but also on the 

feed/scanning speed (vf), the focal position relative to the workpiece surface (ΔF), the 

energy input per unit area, the material density, and other processing- and material-related 

factors.  

In laser cutting, kerf depth (zmax) is one of the primary indicators of process efficiency. It is 

directly related to the amount of absorbed laser energy and the interaction time between the 

laser beam and the wood. A lower feed rate (vf) increases the interaction time and generally 

results in greater material removal; however, it may also lead to more severe charring and 

increased irregularities along the kerf walls. Conversely, a higher feed rate (vf) reduces the 

thermal input but may limit the achievable kerf depth (zmax). Adamčík et al. (2023) reported 

that, during CO2 laser cutting, surface irregularities increase with increasing laser beam 

power and decreasing feed rate. Laser processing induces not only geometric changes but 

also significant physicochemical modifications in wood. In CO2 laser engraving of beech 

wood, substantial surface darkening, a reduction in lightness (L*), and changes in the 

chemical structure of lignin and hemicelluloses, particularly in carbonyl (C=O) functional 

groups, have been reported. These findings indicate that laser irradiation promotes thermal 

degradation and the formation of new chromophoric structures, thereby explaining the 

observed darkening and charring of the processed zone (Jurek et al. 2021; Kúdela et al. 

2024). Regarding surface roughness, the findings of several studies (Gurau et al. 2007; 

Eltawahni et al. 2011, 2013; Rezaei et al. 2022; Adamčík et al. 2023) demonstrate that both 

the feed rate (vf) and the laser beam power (P) have a significant influence on the surface 

roughness of laser-machined materials. 

Establishing the relationship between laser beam power (P), feed rate (vf), focal position 

(ΔF), and the resulting kerf depth (zmax) would facilitate process optimization to achieve 

sufficient cutting depth while minimizing charring and maintaining acceptable kerf wall 

quality. This is particularly important in the machining of solid wood, where the anatomical 

structure, material density, and thermal behavior have a significant influence on the 

efficiency and quality of the CO2 laser cutting process.  
 

 

MATERIAL AND METHODS 
 

For the experimental investigation, specimens of solid beech wood (Fagus sylvatica L.) 

with dimensions of h = 15 mm, b = 20 mm, l = 200 mm were prepared (Fig. 1A, B). The 

specimen width and length were selected to ensure optimal material yield from pre-

calibrated and sanded beech boards used as the raw material. The wood moisture content, 

maintained at 8–10%, corresponds to the equilibrium moisture content commonly 

encountered in the furniture industry. Moisture content was determined using a digital 

moisture meter (Model MD, China) with a measurement range of 5% to 50% for wood.  

The experiments were conducted using an AEON MIRA 9 CO2 laser cutting and engraving 

machine (China) with a maximum output power of 100 W. A universal ZnSe lens with a 

focal length of F = 50.8 mm, suitable for precision laser engraving and cutting of materials 

up to 10 mm in thickness, was employed. The cutting path was generated using the 

LightBurn software. For each combination of the experimental design matrix (Table 2), 

three kerfs were produced on the solid beech wood (Fagus sylvatica L.) specimens  

(Fig. 1B). The kerf measurements were subsequently averaged, and the arithmetic mean 

was used for further analysis.  
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A                                                      B                                                  

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

width; h – thickness 

The values of the independent variables—focal position relative to the workpiece surface 

(ΔF, mm), laser beam scanning (feed) rate (Vf , mm.s-1), and laser beam power (P, W) – in 

both actual and coded form are presented in Table 1. The design matrix of the three-factor 

experiment is shown in Table 2. The experimental data were evaluated using analysis of 

variance (ANOVA) according to the methodology described by Vuchkov et al. (1986), 

implemented in the QStatLab statistical software.  
 

Table 1. Values of variable factors ΔF, vf  и P 

Table 2.  Plan for conducting a three-factor experiment 

Exper. № 
Variable factors 

х1 = ΔF, mm x2 = vf, mm.s-1 x3 = P, W 

1 - -2 - 9 - 30 

2 - -2 - 9 + 90 

3 - -2 + 13 - 30 

4 - -2 + 13 + 90 

5 + 2 - 9 - 30 

6 + 2 - 9 + 90 

7 + 2 + 13 - 30 

8 + 2 + 13 + 90 

9 - -2 0 11 0 60 

10 + 2 0 11 0 60 

11 0 0 - 9 0 60 

12 0 0 + 13 0 60 

13 0 0 0 11 - 30 

14 0 0 0 11 + 90 

15 0 0 0 11 0 60 

16 0 0 0 11 0 60 

17 0 0 0 11 0 60 

18 0 0 0 11 0 60 

19 0 0 0 11 0 60 

20 

 

 
 

0 0 0 11 0 60 

Variable factors 

Minimum value Average value Maximum value 

Open 

form 

Coded 

form 

Open 

form 

Open 

form 

Coded 

form 

Open 

form 

Focus position ΔF  = x1 [mm] -2 -1 0 0 2 1 

Laser beam feed rate Vf = х2 [mm.s-1] 9 -1 11 0 13 1 

Laser beam power  P = х3 [W] 30 -1 60 0 90 1 
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After a total of 60 kerfs had been produced, they were scanned using a Keyence VHX-7000 

digital microscope (Keyence Corporation, Osaka, Japan). For each kerf, the depth (zmax) and 

widths (s1 – s2), as shown in Fig. 2, were measured. 

  
Figure 2. Schematic representation of the geometric parameters of the kerf 

 

 

RESULTS 
 

Table 3 presents the arithmetic mean values of the kerf depth (zmax) and kerf widths (s1 – s2) 

obtained for all experimental runs according to the three-factor experimental design matrix 

(Tables 1 and 2). 
 

Table 3. Results obtained for Zmax, S1 and S2 

Exper. 

№ 

Average, 
Z max, mm 

Average, S1, 
mm 

Average, S2, 
mm 

1 4,20 0,22 0,12 

2 9,30 0,34 0,18 

3 3,23 0,17 0,08 

4 7,87 0,29 0,10 

5 2,69 0,63 0,21 

6 7,07 0,83 0,16 

7 1,72 0,66 0,09 

8 3,62 0,64 0,14 

9 6,77 0,29 0,11 

10 4,71 0,81 0,13 

11 7,35 0,46 0,13 

12 6,00 0,42 0,10 

13 2,73 0,40 0,17 

14 7,60 0,49 0,20 

15 6,69 0,46 0,18 

16 6,10 0,51 0,21 

17 7,68 0,50 0,23 

18 8,92 0,49 0,21 

19 8,51 0,49 0,20 

20 7,11 0,43 0,21 
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As a result of the three-factor experimental study conducted to evaluate the effects of the 

focal position relative to the workpiece surface (ΔF, mm), laser beam scanning (feed) rate 

(Vf , mm.s-1), and laser beam power (P, W) on the maximum kerf depth (zmax) during CO2 

laser cutting of solid beech wood (Fagus sylvatica L.), a second-order quadratic regression 

model (Equation 1) was developed. The model includes linear terms, quadratic effects, and 

two-factor interaction terms. The resulting regression equation is expressed as follows: 

 

Y = 7,1546 – 1,156x1 – 0,817x2 + 2,089x3 – 0,894x1
2
 + 0,0409x2

2 – 1,469x3
2 – 0,2525x1x2 – 

0,3675x2x3 – 0,4325x1x3                                                                                                               (1) 

 

where: 

Y – Predicted kerf depth in coded form (zmax), mm; 

x1 – Focus position in coded form ΔF, mm; 

x2 – Laser beam feed rate in coded form Vf, mm.s-1; 

x3 – Laser beam power in coded form P, W. 

 

The analysis of variance presented in Tables 4 and 5 indicates that the model is statistically 

significant at a significance level of α = 0.05. The coefficient of determination (R2) shows 

that approximately 90.6% of the variation in the maximum kerf depth (zmax) is explained by 

the factors included in the model.  

 
Table 4. Summary of Results for Solid Beech Wood (Fagus sylvatica L.) 

Source Sqr. sum DOF Variance F P 

Model 88,86186 9 9,87354 10,70837 0,00047 

Residual 9,22039 10 0,92204 

Total 98,08226 19 

 

Table 5. Analysis of Variance (ANOVA) for Solid Beech Wood (Fagus sylvatica L.) 

T(0,025,10) = 2,22814 F(0,050,9,10) = 3,02038 

Residual StDev = 0,96023 R-sq = 0,90599 Radj-sq = 0,82139 

PRESS = 32,82324 R-sq(pred) = 0,66535 

 

The analysis of the regression coefficients (Equation 1) revealed that the linear effects of all 

three investigated factors are statistically significant. Among them, laser beam power (P) 

exhibited the strongest influence on kerf depth (zmax) (Fig. 3A), as indicated by its positive 

regression coefficient with the largest absolute value (x3 = 2.089). This result demonstrates 

that increasing the laser beam power increases the energy input into the cutting zone, 

thereby producing a greater kerf depth. From a physical perspective, this finding is 

expected, since higher laser power increases the intensity of laser–material interaction, 

promoting heating, thermal degradation, charring, and vaporization of the wood material. 

The focal position relative to the workpiece surface (ΔF) also had a statistically significant 

effect on kerf depth (zmax). The negative regression coefficient (x1 = −1.156) indicates that 

shifting the focal position in the positive direction from the center level decreases the kerf 

depth, as illustrated in Fig. 3B. This behavior can be attributed to changes in the laser spot 

diameter, resulting in a reduction in energy density at the material surface and within the 

cutting zone. When the focal position deviates from its optimum, the laser beam is unable 

to concentrate its maximum energy at the cutting zone, thereby reducing the efficiency of 

the ablation process and consequently decreasing the kerf depth. 
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As shown in Fig. 3C, increasing the laser beam scanning (feed) rate (Vf) results in a 

decrease in kerf depth (zmax). This behavior is consistent with the expected physical 

mechanism, as a higher scanning speed reduces the interaction time between the laser beam 

and the material. Consequently, less energy is delivered per unit length of the kerf, limiting 

the extent of thermal degradation and material removal, and resulting in a shallower kerf. 

 

 
       A                                                   B                                                     C 

Figure 3. Variation in kerf depth (zmax) as a function of (A) the focal position relative to the 

workpiece surface (ΔF), (B) the laser beam scanning (feed) rate (Vf), and (C) the laser beam power 

(P) for solid beech wood (Fagus sylvatica L.) specimens. 

 

 

CONCLUSION 
 

1. Laser beam power (P) exerted the greatest influence on kerf depth (zmax), with 

increasing power resulting in a substantial increase in kerf depth. The statistically 

significant quadratic effect of laser power indicates a nonlinear relationship and the 

existence of an optimal operating range, beyond which further increases in power do not 

produce a proportional increase in kerf depth. 

2. The laser beam scanning (feed) rate (Vf) and the focal position (ΔF) exhibited 

statistically significant linear effects on the maximum kerf depth (zmax). An increase in 

the feed rate reduced the kerf depth because of the shorter interaction time between the 

laser beam and the material, whereas proper positioning of the focal point ensured a 

higher energy density at the cutting zone, resulting in more efficient laser penetration 

into the wood. 

3. The optimal conditions for achieving the maximum kerf depth (zmax) in solid beech 

wood (Fagus sylvatica L.) were obtained at a focal position of ΔF ≈ −1.5 mm, a feed 

rate of Vf = 9 mm.s-1, and a laser beam power of P ≈ 88 W. Under this combination of 

parameters, the model predicted a maximum kerf depth of approximately 9.5 mm, 

which is in close agreement with the maximum experimentally measured value of 9.3 

mm. 
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MECHANISMS OF SURFACE IRREGULARITIES IN CNC-

MILLED SOLID WOOD AND WOOD COMPOSITE MATERIALS 

 

 

Lukáš Adamčík – Richard Kminiak – Adrián Banski  
 

Abstract 
This study investigates the influence of feed speed and rotational speed on the surface 

quality of CNC-milled solid wood (spruce, oak, and beech wood) and birch plywood. 

Milling experiments were performed on a 5-axis CNC machining centre using a solid 

carbide spiral mill. Surface roughness was evaluated with a Keyence VHX-7000 digital 

microscope, complemented by microscopic observations of machining defects. Feed speed 

was identified as the dominant factor affecting surface irregularities, whereas higher 

rotational speeds generally improved the machined surface. Microscopic analysis revealed 

that protruding fibres, cutter marks, and material anatomy were the primary sources of 

surface defects.  

 

Key words: surface roughness; microscopic analysis; CNC milling; solid wood; VHX-

7000 

 

 

INTRODUCTION 
 

CNC milling of solid wood and wood-based materials is widely used in modern 

manufacturing. Surface quality can be evaluated from both macroscopic and microscopic 

perspectives, as machining defects reduce the aesthetic appearance and functional 

performance of the final product. Macroscopic defects mainly include fibre tear-out, 

splintering, and delamination, particularly in plywood and laminated wood-based materials 

(Babu et al., 2015). Their occurrence depends on several factors, including tool geometry, 

milling strategy, fibre orientation, feed speed, rotational speed, feed per tooth, and the 

mechanical properties of wood such as density, hardness, and anisotropy (Garrido et al., 

2024). At the microscopic level, machining quality is characterised by surface irregularities, 

including roughness and waviness. Typical milling defects include kinematic tool marks, 

local fibre tearing, and surface fuzziness (Brenci and Gurău, 2024). Numerous studies have 

shown that feed speed is a dominant technological factor affecting surface roughness and 

waviness, primarily through its influence on feed per tooth (Aykac and Sofuoglu, 2021; 

Gochev, 2018; Pinkowski et al., 2024). Increasing feed per tooth generally increases 

surface roughness. Rotational speed usually has the opposite effect by improving surface 

quality through higher cutting speeds (Demir et al., 2022), although excessive rotational 

speeds may increase vibration and consequently worsen the machined surface (Vitchev and 

Gochev, 2018).  

The present study investigates the influence of feed speed and rotational speed on the 

surface roughness and waviness of spruce, oak, and beech during CNC milling. Besides 
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evaluating selected roughness and waviness parameters, microscopic analysis is used to 

identify the dominant machining defects.  

 

 

MATERIAL AND METHODS 
 

Sample preparation 

 

The experiment was conducted on two groups of wood materials: native wood and 

plywood. Native wood was represented by Norway spruce (Picea abies L.), European 

beech (Fagus sylvatica L.), and oak wood (Quercus robur L.), representing softwood, 

diffuse-porous hardwood, and ring-porous hardwood, respectively. In addition, 13-layer 

birch plywood (18 mm thickness, BB quality) was included to compare the influence of 

machining parameters on a wood-based composite material. The plywood panels (1525 mm 

× 1525 mm) were conditioned until reaching an equilibrium moisture content of 

approximately 8 – 10%. Solid wood boards were kiln-dried (12 ± 3%) and conditioned to 

an equilibrium moisture content of approximately 9%. Test specimens measuring 20 mm × 

70 mm × 400 mm were prepared from solid wood and 18 × 70 × 400 mm from plywood.  

 

CNC milling of the samples  

  

CNC milling was performed on a 5-axis SCM Tech Z5 machining centre (SCM Group, 

Rimini, Italy). A Klein T143 solid carbide finishing spiral end mill (Sistemi S.r.l., Pesaro, 

Italy) with a diameter of 20 mm, three cutting edges, and a positive helix was used 

throughout the experiment. The positive helix promoted upward chip evacuation and 

improved the quality of the machined edge. Finishing milling was performed in climb-

cutting mode with a radial depth of cut of 1 mm. A full factorial design was applied with 

two machining factors: feed speed (10 m·min⁻¹, 14 m·min⁻¹, and 18 m·min⁻¹) and rotational 

speed (16,000 rpm and 20,000 rpm). Each combination was repeated six times for each 

wood species, resulting in 162 specimens.  

 

Surface irregularities measurements  

 

Before measurement, the machined surfaces were cleaned using compressed air to remove 

loose particles without affecting the surface morphology. Surface quality was evaluated 

using a Keyence VHX-7000 digital microscope (Keyence Corporation, Osaka, Japan), 

which enabled both three-dimensional optical surface measurement and microscopic 

observation of machining defects. Measurements were performed using λc = 2.5 mm and λs 

= 8 μm filters. For each specimen, five surface areas (2.5 mm × 18 mm) were scanned, and 

four profile traces were evaluated from every scanned image, resulting in twenty 

measurements per specimen.  

 

 

RESULTS AND DISCUSSION 
 

Surface irregularities measurements 

  

Table 1 demonstrates that increasing rotational speed generally resulted in a significant 

reduction in surface roughness in both measurement directions, which is consistent with 
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previous studies (Demir et al., 2022). This behaviour is primarily attributable to the 

reduction in feed per tooth as rotational speed increases. Consequently, the cutting load 

decreases, resulting in a smoother machined surface. (Pinkowski et al., 2024) observed that 

increasing rotational speed decreases chip thickness, leading to lower Ra values. At higher 

rotational speeds, finer and smaller chips are produced, which have been identified as 

another important factor contributing to improved surface finish. The formation of smaller 

chips promotes more gradual material removal and reduces the occurrence of pronounced 

surface irregularities. In addition, increasing rotational speed proportionally increases 

cutting speed, which has also been shown to reduce surface roughness (Yu et al. 2023a,b). 

According to the results in Table 1, the Ra parameter decreased with increasing rotational 

speed and increased with increasing feed speed. The lowest values of these parameters were 

obtained at a rotational speed of 16,000 rpm and a feed speed of 10 m·min⁻¹, whereas the 

highest values occurred at the same rotational speed with a feed speed of 18 m·min⁻¹.  

Table 1. Values of the surface roughness parameters of plywood at different feed speeds 

and rotational speeds (values in parentheses represent standard deviation) 

Material 
Feed Speed 

(m·min-1) 

Rotational Speed 

(rpm) 
Ra (µm) Rz (µm) Rp (µm) Rv (µm) 

Plywood 10 16,000 
12.6 60.05 26.79 33.26 

(1.90) (12.48) (4.48) (10.02) 

Plywood 10 20,000 
10.9 51.20 22.34 28.85 

(1.41) (10.70) (4.13) (8.24) 

Plywood 14 16,000 
12.42 68.86 30.49 38.37 

(2.27) (14.62) (6.69) (9.86) 

Plywood 14 20,000 
12.30 63.46 27.70 35.76 

(1.68) (10.64) (4.72) (8.36) 

Plywood 18 16,000 
15.73 84.04 37.00 47.04 

(2.94) (20.02) (9.32) (14.79) 

Plywood 18 20,000 
13.8 67.53 31.1 36.52 

(2.59) (15.47) (7.05) (10.95) 

 
The results presented in Table 2 indicate that the highest surface roughness was obtained 

for spruce wood at a rotational speed of 16,000 rpm and a feed speed of 18 m·min⁻¹. This 

behaviour can be explained by the relatively low density of spruce, which promotes the 

formation of protruding fibres and surface fuzziness during CNC milling. The effect 

became increasingly evident at higher feed speeds, where roughness increased markedly. In 

contrast, the smoothest surface was achieved for oak wood at a feed speed of 10 m·min⁻¹ 

and a rotational speed of 20,000 rpm. Denser wood species generally produced smoother 

machined surfaces. Accordingly, the measured roughness values followed the density of the 

investigated species, with oak exhibiting the lowest roughness, followed by beech and 

spruce. For all wood species, surface roughness increased with increasing feed speed, 

whereas a slight reduction was generally observed with increasing rotational speed. 

Statistical analysis confirmed that feed speed had a significant effect on surface roughness 

in most cases, while the influence of rotational speed was considerably weaker. The 

increase in roughness with feed speed is consistent with the fundamental principles of wood 

machining. Higher feed speeds result in a greater feed per tooth, causing each cutting edge 

to remove a larger volume of material and generating higher cutting forces. Consequently, 

the cutting tool is subjected to greater mechanical loading and vibration, which promotes 

the formation of more pronounced surface irregularities. This trend was reflected in both 

the Ra and Rz roughness parameters, indicating not only an increase in average roughness 
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but also in the height of surface irregularities. Microscopic examination further revealed 

that higher feed speeds intensified machining marks and surface fuzziness, confirming 

these mechanisms as the dominant factors affecting surface roughness during CNC milling. 

 

Table 1. Values of the surface roughness parameters of oak, beech, and spruce wood at 

different feed speeds and rotational speeds (values in parentheses represent standard 

deviation) 

Material 
Feed Speed  

(m·min-1) 
Rotational Speed (rpm) 

Ra 

(µm) 

Rz 

(µm) 

Rp 

(µm) 

Rv 

(µm) 

Oak 10 16,000 
5.41 

(1.98) 

21.18 

(6.40) 

6.78 

(1.89) 

14.39 

(4.71) 

Oak 10 20,000 
4.96 

(2.07) 

19.40 

(7.93) 

6.05 

(2.06) 

13.35 

(6.29) 

Oak 14 16,000 
5.73 

(1.81) 

23.86 

(7.48) 

8.42 

(2.33) 

15.46 

(5.33) 

Oak 14 20,000 
5.69 

(1.82) 

22.86 

(7.19) 

7.76 

(2.34) 

15.12 

(5.36) 

Oak 18 16,000 
6.72 

(1.43) 

29.55 

(8.31) 

11.11 

(2.47) 

18.44 

(6.38) 

Oak 18 20,000 
6.46 

(1.77) 

28.64 

(9.87) 

9.74 

(2.66) 

18.90 

(7.86) 

Spruce 10 16,000 
5.55 

(2.08) 

23.34 

(8.60) 

9.80 

(5.20) 

13.63 

(4.51) 

Spruce 10 20,000 
5.71 

(1.92) 

24.11 

(8.12) 

9.89 

(4.75) 

14.06 

(4.41) 

Spruce 14 16,000 
7.78 

(2.81) 

36.08 

(16.55) 

15.81 

(10.79) 

20.14 

(7.74) 

Spruce 14 20,000 
6.85 

(2.23) 

31.44 

(12.24) 

14.51 

(8.74) 

16.95 

(4.80) 

Spruce 18 16,000 
8.19 

(2.94) 

37.66 

(17.81) 

16.75 

(12.22) 

20.93 

(7.24) 

Spruce 18 20,000 
7.49 

(2.98) 

34.92 

(16.81) 

16.33 

(11.36) 

18.35 

(7.55) 

Beech 10 16,000 
6.39 

(1.29) 

26.56 

(4.73) 

9.78 

(2.58) 

16.77 

(3.11) 

Beech 10 20,000 
6.36 

(1.87) 

27.20 

(8.05) 

9.45 

(3.05) 

17.72 

(5.56) 

Beech 14 16,000 
6.64 

(1.41) 

28.80 

(5.59) 

10.84 

(2.75) 

17.90 

(3.71) 

Beech 14 20,000 
7.22 

(1.39) 

31.68 

(5.84) 

11.56 

(2.83) 

20.04 

(4.28) 

Beech 18 16,000 
7.40 

(1.53) 

32.52 

(6.64) 

11.69 

(3.10) 

20.81 

(4.54) 

Beech 18 20,000 
7.46 

(1.56) 

33.25 

(6.39) 

11.45 

(2.63) 

21.76 

(4.56) 

 
 

Microscopic analysis of the milled surface 

 

Microscopic analysis confirmed the trends observed in the roughness measurements. Under 

the least favourable machining conditions (16,000 rpm and 18 m·min⁻¹), the machined 

surfaces of solid wood and plywood were characterised by pronounced fuzziness, 
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protruding fibres, and kinematic ripples produced by the cycloidal motion of the cutting 

edge (Fig. 1a – 1d). These defects explain the increase in R-parameters values and the 

deterioration of surface quality with increasing feed speed. Although higher rotational 

speed generally improves surface finish. In contrast, the combination of high rotational 

speed and low feed speed produced the smoothest surface, with fewer protruding fibres and 

reduced ripple height due to the lower feed per tooth. For spruce wood, microscopy 

revealed that the highest roughness resulted primarily from fibre pull-out and surface 

fuzziness. Consequently, spruce wood exhibited the highest roughness among all 

investigated materials due to surface fuzziness located in the earlywood zone. Oak wood 

showed lower surface roughness than beech despite the presence of characteristic 

earlywood vessels. Under unfavourable machining conditions, cutter marks and surface 

fuzziness were still visible; however, their intensity was lower than in beech wood, likely 

due to the higher density of oak wood. Under the optimal machining conditions (20,000 

rpm and 10 m·min⁻¹), the characteristic ripples were substantially reduced, and tool marks 

became visible only under microscopic observation. In the case of plywood, the unevenness 

was mainly caused by the height difference between the cross and lengthwise veneers. It 

was also caused by the tearing of wood fibres from the cross veneer. 

 

 
 

Fig. 1 Microscopic analysis of the milled surface of spruce wood (A), beech wood (B), oak 

wood (C), and plywood (D) at the feed speed of 18 m·min-1 and at the rotational speed of 

16,000 rpm  

 

 

CONCLUSION 
 

This study investigated the effects of feed and rotational speeds on the surface roughness of 

CNC-milled spruce, beech, oak, and birch plywood. The results confirmed that feed speed 

was the dominant machining parameter affecting surface quality, while the influence of 

rotational speed was less pronounced within the investigated range. Increasing feed speed 

increased all evaluated roughness parameters due to higher feed per tooth, greater cutting 

forces, and more intensive formation of machining defects. 

Microscopic analysis demonstrated that the deterioration of surface quality was mainly 

associated with kinematic tool marks, protruding fibres, and surface fuzziness. These 

defects were particularly pronounced in spruce, probably because of its lower density, 
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whereas oak produced the smoothest surfaces owing to its higher density and greater 

resistance to fibre deformation. For plywood, the measured roughness reflected the 

combined influence of surface fuzziness and height differences between longitudinal and 

transverse veneer layers, resulting in different behaviour of some amplitude parameters. 

Overall, the combination of a low feed speed (10 m·min⁻¹) and a high rotational speed 

(20,000 rpm) provided the best surface quality for all investigated materials. The findings 

contribute to a better understanding of the mechanisms responsible for the formation of 

surface irregularities during CNC milling and provide practical guidance for selecting 

machining parameters to improve surface quality in both solid wood and wood-based 

composite materials. 
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COLOR HOMOGENIZATION OF PINE WOOD BY PRESSURE 

STEAMING 
 

 

Adrián Banski – Lukáš Nemec – Ján Šustek 
 

Abstract   
This study evaluates the color homogenization of pine (Pinus sylvestris L.) sapwood and 

heartwood pressure steaming. Lumber was treated at 105°C and 120 °C for 6 and 18 h, 

and evaluated using the color space CIE L*a*b*.  Both parameters significantly affected 

all color coordinates, with temperature being the dominant factor. Steaming accelerated 

darkening and increased redness (a*). Mode I (105°C) at 18h proved optimal for visual 

homogenization. At this point, the lightness confidence intervals of sapwood (71.0 ± 0.9) 

and heartwood (73.9 ± 1.5) overlap, rendering the macro-anatomical boundary 

indistinguishable to the human eye. Due to different chemical sensitivities, customized 

industrial control is essential for uniform surface quality. 

                        

Key words: pine wood, sapwood, heartwood, saturated water steam, color wood, total 

color difference 

 

 

INTRODUCTION 
 

Pine wood (Pinus sylvestris L.) represents a cornerstone raw material for the European 

woodworking sector. Its widespread industrial utilization is driven not only by its 

abundance within our climatic zone, but also by its distinct microstructural and chemical 

attributes (Fengel – Wegener, 2003). These properties render it an excellent substrate for 

advanced technological processing and surface treatment applications. Within the coating 

industry, pine serves as an essential model for investigating the interactions between natural 

wood texture and rigorous industrial specifications. The macroscopic architecture of pine 

wood is defined by a sharp anatomical differentiation between the sapwood and heartwood 

zones (Fengel and Wegener, 2003; Rowell 2012). While the sapwood exhibits high 

permeability, making it ideal for deep impregnation, the heartwood region is characterized 

by the accumulation of secondary metabolites (Hill 2006; Ekeberg et al., 2006). This 

elevated concentration of resins and hydrophobic extractives within the core forms a natural 

diffusion barrier, which substantially alters sorption behavior and can compromise the 

adhesion of coating systems (Budakçı et al.,2019; Bergström 2003). 

The density and distinctive structural pattern of the pine matrix dictate both the aesthetic 

value of the surface and its optical permanence. Reflectance and color fastness are directly 

governed by the photochemical stability of the lignin-carbohydrate complex. Consequently, 

maintaining the visual integrity of the wood surface depends on the chemical resistance of 

its macromolecular constituents, particularly the stability of lignin against ultraviolet (UV) 

photo-degradation and oxidative reactions (George et al.,2005; Tolvaj et al., 2005). 
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Wood steaming is a controlled process of exposing the material to saturated water steam 

in pressure devices (autoclaves). The primary goal of this technology is to optimize 

rheological properties, eliminate internal stresses, and achieve color homogeneity of wood. 

When exposed to temperatures in the range of 100–140 °C, partial hydrolysis of cell wall 

biopolymers occurs. The process is initiated by the degradation of hemicelluloses 

associated with the release of water-soluble extractive substances. The kinetics of these 

transformations is determined by the thermal mode and exposure, leading to the progressive 

decomposition of polysaccharides. The autocatalytic effect of the re-leased acetic and 

formic acids induces the oxidation of carbohydrates and pectins; subsequent dehydration of 

pentoses produces 2-furaldehyde (Fengel and Wegener, 2003; Sundqvist 2006; Hill 2006; 

Wilems et al., 2015; Vilkovský et al. 2022; Dzurenda 2024). 

Color performance stands as a primary physical-aesthetic parameter governing the 

utilization of wood in interior architecture and furniture manufacturing. The resulting visual 

appearance is determined by the presence of chromophoric groups in the lignin, tannins, 

and specific extractive compounds distributed throughout the cellular matrix (Tolvaj et al., 

2009; Molnár et al., 2009). 

The aim of this study is to investigate the color changes of pine sapwood and heartwood 

during the technological process of steaming with saturated water vapor at temperatures 

from 105 °C to 125 °C for 18 hours. Also, to evaluate the total color difference (∆E*) in the 

CIE L*a*b* color space recorded during the steaming process and to demonstrate the effect 

of steaming on achieving color uniformity between sapwood and heartwood. 

 

 

MATERIALS AND METHODS 
 

For the research, 25 pine trunks with a length of 6.3 m with a clearly visible sap-wood and 

heartwood zone (Fig.1) were selected from the Štiavnické vrchy locality (GPS. 

48.4161247N, 18.8593111E, Central Slovakia region). 

 

                                       
Figure 1. View of the front cut of pine wood before sawing (left), view of the sawn lumber 

before entering the autoclave (right). 

 

 

The center lumber with a width of 300–400 mm and a thickness of 50 mm was produced by 

cutting along the edge, which was subsequently divided into two asymmetric parts by 

longitudinal sawing. By transverse shortening of these parts, a 2 m long lumber was 

produced, which was randomly divided into 5 groups. The semi-finished products of the 1st 

group, in the number of 15 pieces, were not steamed. The other semi-finished products 

were steamed in mode I/t = 105 °C and pressure p = 0.12 MPa; and in mode II/t = 125 °C 

and pressure p = 0.23 MPa. Individual groups of steamed semi-finished products were 

taken from the pressure autoclave after τ = 6 h and τ = 18 h of steaming. The technological 
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process was carried out in a pressure autoclave APDZ 240 (Himmasch AD, Chaskovo, 

Bulgaria) in the company Sundermann s.r.o. in Banská Štiavnica (Slovakia). The conditions 

for steaming pine core wood in a saturated water vapor environment, including the time 

intervals for sampling individual groups of steamed semi-finished products, are shown in 

the diagram in Fig. 2. 

 

 
 

Figure 2. Diagram of the process of steaming pine wood. 

 

Table 1. Technological conditions for steaming wood. 

Steaming modes tmin tmax t4 

Time of the technological process of steaming 

wood 

Mode I 102.5 107.5 100 
τ1 = 6 h τ2 = 12 (+0.5a) h 

Mode II 117.5 122.5 100 

 Note: a After the specified period of wood treatment, exactly according to the specified diagram (course), 0.5 h 

must be added to the basic steaming time of pine wood. This time between individual treatment periods serves to 
reduce the pressure and for safe opening of the autoclave and manipulation when selecting one group of treated 

semi-finished products from the autoclave, closing and pressurizing the autoclave with saturated water steam. 

 

The surface chromatic parameters of native and steamed pine wood samples were 

determined in the three-dimensional color space CIE L*a*b* using a tristimulus 

colorimeter Color Reader CR-10 from Konica Minolta, Japan. This color system, which co-

vers the entire range of human perception, is based on the Hering model of opposing colors, 

where the L* coordinate defines lightness in the range from 0 for black to 100 for white. 

The a* chromatic axis represents the relative position between green and red, with negative 

values indicating a shift towards green and positive values towards red, while the b* axis 

expresses the relationship between blue and yellow, with negative numbers pointing 

towards blue and positive numbers pointing towards yellow. The measurement was 

performed using a normalized D65 light source through an 8 mm optical sensor hole, and 

data were recorded on the radial surfaces of the pine samples before and after the steaming 

process. Due to the nature of the transformations, this space is characterized as a chromatic 

value color space, which allows even subtle visual changes in wood color to be accurately 

quantified. The total color difference was calculated using the following equation: 
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Where: L*1, a*1, b*1 values in the color space coordinates of the surface of dried milled 

native wood; 

L*2, a*2, b*2 values in the color space coordinates of the surface of dried milled 

steamed wood. 
 

 

RESULTS AND DISCUSSION 

 

In the color space CIE L*a*b*, untamed dry pine sapwood exhibits a highly luminous, 

whitish-yellow shade, defined by the coordinate parameters: L* = 84.8 ± 1.5; a* = 7.9 ± 

1.0; b* = 21.9 ± 0.9 (Tab. 2). Conversely, the inherent coloration of pine heartwood 

displays a marginally deeper and more intense reddish-yellow tint, which is quantified by 

the following color space values: L* = 82.9±1.5; a* = 9.3±1.1; b* = 23.8±1.1 (Tab. 3). 

These baseline measurements align with previously documented optical profiles typical for 

heartwood-forming conifers (Meints et al. 2017; Suchta et al., 2024). Subjecting pine wood 

to hydrothermal treatment triggers substantial modifications in both its physical and 

chemical attributes. The overall kinetics and the degree of color development in the 

steamed material are crucially governed by the treatment temperature, processing time, and 

the respective anatomical region (sapwood/heartwood), as illustrated in Fig. 3. 
 

 
Figure 3. The color of pine wood in the steaming process. 

 

Detailed information on the development of pine wood color coordinates during steaming 

focusing on the lightness coordinate L*, red chromaticity a*, and yellow chromaticity b* is 

comprehensively summarized in Table 3 for pine sapwood and Table 3 for pine heartwood. 

 

Table 2. Average values of the color of pine sapwood in the color space CIE L*a*b* (mean 

± SD). 

Pine sapwood 

Number of 

measurements 

         [-] 

Steaming 

Time 

        [h] 

Values in the Color Space CIE L*a*b* 

L* a* b* 

Unsteamed 60 0 84.8 ± 1.5 7.9 ± 1.0 21.9 ± 0.9 

Steamed Mode 

I./tI = 105 ± 

2.5°C 

60 6 82.5 ± 1.0 9.3 ± 0.9 23.6 ± 0.8 

60 18 71.0 ± 0.9 10.5 ± 0.8 25.2 ± 0.7 

Steamed Mode 

II./tII = 120 ± 

2.5°C 

60 6 72.8 ± 1.1 10.9 ± 0.9 25.7 ± 1.0 

60 18 61.1 ± 0.9 14.4 ± 0.7 26.8 ± 0.8 
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Table 3. Average values of the color of pine heartwood in the color space CIE L*a*b* 

(mean ± SD). 

Pine sapwood 

Number of 

measurements 

           [-] 

Steaming 

Time 

      [h] 

Values in the Color Space CIE L*a*b* 

L* a* b* 

Unsteamed 60 0 82.9 ± 1.5 9.3 ± 1.1 23.8 ± 1.1 

Steamed Mode 

I./tI = 105 ± 

2.5°C 

60 6 80.4 ± 1.6 11.4 ± 0.9 25.0 ± 1.0 

60 18 73.9 ± 1.5 11.9 ± 0.8 26.6 ± 0.9 

Steamed Mode 

II./tII = 120 ± 

2.5°C 

60 6 73.8 ± 1.5 12.5 ± 0.9 26.7 ± 1.2 

60 18 67.7 ± 1.6 13.6 ± 0.7 27.4 ± 1.0 

 

The experimental data for untamed and hydrothermally modified pine wood within the 

color space CIE L*a*b*, as detailed in Tab. 2 and Tab. 3, demonstrate that steaming 

temperature and duration exert a profound influence on the materials final visual 

appearance. The baseline lightness (L*) of the reference wood varied by anatomical zone; 

sapwood displayed a higher initial lightness (L* = 84.8±1.5) than heartwood (L* = 82.9 

±1.5), representing an inherent difference of 2.24%.Under Mode I conditions (105 °C), a 6h 

exposure reduced the lightness of sapwood by 2.71% (dropping to 82.5) and heartwood by 

3.02% (dropping to 80.4). Extending this treatment to 18 hours resulted in a cumulative 

lightness reduction of 16.27% in sapwood (L* = 71.0) and 10.86% in heartwood (L* = 

73.9). In Mode II (120 °C), the elevated thermal energy accelerated the darkening kinetics. 

After just 6 h, the L^ values fell by 14.15% in sapwood (L* = 72.8) and by 10.98% in 

heartwood (L* = 73.8). At the 18h mark, the total decrease reached 27.95% for sapwood 

(L* = 61.1±0.9) and 18.34% for heartwood (L* = 67.7±1.6). The chromatic coordinate a* 

(redness) exhibited a linear upward trend across both anatomical zones, visually reflecting a 

shift toward warm brown hues. Unmodified heartwood possessed an initial red component 

17.72% higher (a* = 9.3) than that of sapwood (a* = 7.9). Following an 18h exposure in 

Mode II, the a* value surged by 82.28% in sapwood (reaching 14.4 ± 0.7) and by 46.24% 

in heartwood (reaching 13.6±0.7). Concurrently, the yellowness coordinate (b*) increased 

steadily under both treatment modes. In Mode II after 18 h, sapwood b* values shifted 

upward by 22.37% (from 21.9 to 26.8±0.8), while heartwood values recorded a total 

increase of 15.13% (from 23.8 to 27.4±1.0).Analysis of variance (ANOVA) confirmed that 

both "steaming temperature" and "exposure time" have a statistically highly significant 

impact (p < 0.001) on all three color coordinates (L*, a*, b*). Lightness (L*): Post-hoc 

testing indicated that the decrease in sapwood lightness between 6 h (L* = 82.5) and 18 h 

(L* = 71.0) in Mode I is statistically significant (p < 0.05), with an even more pronounced 

statistical shift observed under Mode II (120 °C).Chromaticity (a* and b*): Regarding the 

a* coordinate in heartwood, the analysis revealed that the difference between the 6h (a* = 

11.4) and 18 (a* = 11.9) intervals in Mode I is not statistically significant (p > 0.05). This 

indicates that prolonged steaming at 105 °C does not significantly increase the red hue 

fraction in heartwood. Conversely, Mode II (120 °C) yielded a statistically significant 

increase to 13.6±0.7, confirming that higher thermal thresholds are required to trigger 

deeper chemical alterations in heartwood chromaticity. Although the mean L* values of 

sapwood and heartwood were significantly different in their native state (t-test; p < 0.05), 

an intersection of their statistical profiles occurred after 18 h of treatment in Mode I. The 

overlapping confidence intervals of sapwood (71.0±0.9) and heartwood (73.9±1.5) 
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mathematically define this parameters as the optimal point of visual homogenization, where 

the human eye can no longer differentiate the macro-anatomical boundary between the two 

zones (Meints et al. 2017; Klement et al., 2018; Suchta et al., 2024). 
 1 

     2 
 

Figure 4. 3D graphs of total color difference of heartwood (left), sapwood (right). 

 

 

CONCLUSIONS 
 

In this study, the effects of pressure steaming parameters (temperature and time) on 

moisture dynamics, color coordinates of pine sapwood and heartwood (Pinus sylvestris L.) 

were comprehensively evaluated. Based on experimental results and statistical analyses, the 

following main conclusions can be formulated. 

Increasing the steaming temperature from 105°C to 120°C and extending the time to 18 h 

significantly accelerated the wood darkening process. While in the native state there is a 

demonstrable optical difference between sapwood and heartwood, mode I (105°C) at 18 h 

exposure represents the optimal technological point for visual homogenization. At this 

point, the lightness confidence intervals (L*) overlap, making the human eye unable to 

perceive the boundary between the sapwood and heartwood zones. 

Since heartwood and sapwood show different chemical sensitivity and different maxima of 

total color difference (ΔE*), it is essential to approach both zones individually in industrial  

management to ensure optimal adhesion of subsequent coating systems and surface quality. 
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EVALUATION OF NOISE EXPOSURE AND CUTTING-ZONE 

TEMPERATURE IN CNC PROCESSING OF PLYWOOD 
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Jana Richvalská – Jarmila Schmidtová – Miroslav Němec 
 

Abstract 
This paper addresses noise exposure and cutting-zone temperature in the tool–workpiece 

interaction zone at the TECH Z5 CNC machining centre operated at the Technical 

University in Zvolen. The study evaluates the equivalent A-weighted sound pressure level in 

the operator’s working area and the temperature in the tool–workpiece interaction zone 

under selected feed rates and depths of cut at a constant spindle speed during milling of 

plywood. The equivalent A-weighted sound pressure level was measured by a single-

channel arrangement and cutting-zone temperature was monitored by a non-contact 

method. The proposed approach enables a joint comparison of acoustic and thermal 

process responses under identical technological conditions. A measurable increase in 

equivalent sound pressure levels and temperature was observed with increasing depth of 

cut, while the influence of feed rate was not strictly linear under the tested conditions. The 

results are presented in a generalized form and provide a basis for further optimization of 

operating modes with respect to workplace safety and process loading.  

 

Keywords: CNC machining centre; noise exposure; cutting-zone temperature; 

occupational noise 

 

 

INTRODUCTION 
 

The operation of CNC machining centres is associated with noise that may represent a 

health risk during long-term exposure (Axelsson et al., 1987). Occupational noise 

assessment can be performed according to STN EN ISO 9612 (2025). In addition to noise 

exposure, the thermal loading of the cutting zone is an important technological aspect of 

CNC machining. Heat generated by friction and material deformation affects tool loading, 

process stability, and surface quality (Igaz et al., 2018; Guimarães et al., 2022). For this 

reason, assessment of machining conditions should include both acoustic and thermal 

aspects. However, acoustic and thermal responses are often evaluated separately, although 

their combined monitoring may provide a more comprehensive indication of process 

loading during CNC machining. 

The selected TECH Z5 CNC machining centre (Figure 1) was used for milling operations. 

Noise at this workplace is generated mainly during active machining, axis movement, and 

auxiliary operations. During milling, heat is generated in the cutting zone, and the resulting 

temperature depends on the combination of machining parameters, material properties, and 

tool geometry. Previous studies indicate that spindle speed, feed rate, and depth of cut may 
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influence both acoustic emission and thermal loading in the process (Kminiak et al., 2023; 

Igaz et al., 2018; Nasir et al., 2020; Guimarães et al., 2022).  

The aim of this paper is to evaluate the noise exposure of a CNC machine operator in three 

selected model work scenarios during plywood machining. The assessment is 

complemented by monitoring the cutting-zone temperature as an indicator of thermal 

process loading under the evaluated cutting conditions. 

 

 

Figure 1 CNC machining center SCM TECH Z5 

 

 

MATERIAL AND METHODS 
 

Measurements of the equivalent A-weighted sound pressure level under different operating 

conditions were carried out in the Development Workshops and Laboratories of the 

Technical University in Zvolen. The measurement was performed under conditions 

corresponding to the normal operation of the workplace so that the results would reflect the 

real working environment as closely as possible. The Brüel & Kjær Type 2270 (Figure 2) 

sound level meter was used to measure the sound pressure level. Before the measurement, 

the sound level meter was calibrated using a Brüel & Kjær 4231 calibrator, and after the 

measurement, a control calibration was performed. 

  

 

Figure 2 Measuring device with microphone and microphone cover 

 

The machined material was a plywood board. The cutting conditions corresponded to 

practical operating modes and included selected levels of feed rate, depth of cut, and 

spindle speed during finishing. The experiment was designed as a broader set of machining 

tests; however, the present contribution reports only a partial evaluation focused on a 

selected reference spindle speed. The material is wood-based and can be processed under 

normal milling conditions. A monolithic spiral cutter with a positive helix angle and a 

diameter of 20 mm was used as the tool, and the selected process parameters were 

determined in cooperation with CNC machine operators so that they reflected commonly 

applied finishing regimes. For the combined evaluation of the equivalent sound pressure 
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level at the operator’s workstation and cutting-zone temperature, the measurements were 

evaluated at a spindle speed of 9,000 min⁻¹. The cutting parameters are given in Table 1. 

 

Table 1 Evaluated milling parameters 

Parameter Value 

Feed rate (vf) (m·min–1) 5; 7; 10 

Depth of cut (u) (mm) 1; 2; 3 

Spindle speed (n) (min-1) 9,000 

Milling direction Conventional milling 

Milling strategy Finishing 

 

The microphone was placed at a height of approximately 1.5 m above the floor in the 

vicinity of the CNC operator’s workstation so that its position corresponded to the 

approximate height of the worker’s ear. The measurement and subsequent evaluation of 

noise exposure were performed in accordance with the STN EN ISO 9612 (2025) standard.  

Based on the experimentally obtained data, three model work scenarios were created to 

represent selected 8-hour work shifts of a CNC machine operator. Each scenario consisted 

of 7.5 hours of work divided into three 2.5-hour work blocks and a 30-minute lunch break 

without noise exposure. The scenarios were defined by constant feed rates of 5 m·min⁻¹, 

7 m·min⁻¹, and 10 m·min⁻¹. Within each scenario, the depth of cut was varied between 

1 mm, 2 mm, and 3 mm in the individual work blocks, while the spindle speed remained 

constant at 9,000 min⁻¹. Each machining condition was measured repeatedly 9-times, and 

the evaluation of daily noise exposure followed the task-based strategy defined in STN EN 

ISO 9612. The definition of operating conditions and model work scenarios was based on 

previous experimental measurements carried out at the same CNC workstation by 

Moravčíková (2026). 

Temperature in the tool–workpiece interaction zone was monitored by a non-contact 

method using infrared sensing on the machined material surface (Figure 3) (Igaz et al., 

2018; Guimarães et al., 2022). This made it possible to compare cutting-zone temperature 

with acoustic response under the same operating conditions. Repeated measurements were 

carried out for different combinations of feed rate and depth of cut, and the maximum 

temperature in the tool–workpiece interaction zone was evaluated. 

 

 

Figure 3 Schematic model of non-contact temperature measurement in the tool–workpiece 

interaction zone during CNC machining 
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RESULTS AND DISCUSSION 
 

Sound pressure level measurements were performed in the operator’s working area to 

assess the acoustic conditions directly relevant to worker exposure. The microphone 

position corresponded approximately to the height of the operator’s ear; therefore, the 

evaluation reflects the acoustic conditions to which the worker was exposed during CNC 

machining. 

A more detailed analysis (Figure 4 Dependence of the equivalent sound pressure level on 

the feed rate at different depths of cutFigure 4) showed that the lowest equivalent A-

weighted sound pressure level, 81.3 dB, was recorded at the smallest depth of cut (1 mm) 

and a feed rate of 7 m·min⁻¹. At this depth of cut, the values ranged narrowly between 81.3 

dB and 82.0 dB, indicating only limited variation in sound pressure level. With an increase 

in the depth of cut to 2 mm, the sound pressure level increased, reaching values between 

84.1 dB and 84.9 dB. A moderate increase was observed particularly at a feed rate of 7 

m·min⁻¹, which may be associated with less favourable cutting conditions and a more 

intensive cutting process. The highest sound pressure levels were recorded at the maximum 

depth of cut (3 mm), where the sound pressure level ranged from 84.3 dB to 85.4 dB. The 

maximum value of 85.4 dB was again observed at a feed rate of 7 m·min⁻¹. The influence 

of feed rate was not strictly linear under the tested conditions, as the highest sound pressure 

level was not recorded at the maximum feed rate of 10 m·min⁻¹, but rather at the 

intermediate value of 7 m·min⁻¹. 

 

 

Figure 4 Dependence of the equivalent sound pressure level on the feed rate at different 

depths of cut 

 

Overall, the measured sound pressure levels varied depending on the selected combination 

of feed rate and depth of cut under the tested operating conditions (Moravčíková, 2026). In 

accordance with STN EN ISO 9612, the daily noise exposure level of the operator was 

calculated for an 8-hour working shift under three model scenarios with constant feed rates 

and varying depths of cut (Table 2). For a feed rate of 5 m·min⁻¹, the daily noise exposure 

level was LAEX,8h = 83.3 dB. For a feed rate of 7 m·min⁻¹, the daily noise exposure level 

increased to LAEX,8h = 83.9 dB, while for a feed rate of 10 m·min⁻¹ it was again LAEX,8h = 

83.3 dB. When the expanded measurement uncertainty of 2.1 dB was included, the 

corresponding assessment values ranged from 85.4 dB to 86.0 dB. 
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Table 2 Daily noise exposure levels and assessment values including expanded 

measurement uncertainty 

Scenario LAEX, 8h (dB) U (dB) LAEX, 8h + U (dB) 

1 83.3 2.1 85.4 

2 83.9 2.1 86.0 

3 83.3 2.1 85.4 

 

These results indicate that, although the measured sound pressure levels varied depending 

on the cutting parameters, the overall daily noise exposure remained within a relatively 

narrow range under the tested operating conditions. When the expanded measurement 

uncertainty was included, the assessment values exceeded the upper action value but 

remained below the exposure limit value of 87 dB (Government Regulation No. 115/2006). 

This finding points to the need for systematic noise control measures and consistent use of 

hearing protection, especially in situations where additional noise sources may be present 

or where the worker spends the entire shift at the CNC workstation. 

In addition to acoustic measurements, the temperature in the tool–workpiece interaction 

zone was also evaluated under identical cutting conditions (Figure 5).  

 

 

Figure 5 Dependence of temperature on the feed rate at different depths of cut 

 

For the reference spindle speed of 9,000 min⁻¹, the maximum cutting-zone temperature 

typically ranged between approximately 38 °C and 44 °C. Increasing the radial depth of cut 

from 1 mm to 3 mm resulted in an increase in the maximum cutting zone temperature in all 

cases, indicating increased thermal loading on the process at higher depths of cut. Overall, 

the temperature results complemented the acoustic measurements and provided additional 

information on process loading under the evaluated cutting conditions.  

Taken together, the present observations suggest that the evaluated cutting conditions, 

particularly feed rate and depth of cut, affected both noise exposure and cutting-zone 

temperature during CNC machining. Non-contact temperature monitoring complemented 

acoustic measurements by providing information on the thermal loading of the tool–

workpiece interaction zone. More intensive cutting conditions may lead to higher sound 

pressure levels and increased thermal loading of the cutting zone. 
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CONCLUSION 
 

The paper evaluated the noise exposure of a CNC machine operator during plywood 

machining in three selected model work scenarios. When the expanded measurement 

uncertainty was included, the assessment values ranged from 85.4 dB to 86.0 dB. These 

assessment values exceeded the upper action value but remained below the exposure limit 

value. The acoustic evaluation was complemented by monitoring of cutting-zone 

temperature under the same cutting conditions. The maximum temperature in the tool–

workpiece interaction zone varied depending on the selected combinations of feed rate and 

depth of cut, indicating that the cutting conditions also affected the thermal loading of the 

process. 

The combined evaluation of noise exposure and cutting-zone temperature provides useful 

information for assessing CNC machining conditions from both occupational and 

technological viewpoints. Further work may focus on a more detailed evaluation of cutting 

parameters, material type, tool characteristics, and work scenarios. 
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LIGHTWEIGHT PARTICLEBOARDS 
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Abstract 
The growing demand for wood-based materials and the limited availability of wood raw 

materials have intensified the search for alternative components for the production of 

lightweight particleboards. The aim of this study was to compare the effects of expanded 

rice and expanded spelt, used as partial substitutes for wood particles in the core layer, on 

the physical and mechanical properties of lightweight three-layer particleboards. 

Particleboards with a target density of 550 kg/m³ were manufactured from industrial pine 

particles by replacing 10%, 15%, and 20% of the core-layer particles with expanded rice 

or expanded spelt. The manufactured boards were evaluated in terms of density, density 

profile, MOR, MOE, IB, TS and WA. The results showed that increasing the content of 

expanded rice above 10% reduced both MOR and MOE, whereas expanded spelt had a 

considerably smaller effect on bending properties. The addition of both expanded materials 

increased thickness swelling and water absorption, with a more pronounced effect observed 

for expanded rice. All manufactured boards satisfied the requirements of EN 16368 for LP2 

lightweight particleboards. 
 

Key words: lightweight particleboards, expanded rice, expanded spelt, plant-based fillers, 

agricultural biomass 

 

 

INTRODUCTION 
 

Particleboards are among the most important wood-based materials used in the modern 

furniture and construction industries. In recent years, increasing pressure has been placed 

on reducing wood consumption due to both the rising cost of raw materials and the 

necessity of sustainable forest resource management. Consequently, considerable efforts 

have been devoted to developing technologies that enable the production of wood-based 

composites with reduced wood consumption while maintaining satisfactory performance 

characteristics (Boruszewski et al. 2016; Martyniak et al. 2025). 

One of the most promising approaches is the development of low-density particleboards. 

According to EN 16368, particleboards with a density below 600 kg/m³ are classified as 

lightweight. Reducing board density decreases wood consumption, lowers the weight of 
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furniture components, and reduces transportation and storage costs. However, lowering 

density generally results in deterioration of mechanical properties; therefore, new structural 

solutions and lightweight filler materials are required (Lengyel et al. 2018; Luo et al. 

2020a; Röllig et al. 2024). 

Various approaches to manufacturing lightweight particleboards have been proposed. One 

solution involves the use of low-density wood species, such as paulownia and poplar 

(Boruszewski et al. 2016; Röllig et al. 2024). Another strategy is the partial replacement of 

wood particles with lignocellulosic agricultural materials, including rapeseed straw, 

sunflower stalks, kenaf core, and corn cobs (Dziurka et al. 2015; Xu et al. 2004; Faustino et 

al. 2012; Taghiyari et al. 2017). These materials contribute to reducing board density while 

simultaneously supporting the principles of the circular economy through the utilization of 

agricultural by-products. 

Increasing attention has also been given to expanded materials used as lightweight fillers in 

the core layer of particleboards. Kharazipour and Bohn (2007) were among the first to 

propose the use of expanded cereal grains in the production of wood-based composites. 

Subsequently, Czechowska et al. (2010) demonstrated the feasibility of using popcorn as a 

filler in particleboards. Another alternative is expanded polystyrene (EPS), which improves 

the structural integrity of boards while enabling further reductions in density (Luo et al. 

2020b; Shupin et al. 2020). 

Expanded plant-based fillers incorporated into lightweight particleboards generally reduce 

density, improve thermal and acoustic insulation, and exert varying effects on strength and 

stiffness (Boruszewski et al. 2022; Karua et al. 2023; El Hajam et al. 2025). Their 

influence on mechanical performance depends on the filler type, particle size, expansion 

degree, and the quality of interfacial bonding with the wood particle matrix (Perez-Pacheco 

et al. 2024; Barczewski et al. 2024). Previous studies have shown that while some 

expanded fillers (e.g., perlite, expanded clay, or coconut fibre) may enhance strength and 

insulation performance, others may reduce bending strength, highlighting the importance of 

proper filler selection (Karua et al. 2023; Doleželová et al. 2021). 

Despite growing interest in the application of expanded materials in wood-based panel 

technology, studies investigating cereal-based expanded products other than popcorn 

remain limited. In particular, there is a lack of information regarding the use of expanded 

spelt as a lightweight core-layer filler in particleboards. Therefore, the objective of the 

present study was to compare the effects of expanded rice and expanded spelt on the 

physical and mechanical properties of lightweight particleboards and to evaluate their 

potential as alternative renewable components in wood-based composites. 

 

 

MATERIALS AND METHODS 
 

Pine industrial particles were used for the production of particleboards. The moisture 

content of the particles was 5.5% for the face layers and 7.5% for the core layer. Expanded 

rice (P.P. “Prepar” Józef Sidor, Chojnice, Poland) and expanded spelt (Pro Natura Sp. z 

o.o., Chwiram, Poland) were used as additive materials. 

Three-layer particleboards with a thickness of 15 mm and a target density of 550 kg/m³ 

were manufactured in seven variants: three levels of expanded particle content (10%, 15%, 

and 20%) in the core layer for both rice and spelt, and a control variant (0%) (Table 1). The 

proportion of face layers was 35%. Urea–formaldehyde (UF) resin was used as the 

adhesive. The resin content was 12% for the face layers and 8% for the core layer. A 10% 

aqueous ammonium sulfate solution was used as a hardener. Adhesive application was 
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performed in a pneumatic spraying mixer. Mat formation was carried out manually 

according to the designed variants. 

 

Table 1. Manufactured particleboard variants. 

Variant Face layer particles Core layer particles Expanded particles 

10 R 35 % 55 % 10 % rice 

15 R 35 % 50 % 15 % rice 

20 R 35 % 45 % 20 % rice 

10 O 35 % 55 % 10 % spelt 

15 O 35 % 50 % 15 % spelt 

20 O 35 % 45 % 20 % spelt 

K (control) 35 % 65 % 0 % 

   

Pressing was carried out in a single-opening hot press at a maximum specific pressure of 

2.5 MPa. Pressing time was 270 s, and pressing temperature was 200°C. After production, 

the boards were conditioned for 7 days under laboratory conditions (20 ± 2°C and 65 ± 5% 

relative humidity). 

The following properties were evaluated:  

• Density – according to PN-EN 323:1999 

• Density profile – measured using a DA-X profilometer (GreCon), measurement step 

0.02 mm, speed 0.05 mm/s 

• MOR and MOE – according to PN-EN 310:1994 

• Internal bond (IB) – according to PN-EN 319:1999 

• Thickness swelling and water absorption – after 2 h and 24 h immersion in water 

according to PN-EN 317:1999. 

Each test was performed in 10 replicates for each board variant. Statistical analysis of the 

results was performed using Statistica 13 software. A multifactorial ANOVA was applied. 

Tukey’s post hoc test was used to determine statistically homogeneous groups. 

 

 

RESULTS 
 

The mean densities of the manufactured particleboard variants ranged from 529 to 577 

kg/m³, remaining close to the target density of 550 kg/m³. The variation in mean density did 

not exceed 10% of the nominal value. The density profiles presented in Fig. 1 reveal a 

similar distribution for all board variants, exhibiting the characteristic U-shaped profile 

typical of three-layer particleboards (Thoemen et al. 2010). The obtained density profiles 

were independent of the type of lightweight filler used. Similar observations were reported 

by Boruszewski et al. (2016) for low-density particleboards and by Lengyel et al. (2018), 

who demonstrated that replacing part of the wood particles with low-density materials does 

not significantly alter the density profile provided that appropriate pressing conditions are 

maintained. 

The results of the modulus of rupture (MOR) and modulus of elasticity (MOE) tests are 

presented in Figs. 2 and 3. In general, the incorporation of expanded particles (rice or spelt) 

into the core layer at levels exceeding 10% resulted in lower MOR and MOE values, with 

the reduction being more pronounced for expanded rice. In boards containing expanded 

rice, the decreases in MOR and MOE were generally statistically significant, as confirmed 

by different homogeneous groups. In contrast, although boards containing expanded spelt 
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exhibited slightly lower MOR and MOE values than the control boards, these differences 

were not statistically significant. According to EN 16368, lightweight particleboards of 

type LP2 with a thickness of 13–20 mm should exhibit a minimum MOR of 7 N/mm² and a 

minimum MOE of 950 N/mm².  

 
Fig. 1. Density profiles of the manufactured particleboards. 

 
Fig. 2. MOR results; a, b, c – homogeneous groups according to Tukey’s test. 

 

The reduction in bending properties observed in boards containing expanded rice can be 

attributed to differences in particle geometry between wood particles and expanded rice. 

Partial replacement of wood particles with rice particles most likely affected resin 

distribution and particle bonding, resulting in weaker cohesion within the board structure 

and consequently lower MOR and MOE values compared with the control boards. This 

phenomenon was not observed in boards containing expanded spelt, whose larger particle 

size appeared to promote more effective interaction with wood particles. The reduction in 

bending performance with increasing content of lightweight fillers is consistent with 

previous findings. Luo et al. (2020a) reported that increasing the proportion of lightweight 

materials in the core layer reduces the effective contact area between wood particles, 

thereby impairing stress transfer within the composite. Similar relationships were described 

by Regmi et al. (2022) for particleboards incorporating agricultural biomass. The results 

obtained in the present study indicate that the larger particles of expanded spelt interact 

more effectively with wood particles than the finer expanded rice particles, resulting in a 

considerably smaller reduction in MOR and MOE. 
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Fig. 3. MOE results; a, b, c – homogeneous groups according to Tukey’s test. 

 

The multifactor analysis of variance (Table 1) demonstrated that the proportion of 

expanded particles had a statistically significant effect on MOR and MOE, accounting for 

10.4% and 11.3% of the total variation, respectively. The particle type (rice or spelt) alone 

did not significantly affect MOR or MOE, contributing only 0.1% and 0.4%, respectively. 

However, the interaction between particle content and particle type was statistically 

significant, explaining 27.3% of the variation in MOR and 30.1% of the variation in MOE. 

A relatively large proportion of unexplained variation (Error) was also observed, 

accounting for 62.2% and 58.2% of the variation in MOR and MOE, respectively. This 

variation may be attributed to factors not included in the analysis, such as adhesive 

distribution and the uniformity of expanded particle dispersion within the board. 

 

Table 1. Analysis of variance (ANOVA) of the mechanical properties of particleboards. 

Factor 
MOR MOE IB 

p X p X p X 

particle content 0.010691 10.4 0.004856 11.3 0.474468 2.3 

particle type 0.775993 0.1 0.503608 0.4 0.000001 26.8 

particle content 

× particle type 
0.000008 27.3 0.000001 30.1 0.241358 4.0 

Error  62.2  58.2  66.8 

p – significant with α=0.05; X – percentage of contribution 

 

The results of the internal bond strength (IB) measurements are presented in Fig. 4. The 

addition of expanded rice to the core layer (variants 10 R, 15 R, and 20 R) resulted in 

higher IB values compared with the control boards. However, although these differences 

were apparent, they were not statistically significant, as all variants belonged to the same 

homogeneous group. In contrast, the incorporation of expanded spelt (variants 10 O, 15 O, 

and 20 O) led to a reduction in IB, with additions exceeding 10% causing statistically 

significant decreases. The higher IB values observed for boards containing expanded rice 

indicate stronger internal cohesion than in boards containing expanded spelt. Nevertheless, 

all manufactured boards satisfied the requirements of EN 16368 for LP2 lightweight 

particleboards, which specifies a minimum IB value of 0.35 N/mm² for boards with a 

thickness of 13–20 mm. A similar increase in IB with the incorporation of expanded fillers 

was reported by Shupin et al. (2020) for lightweight particleboards containing expanded 
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polystyrene in the core layer. Those authors also obtained higher IB values than for control 

boards manufactured exclusively from wood particles. The increase in IB observed for 

expanded rice may indicate improved densification of the core layer and more effective 

filling of voids between wood particles. Comparable mechanisms have been reported by 

Shupin et al. (2020) for expanded polystyrene-filled boards and by Monteiro et al. (2016) 

for lightweight particleboards bonded with starch-based adhesives. Conversely, the 

reduction in IB observed in boards containing expanded spelt may be associated with the 

larger particle size, which likely hindered uniform adhesive distribution and the formation 

of effective internal bonds. 

 
Fig. 4. IB results; a, b, c – homogeneous groups according to Tukey’s test. 

 

The multifactor ANOVA (Table 1) further indicated that particle type was the principal 

factor affecting IB, accounting for 26.8% of the total variation. The proportion of expanded 

particles and the interaction between particle proportion and particle type explained only 

2.3% and 4.0%, respectively. In this case, the largest contribution originated from 

unexplained factors (Error = 66.8%). 

The results of thickness swelling (TS) and water absorption (WA) are presented in Figs. 5 

and 6. Increasing the content of expanded rice or expanded spelt consistently increased both 

TS and WA, indicating deterioration in water-related properties. All observed differences 

were statistically significant. It is noteworthy that, regardless of board variant, 

approximately 90% of the final thickness swelling and nearly 95% of the final water 

absorption recorded after 24 h were already reached after only 2 h of water immersion. The 

increase in TS and WA is most likely associated with weaker bonding between expanded 

particles and wood particles, facilitating water penetration into the board structure. 

Furthermore, expanded rice exhibited lower water resistance than expanded spelt. This was 

particularly evident in the statistically significant difference in TS between variants 20 R 

and 20 O. The deterioration in water resistance with increasing proportions of lightweight 

fillers has been widely reported in the literature. Dziurka et al. (2015) and Luo et al. 

(2020a) demonstrated that replacing part of the wood particles with more porous materials 

increases the number of internal voids and facilitates water penetration into the board. The 

present findings suggest that expanded spelt provides greater dimensional stability than 

expanded rice, which is likely related to differences in particle structure and lower water 

affinity. The multifactor ANOVA (Table 2) showed that the proportion of expanded 

particles explained 52.1% of the variation in TS after 2 h and 54.4% after 24 h. The 

interaction between particle proportion and particle type accounted for 25.3% and 25.0%, 

respectively, while unexplained factors (Error) contributed 22.2% and 20.1%. For water 
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absorption, the proportion of expanded particles explained 58.7% of the variation after 2 h 

and 59.0% after 24 h, whereas unexplained factors accounted for 39.4% and 39.5%, 

respectively. In contrast to TS, neither the particle type nor the interaction between particle 

proportion and particle type had a statistically significant effect on WA. 

 
Fig. 5. TS results; a, b, c, d, A, B, C, D – homogeneous groups according to Tukey’s test. 

 
Fig. 6. WA results; a, b, c, d, A, B, C, D – homogeneous groups according to Tukey’s test. 

 

Table 2. Analysis of variance (ANOVA) of the physical properties of particleboards. 

Factor 

TS WA 

2h 24h 2h 24h 

p X p X p X p X 

particle content 0.000000 52.1 0.000000 54.4 0.000000 58.7 0.000000 59.0 

particle type 0.218203 0.5 0.224564 0.4 0.950649 0.0 0.313839 0.6 

particle content × 

particle type 
0.000000 25.3 0.000000 25.0 0.339195 1.9 0.672826 0.8 

Error  22.2  20.1  39.4  39.5 

p – significant with α=0.05; X – percentage of contribution 
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CONCLUSION 
 

Based on the tests of lightweight particleboards with the addition of expanded particles in 

the core layer, the following conclusions can be drawn: 

1. Both expanded rice and expanded spelt can be successfully used as fillers in the core 

layer of lightweight particleboards. 

2. Increasing the content of expanded rice above 10% significantly reduced the modulus of 

rupture (MOR) and modulus of elasticity (MOE), whereas the incorporation of 

expanded spelt did not result in a statistically significant deterioration of these 

properties. 

3. The addition of expanded rice tended to increase the internal bond strength (IB), while 

expanded spelt reduced IB, particularly at contents exceeding 10%. 

4. Increasing the proportion of expanded particles, irrespective of their type, resulted in 

increased thickness swelling (TS) and water absorption (WA). This adverse effect was 

more pronounced for expanded rice than for expanded spelt. 

5. Among the investigated materials, expanded spelt exhibited more favourable 

performance, as it had a considerably smaller negative effect on the mechanical 

properties of lightweight particleboards. 
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THE EFFECT OF STEAMING ON THE ACIDITY OF PINE 

WOOD 
 

 

Michal Dudiak – Adrián Banski 
 

Abstract 
This study evaluates the impact of pressure steaming with saturated water steam on the 

moisture dynamics and acidity changes in the sapwood and heartwood of pine wood 

(Pinus sylvestris L.). Surface pH measurements were taken on dried, planed specimens 

using a pH-meter with a specialized SenTix Sur surface electrode.  The results show that 

native heartwood is naturally more acidic (pH 4.7) than sapwood (pH 5.1) due to the 

accumulation of resin acids and phenolic compounds. Steaming induced progressive 

wood acidification in both zones, reaching final minima of 4.0 for heartwood and 4.1 for 

sapwood under the most intensive treatment (125 °C for 18 h). This decrease is 

chemically driven by the thermal autohydrolysis and deacetylation of hemicelluloses, 

which liberates free acetic acid. Thermodynamically, autoclave decompression also 

caused an immediate moisture loss of 7.7 to 11.7 through flash self-evaporation. 

Statistical analysis confirmed that both steaming temperature and exposure time are 

highly significant, additive factors influencing wood acidity. These findings highlight the 

need to process sapwood and heartwood individually in industrial applications to ensure 

optimal surface coating adhesion. 

 

Keywords: pine wood, sapwood, heartwood, acidity, saturated water steam. 

 

 

INTRODUCTION 
 

Pine wood (Pinus sylvestris L.) represents a foundational raw material within the 

European woodworking sector. Its widespread industrial utilization is driven not only by 

its abundance across regional climatic zones but also by its distinct microstructural and 

chemical attributes (Fengel and Wegener, 2003). These inherent properties render it an 

exceptional substrate for advanced technological processing and surface treatment 

applications. Within the coating industry, pine serves as an essential model for 

investigating the complex interactions between natural wood anatomy and rigorous 

industrial specifications. 

The macroscopic architecture of the pine matrix is defined by a sharp anatomical 

differentiation between the sapwood and heartwood zones (Fengel and Wegener, 2003; 

Rowell, 2012). While the highly permeable sapwood is ideal for deep protective 

impregnation, the heartwood region undergoes a natural modification through the 

accumulation of secondary metabolites (Hill, 2006; Ekeberg et al., 2006). This elevated 

concentration of resins and hydrophobic extractives within the core forms a dense 

diffusion barrier, which substantially alters fluid sorption behavior and can compromise 
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the mechanical adhesion of industrial coating systems (Budakçı et al., 2019; Bergström, 

2003). 

Beyond liquid permeability, the density and distinctive structural pattern of the pine 

matrix directly govern both the aesthetic value of the surface and its long-term optical 

permanence. Surface reflectance and color fastness are strictly dependent on the 

photochemical stability of the underlying lignin-carbohydrate complex. Consequently, 

maintaining the visual integrity of the wood surface relies on the chemical resistance of 

its macromolecular constituents particularly the capacity of lignin to withstand ultraviolet 

(UV) photo-degradation and subsequent oxidative reactions (George et al., 2005; Tolvaj 

et al., 2005). 

To mitigate some of these natural variations and improve material performance, wood 

steaming is frequently employed. This controlled process exposes the raw material to 

saturated water steam within pressurized autoclaves. The primary objectives of this 

hydrothermal technology are to optimize rheological properties, eliminate internal growth 

stresses, and achieve uniform color homogeneity across the wood cross-section. 

When subjected to operational temperatures ranging from 100°C to 140°C, a partial 

hydrolysis of the cell wall biopolymers is triggered. This process is initiated by the 

thermal degradation of hemicelluloses, which is accompanied by the release of water-

soluble extractive substances. The overall kinetics of these chemical transformations are 

determined by the specific thermal mode and exposure duration, leading to the 

progressive decomposition of structural polysaccharides. Crucially, the autocatalytic 

effect of the released acetic and formic acids induces the further oxidation of 

carbohydrates and pectins; the subsequent dehydration of pentoses yields 2-furaldehyde 

(Fengel and Wegener, 2003; Sundqvist, 2006; Hill, 2006; Willems et al., 2015; Vilkovský 

et al., 2022; Dzurenda, 2024). 

In parallel, structural transformations occur within the lignin matrix, characterized by the 

generation of free radicals and a simultaneous increase in the concentration of phenolic 

hydroxyl groups. This chemical restructuring leads to the synthesis of new chromophoric 

systems, which manifests macroscopically as a distinct darkening of the wood. This color 

shift directly correlates with broader modifications of the material's visual, physical, and 

mechanical attributes (Hon et al., 2001; Fengel and Wegener, 2003; Sundqvist et al., 

2006; Výbohová et al., 2018). 

Concurrently, the concentration of hydrogen ions within the wood matrix quantified as 

the pH value serves as a critical indicator of its overall chemical reactivity. Wood acidity 

is directly proportional to the concentration of free and bound organic acids. These acidic 

components significantly influence not only the curing kinetics of applied adhesives and 

coating systems but also the natural resistance of the material against biotic degradation 

agents. In its native state, Pinus sylvestris L. exhibits a mildly acidic reaction, with the pH 

of its aqueous extracts typically falling between 4.0 and 5.0. Compared to many 

deciduous species, pine possesses a higher natural acidity, a characteristic directly 

attributed to the specific composition of its extractives and resin acids, such as abietic 

acid. 

However, subjecting the wood to hydrothermal treatment with saturated steam induces 

deep chemical alterations that result in progressive tissue acidification. This drop in pH is 

primarily driven by deacetylation processes, during which free organic acids are cleaved 

and released from the hemicellulose chains. This phenomenon plays a significant role in 

both the sapwood and heartwood zones. Ultimately, the resulting variations in acid and 

extractive concentrations directly impact industrial processing parameters, imposing 

distinct limitations on the subsequent application of surface coatings and structural 
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adhesives (Kosíková et al., 1999; Faix et al., 2002; Fengel and Wegener, 2003; 

Trübswetter 2006; Irle 2012; Rowell 2012; Wang et al., 2012; Geffert et al., 2019. 

The aim of the work is to determine the acidity of dried, steamed pine sapwood and 

heartwood for moisture w ≈ 10%, using a direct pH measurement method - SenTix Sur 

surface electrode. 

 

 

MATERIALS AND METHODS 
 

For the research, 25 pine trunks with a length of 6.3 m with a clearly visible sapwood and 

heartwood zone were selected from the Štiavnické vrchy locality (GPS. 48.4161247N, 

18.8593111E, Central Slovakia region). 

The center lumber with a width of 300–400 mm and a thickness of 50 mm was produced 

by cutting along the edge, which was subsequently divided into two asymmetric parts by 

longitudinal sawing. By transverse shortening of these parts, a 2 m long lumber was 

produced, which was randomly divided into 5 groups. The semi-finished products of the 

1st group, in the number of 15 pieces, were not steamed. The other semi-finished products 

were steamed in mode I/t = 105 °C and pressure p = 0.12 MPa; and in mode II/t = 125 °C 

and pressure p = 0.23 MPa. Individual groups of steamed semi-finished products were 

taken from the pressure autoclave after τ = 6 h and τ = 18 h of steaming. The 

technological process was carried out in a pressure autoclave APDZ 240 (Himmasch AD, 

Chaskovo, Bulgaria) in the company Sundermann s.r.o. in Banská Štiavnica (Slovakia). 

The conditions for steaming pine core wood in a saturated water steam environment, 

including the time intervals for sampling individual groups of steamed semi-finished 

products, are shown in the diagram in Fig. 1. 
 

 

Figure 1. Diagram of the process of steaming pine wood. 

 

Table 1. Technological conditions for steaming wood. 

Steaming modes tmin tmax t4 

Time of the technological process of steaming 

wood 

Mode I 102.5 107.5 100 
τ1 = 6 h τ2 = 12 (+0.5a) h 

Mode II 117.5 122.5 100 

Note: a After the specified period of wood treatment, exactly according to the specified diagram (course), 0.5 h 

must be added to the basic steaming time of pine wood. This time between individual treatment periods serves 

to reduce the pressure and for safe opening of the autoclave and manipulation when selecting one group of 
treated semi-finished products from the autoclave, closing and pressurizing the autoclave with saturated water 

steam. 
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The moisture content of the wood was determined before entering the technological 

process itself by randomly selecting 5 sapwood blanks and 5 blanks with a false 

heartwood, from which samples were sawn to determine the wood moisture content. The 

moisture content of the dried blanks was also determined, where 5 sapwood blanks and 5 

blanks with a false heartwood were randomly selected from which samples were sawed to 

determine the wood moisture content. The moisture content of wet and dried wood was 

determined by the gravimetric method according to STN EN 13183-1 (2003). 

Surface treatment of all dried blanks was carried out by milling on a JET JPT-410HH 

machine (STROJE Slovensko, Banská Bystrica, Slovak Republic). 

Measurement of the acidity of dried native and steamed pine sapwood and heartwood was 

performed on a planed surface using a pH-meter pH7110 with a SenTix Sur surface 

electrode (Dudiak and Dzurenda 2020). 

Measuring the acidity of beech wood consists in applying the surface electrode of the 

SenTix Sur pH-meter type: pH7110 to the surface of the wood. The acidity value was 

read after the pH value stabilized on the pH-meter display. At the point of measuring the 

pH of dry wood with a SenTix Sur surface electrode, first one drop of distilled water was 

dripped onto the surface of the wood using a dropper, and then the surface contact 

electrode was pressed against the surface of the wood in the place of the dropped drop, 

thereby creating contact between the electrode and the surface of the wood. The pH value 

was read after approx. 180 to 240 seconds of stabilization of the electrode on the pH-

meter pH7110. The record of the measurement of the acidity of dry pine wood is shown 

in Fig. 2. 

 

      

Figure. 2 Measurement of pH on the surface of pine wood after moistening it with a drop 

of distilled water. 

 

 

RESULTS AND DISCUSSION 
 

The moisture values of pine sapwood and heartwood, measured before the steaming 

process, after the steaming process in a pressure autoclave and after drying in a hot air 

dryer, are shown in Table 2. 
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Table 2. Changes in average wood moisture content during the steaming and drying 

cycles (mean ± SD). 

Pine wood  

Number of 

measurements 

(-) 

Before 

steaming 

(%) 

After 

steaming 

(%) 

Decrease in 

wood moisture 

content after 

steaming 

(%) 

After 

drying 

(%) 

Decrease in wood 

moisture content 

after drying 

(%) 

Native  

SW pine 
60 63.9 ± 3.9 -- -- 12.0 ± 0.4 81.2 

Steamed  

SW pine (Mode I.) 
30 -- 

58.3 ± 

1.2* 
8.7 12.1 ± 0.3* 79.2 

Steamed  

SW pine (Mode II.) 
30 -- 

56.9 ± 

0.7* 
10.9 12.0 ± 0.2* 78.9 

Native  

HW pine 
60 59.7 ± 3.7 -- -- 11.9 ± 0.3 80.1 

Steamed  

HW pine (Mode I.) 
30 -- 

55.1 ± 

0.8* 
7.7 12.1 ± 0.2* 78.0 

Steamed  

HW pine (Mode II.) 
30 -- 

52.7 ± 

0.8* 
11.7 12.2 ± 0.1* 76.8 

 

Based on the provided data, the native sapwood initially exhibited a higher moisture 

content (63.9±3.9%) than the heartwood (59.7±3.7%). The hydrothermal steaming 

process led to a verifiable reduction in pre-drying moisture content in both anatomical 

zones, with the magnitude of this reduction depending on the specific operational 

parameters: 

Mode II induced a more pronounced post-steaming moisture drop than Mode I. 

Specifically, moisture levels fell by10.9% (down to 56.9%) in the sapwood and by 11.7% 

(down to 52.7%) in the heartwood. Following the final kiln-drying phase, moisture 

content achieved near-total homogenization across all specimen groups. Final moisture 

values stabilized within a narrow margin of 11.9% to 12.2%, corresponding to a total 

relative moisture reduction of 76.8% to 81.2% from the initial green state. 

The acidity values of pine wood measured before the steaming process with saturated 

water steam and during the technological process measured in both modes and in time 

intervals of 6 and 18 h after are shown in Figure 3. 
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Figure 3. Influence of steaming conditions on pine wood pH. 

 

Initially, the native wood displayed distinct baseline acidity levels between the heartwood 

and sapwood. The heartwood exhibited a lower average pH of 4.7, whereas the sapwood 

was less acidic at 5.1. The inherently higher acidity of the native heartwood is a natural 

consequence of heartwood formation, a process involving the mortality of parenchyma 

cells and the subsequent accumulation of secondary metabolites predominantly resin 

acids and phenolic compounds which naturally lower the pH. The slightly higher data 

variability observed in the control samples reflects the expected natural heterogeneity of 

unmodified wood biomass. Upon undergoing hydrothermal treatment, an immediate drop 

in pH was observed even under the mildest processing parameters (105°C for 6 h), falling 

to 4.4 in the heartwood and 4.5 in the sapwood. As the treatment was extended to 18 h 

and the temperature raised to 120°C, the pH continued to decline steadily, reaching its 

absolute minimum at the 120°C/18h combination (pH of 4.0 for heartwood and 4.1 for 

sapwood). Notably, while the sapwood maintained a marginally higher pH than the 

heartwood throughout all testing phases, the net pH reduction was more pronounced in 

the sapwood (ΔpH = 1.0) than in the heartwood (ΔpH = 0.7). This disparity indicates that 

the carbohydrate constituents of the sapwood, which is richer in accessible free 

hemicelluloses, undergo more intensive initial hydrolysis compared to the extractive-

saturated heartwood. Following modification, the standard deviation stabilized at 0.1, 

confirming that the hydrothermal process uniformly affects the wood matrix and 

homogenizes its chemical profile. Physiochemically, this pH reduction during steaming is 

primarily driven by the thermal autohydrolysis of hemicelluloses. Exposing wood to 

elevated temperatures and moisture induces the deacetylation of polyoses (chiefly 

galactoglucomannans, the primary non-cellulosic polysaccharides in softwoods). This 

cleavage of acetyl groups releases free acetic acid into the moisture matrix, sharply 

increasing the concentration of oxonium ions (H3O+) and driving down the pH. This 

mechanism is inherently autocatalytic; the newly liberated acid accelerates the hydrolytic 

cleavage of remaining polysaccharide chains and furthers the degradation of the lignin-

carbohydrate complex (Tjeerdsma et al., 2005; Sundqvist et al., 2006; Wang et al., 2012; 

Bonifazi et al., 2015; Timar et al., 2016; Hofmann et al., 2022). 

Furthermore, this rising acidity is closely linked to total color changes (ΔE*). The acidic 

environment acts as a catalyst for the dehydration of pentoses and hexoses into furfural 

and 5-hydroxymethylfurfural. These volatile intermediates subsequently undergo 

condensation reactions with lignin and other structural components, generating dark 
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chromophoric systems. To quantify the impact of the technological parameters (steaming 

temperature and duration) and their interaction on the resulting acidity of the two pine 

wood zones, a two-way analysis of variance (ANOVA) was performed. The statistical 

outputs confirm that the degradation mechanism is highly sensitive to both independent 

variables:  

 

Effect of Temperature: Steaming temperature proved to be the most critical variable for 

both heartwood and sapwood (p < 0.001). Elevating the temperature from 105°C to 

120°C forces a sharp increase in acidic components, demonstrating that the activation 

energy required for hemicellulose deacetylation is primarily governed by thermal 

intensity.  

 

Effect of Time: The duration of steaming was also found to be highly significant (p < 

0.01). Prolonging the exposure window facilitates the continuous generation of acetic 

acid, leading to a progressive accumulation of acidity in both anatomical zones. 

Interaction of Factors (Temperature/Time): The mutual interaction between temperature 

and time was statistically insignificant (p > 0.05). This finding is scientifically relevant as 

it shows that the timeline of pH reduction follows a parallel trajectory regardless of 

whether the processing temperature is set to 105°C or 120°C. The individual effects of 

these two factors are therefore additive rather than synergistic. 

 

 

CONCLUSION 
 

In this study, the effects of pressure steaming parameters (temperature and time) on pH 

changes in pine sapwood and heartwood (Pinus sylvestris L.) were evaluated. Based on 

experimental results and statistical analyses, the following main conclusions can be 

formulated: 

- The steaming process causes an immediate decrease in the moisture content of the wood 

(by 7.7% to 11.7%) immediately after the pressure in the autoclave is released due to 

thermodynamic self-evaporation using the accumulated heat. 

- Hydrothermal treatment causes a gradual acidification of the wood. Natural heartwood 

is naturally more acidic than sapwood due to the concentration of resin acids and 

accompanying substances. After steaming, the pH value in both zones decreased to final 

minima of 4.0 (heartwood) and 4.1 (sapwood). This decrease is chemically caused by 

thermal autohydrolysis and deacetylation of hemicelluloses (mainly galactogluco-

mannans), which releases free acetic acid and increases the concentration of hydrogen 

ions H3O+.  

- Two-factor analysis of variance (ANOVA) confirmed that both steaming temperature (p 

< 0.001) and exposure time (p < 0.01) are highly significant factors determining the 

increase in acidity, with their effect being additive, without synergistic interaction (p > 

0.05). Since heartwood and sapwood show different chemical sensitivities, it is essential 

to approach both zones individually in industrial management to ensure optimal adhesion 

of subsequent coating systems and surface quality. 
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HARDNESS OF STEAMED BEECH SAPWOOD AND FALSE 

HEARTWOOD DETERMINED BY LEEB HARDNESS TESTER 

ISH-SPHA 
 

 

Ladislav Dzurenda – Michal Dudiak 
 

Abstract 
The paper presents the results of measuring the hardness of native and steamed beech 

sapwood and false heartwood by the dynamic method using Leeb hardness tester ISH-

SPHA with a type D measuring probe. 

The hardness of beech sapwood perpendicular to the fibers in the radial plane is HL = 

319.8 ± 31.4 and in the tangential plane NL = 349.9 ± 36.1. The hardness values of false 

heartwood perpendicular to the fibers in the radial plane are HL = 328.4 ± 48.2 and in the 

tangential plane NL = 359.9 ± 42.3. 

The hardness of steamed whitewood, beechwood in mode I. at a steaming temperature of t 

= 105 °C for τ = 18 hours is lower in the radial plane than in unsteamed beechwood by 

ΔHL = 8.5 and in the tangential plane by ΔHL = 6.6. In steamed beechwood in mode II. at 

a steaming temperature of t = 120 °C for τ = 9 hours in the radial plane it is lower than in 

unsteamed beechwood by ΔHL = 11.2 and in the tangential plane by ΔHL = 13.0. 

Similar trends in hardness decrease are also observed in steamed beech wood with false 

heartwood. The hardness of steamed beech wood with false heartwood according to mode 

I. in the radial plane is HL = 316.5, which represents a decrease in comparison with 

unsteamed beech wood by ΔHL = 11.9 and in the tangential plane HL = 348.5 with a 

decrease by ΔHL = 11.4. In steamed beech wood with mode II. the hardness of the wood in 

the radial plane is HL = 311.8, which is a lower value in comparison with unsteamed beech 

wood by ΔHL = 16.6 and in the tangential plane HL = 339.1, which is a lower value by 

ΔHL = 20.8. 

 

Keywords: beech wood, sapwood, false heartwood, steaming, hardness, Leeb hardness 

tester ISH-SPHA. 

 

 

INTRODUCTION 
 

The wood of the Beech species is classified as a heartless, mature wood species with the 

possible occurrence of a false heartwood. The color of beech wood in the mature sapwood 

zone is light whitish-gray, or white-pink Nečesaný (1959), Makovíny (2010), Dzurenda – 

Dudiak (2022). 

A false heartwood is a growth defect in beech wood that forms during the growth of the tree 

in the mature wood zone. It occurs by the penetration of air into the mature wood zone 

through wounds on the trunk or branches Nečesaný (1958), Požgaj et al., (1997), Bauch 
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and Koch (2001) Molnar et al., (2001), Račko and Čunderlík (2010), Trenčiansky et al., 

(2017). Among other things, the color of the heartwood differs from the white-gray or pale 

brown color of beech wood by a range of shades of red-brown Gorczynski (1951), Požgaj 

et al., (1997), Dzurenda – Dudiak (2022). 

These color differences between heartwood and sapwood often necessitate the exclusion or 

partial limitation of certain sawmill assortments for the production of bent furniture, sports 

equipment, or construction and joinery products.  

One of the alternatives to eliminate the aforementioned color differences between sapwood 

and heartwood is its heat treatment of the wood by steaming Dzurenda-Dudiak (2025). 

The hardness of wood is a property that expresses the resistance of wood to the penetration 

of foreign bodies into its volume. Knowledge about wood hardness is used in the processes 

of mechanical splitting and woodworking, chip formation, selection of woodworking tools, 

as well as in the selection of wood species for the production of a particular product, e.g. 

from the aspect of abrasion resistance of the tread surface of the flooring. Wood hardness is 

measured by: static methods (Janka hardness test, Brinell HB hardness test), dynamic 

method (Leeb HL hardness test). 

The aim of the work is to determine the hardness of steamed beech and false heartwood 

perpendicular to the fibers in the radial and tangential planes by a dynamic method using 

the Leeb hardness tester ISH-SPHA. 

 

 

MATERIALS AND METHODS 
 

In order to eliminate the differences between the color of the sapwood and the false 

heartwood, the blanks with dimensions of 32 x 50 x 800 mm made of wet beech sapwood 

and false heartwood were steamed in a pressure autoclave APDZ 240 at Sundermann s.r.o. 

Banská Štiavnica. The first group of blanks was steamed in mode I. - saturated water steam 

at a temperature of t = 105 ± 2.5 °C for a period of τ = 18 hours and the second group of 

blanks was steamed in mode II. - saturated water vapor at a temperature of t = 120 ± 2.5 °C 

for a period of τ = 9 hours. 

After steaming, the semi-finished products were dried in hot air in a dryer according to the 

Dzurenda (2022) mode in order to preserve the wood color achieved by the technological 

steaming process. The load-bearing surfaces of the dried wood were machined on a 

horizontal plane milling machine FS 200. 

The wood hardness was measured using a portable Leeb hardness tester ISH-SPHA 

(INSZIE Czech s.r.o., Brno, Czech Republic) with a type D measuring probe, Fig. 1. 

 
Fig. 1. Leeb portable hardness tester ISH-SPHA 
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The measurement of the hardness of materials by the dynamic Leeb method is based on the 

principle of measuring the impact velocity vA and the rebound velocity vR after the impact 

of a carbide hammer with a ball of a certain diameter in a tube chamber on the surface of 

the measured body. The ratio of the rebound velocity vR to the impact velocity vA is a 

measure of the dynamic Leeb hardness of the test sample. 

 

       𝐻𝐿 =  
𝑣𝑅

𝑉𝐴
 . 1000  

 
(1) 

                                                                                                                        

Where: vA – impact velocity, 

            vR – rebound velocity. 

 

Changes in the hardness of steamed beech wood compared to unsteamed beech wood are 

expressed both in the form of the values of the differences in the measured values ∆HL: 

 

                                        ∆𝐻𝐿 = 𝐻𝐿𝐵𝑘 −𝐻𝐿𝐵𝑘−𝑃                                                                   (2) 

 

  Where: HLBk - hardness of unsteamed beech wood in a given direction, 

               HLBk-P – hardness of steamed beech wood in a given direction. 

 

 

RESULTS AND DISCUSSION 
 

The results of measurements of beech wood from the sapwood zone and the false 

heartwood zone perpendicular to the fibers in the radial plane and tangential plane are given 

in Table 1 in the form of notation: average value and standard deviation. 

 

Table 1. Hardness of native and steamed beech sapwood and false heartwood. 

Beech wood 
Hardness perpendicular 

to the fibers: 
sapwood false heartwood 

Not steamed 

radial plane 319.8 ±  31.4 328.4 ± 48.2 

tangential plane 349.9 ±  36.1 359.9 ± 42.3 

Steamed in mode I. 

temperature t = 105 °C, 

time τ = 18 h 

radial plane 311.3 ± 42.8 316.5 ± 44.1 

tangential plane 343.3 ± 46.8 348.5 ± 53.1 

Steamed in mode II. 

temperature t = 120 °C, 

time τ = 9 h 

radial plane 308.6 ± 33.8 311.8 ± 37.8 

tangential plane 336.9 ± 37.7 339.1 ± 45.5 

 

The differences in the hardness of unsteamed beech wood between sapwood and heartwood 

in the radial and tangential planes result from the fact that the cell walls of sapwood are not 

lignified and the lumens are not filled with tulsa, as well as from the different density of 

beech wood throughout the trunk, which is presented in the work: Dudiak (2023). 

The lower hardness of wood in the radial plane compared to the tangential plane is 

attributed to the different morphology of the pith rays from the librifor fibers and their 

distribution in the wood, Perelygin (1965). 
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Due to steaming, the hardness of steamed beech sapwood, as indicated by the average 

hardness values perpendicular to the fibers in the radial and tangential directions, decreases.  

The average hardness value of steamed beech whitewood in mode I at a temperature of t = 

105 °C for τ = 18 hours is in the radial plane HL = 311.3, which represents a decrease of 

ΔHL = 8.5 compared to unsteamed beechwood, and in the tangential plane HL = 343.3 with 

a decrease of ΔHL = 6.6. In color-homogenized beechwood in mode II. at a temperature of 

t = 120 °C for τ = 9 hours, the Leeb hardness in the radial plane HL = 308.6, which 

represents a decrease of ΔHL = 11.2 compared to unsteamed beechwood, and in the 

tangential plane HL = 336.9 with a decrease of ΔHL = 13.0. 

Similar trends in hardness decrease are also observed in steamed beech wood from false 

heartwood. The hardness of steamed beech wood from false heartwood according to regime 

I. in the radial plane is HL = 316.5, which represents a decrease of ΔHL = 11.9, and in the 

tangential plane HL = 348.5 with a decrease of ΔHL = 11.4. In beech wood with uniform 

color according to regime II., the hardness of the wood in the radial plane is HL = 311.8, 

which is a value lower by ΔHL = 16.6 compared to unsteamed beech wood, and in the 

tangential plane with a value of HL = 339.1, the value is lower by ΔHL = 20.8. 

As the steaming temperature increases, the hardness of beech wood decreases. However, 

the rate of decrease in the hardness values of beech wood is not large. The differences 

between the hardness of beech wood before steaming and after steaming are smaller than 

the values of the standard deviations of the hardness of beech wood, based on which it can 

be stated that the hardness of color-homogenized steamed beech wood both perpendicular 

to the fibers in the radial and tangential planes is within the tolerance of the natural 

variability of the hardness of beech wood. 

  

In the professional literature, wood hardness values are mainly reported by static methods 

(Jankova hardness test, Brinell hardness test). Measuring wood hardness using a portable 

ISH-SPHA hardness tester with a type D measuring probe is simple, practical and fast if the 

requirements for the quality of the processed wood are met, as stated in the work: 

Bembenek, Kowalski. Pawlik: Analysis of the influence of surface roughness of different 

types of wood on the results of their hardness measured by the Leeb method. 

 

 

CONCLUSION 
 

Based on the results of experimental research into the influence of technological steaming 

conditions on wood hardness, the values of wood hardness perpendicular to the fibers in the 

radial plane and tangential plane of sapwood and false heartwood were determined before 

and after steaming in mode I. and mode II. by the dynamic method with a Leeb hardness 

tester ISH-SPHA with a measuring probe type D, 

The hardness of steamed whitewood beech wood in mode I at a steaming temperature of t = 

105 °C for τ = 18 hours is in the radial plane at HL = 311.3, which represents a decrease of 

ΔHL = 8.5 compared to unsteamed beech wood and in the tangential plane HL = 343.3 

compared to unsteamed beech by ΔHL = 6.6. In steamed beech wood in mode II. at a 

steaming temperature of t = 120 °C for τ = 9 hours, the hardness value in the radial plane is 

HL = 308.6, which represents a decrease of ΔHL = 11.2 and in the tangential plane HL = 

336.9 with a decrease of ΔHL = 13.0. 

Similar trends in hardness decrease are also observed in steamed beech wood from false 

heartwood. The hardness of steamed beech wood from false heartwood according to mode 

I. in the radial plane is HL = 316.5, which represents a decrease of ΔHL = 11.9, and in the 
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tangential plane HL = 348.5 with a decrease of ΔHL = 11.4. In beech wood with uniform 

color according to regime II., the hardness of the wood in the radial plane is HL = 311.8, 

which is a value lower by ΔHL = 16.6 compared to unsteamed beech wood, and in the 

tangential plane with a value of HL = 339.1, the value is lower by ΔHL = 20.8. 

As the steaming temperature increases, the hardness of beech wood decreases. The decrease 

in beech wood hardness is not large. The differences between the values of beech wood 

hardness before and after steaming are smaller than the values of the standard deviations of 

the hardness of unsteamed beech wood with a sapwood and a false heartwood, based on 

which it can be stated that the hardness of color-homogenized steamed beech wood both 

perpendicular to the fibers with a radial and tangential plane is within the tolerance of the 

natural variability of beech wood hardness. 
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ACTIVATION ENERGY VALUE OF THE COLOR UNIFICATION 

OF BEECH SAPWOOD AND FALSE HEARTWOOD IN THE 

STEAMING PROCESS 
 

 

Ladislav Dzurenda – Michal Dudiak 
 

Abstract 
The paper presents the results of experimental research into the influence of 

technological steaming conditions on the unification of the color of beech sapwood and 

false heartwood. The activation energy of the given physicochemical process 

Ea=57kJ.mol-1 was determined using the Arrhenius equation. 

The given value represents the minimum amount of energy required to achieve the 

activated state of reactions occurring in wood during steaming. Under steaming 

conditions, these are primarily chemical reactions such as: extraction of low-molecular 

substances, partial hydrolytic degradation of polysaccharide and lignin components of 

wood. These processes lead to the formation of chromophoric structures, which are 

macroscopically manifested by a change in the color of the wood. 

The determined value of the activation energy is a parameter of the Arrhenius equation, 

which in a modified form can be an alternative for predicting the influence of temperature 

on the steaming time in the process of unifying the color of beech sapwood and 

heartwood. 

 

Keywords: activation energy, steaming, beech wood, sapwood, false heartwood, 

Arrhenius equation. 

 

 

INTRODUCTION 
 

The wood of the beech species is classified as a heartless, mature wood species with the 

possible occurrence of a false heartwood. The color of beech wood in the sapwood and 

mature sapwood zone is light white-gray, or white-pink. In the color space CIE L*a*b*, 

the color of dry mature beech wood and sapwood is given by the values on the lightness 

coordinate L* = 78.9 ± 2.4 and the chromatic coordinates: a* = 7.6 ± 1.7; b*= 18.9 ± 1.9 

Babiak et al., (2004), Meints et al. (20117), Dzurenda (2023). 

A false heartwood is a growth defect in beech wood that is formed during the growth of a 

tree in the mature wood zone. It is created by the penetration of air into the mature wood 

zone through wounds on the trunk or branches Bauch and Koch (2001) Molnár et al. 

(2001), Račko and Čunderlík (2010), Trenčiansky et al., (2017). The color of the false 

heartwood differs, among other things, from the white-gray or pale brown color of beech 

wood by a range of shades of red-brown. In the color space CIE L*a*b*, the color of the 
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false heartwood is described by the values at the individual coordinates of the CIE Lab 

color space: L* = 64.9 ± 4.9; a* = 12.9 ± 2.1; b* = 19.6 ± 1.9 Dzurenda (2023). 

The color difference of the false heartwood from the sapwood and mature wood is the 

cause of rejection, respectively. limited use of sawmill assortments from the production of 

bent furniture, sports equipment, or construction and joinery products. 

One of the alternatives to eliminate the aforementioned color differences between 

sapwood and false heartwood, while maintaining the original structural and mechanical 

properties, is its heat treatment by steaming Dzurenda and Dudiak (2025). Previous 

research into color changes in beech sapwood and false heartwood by steaming has 

shown that the color change of false heartwood at the same temperature is 2 to 6 times 

lower than the color change of sapwood. As the temperature increases, the differences in 

the aforementioned changes decrease Dzurenda and Dudiak (2024). 

Investigating the causes of differences in color changes of beech sapwood and false 

heartwood in thermal processes requires answering several fundamental questions. One of 

them is determining the value of active energy, i.e. the minimum energy required for the 

initiation and course of chemical reactions resulting in the formation of new 

chromophores. 

 

The aim of the work is to determine the value of: activation energy Ea of physicochemical 

processes occurring during the unification of the color of beech sapwood and false 

heartwood by the steaming process. 

 

 

MATERIALS AND METHODS 
 

Experimental research on the influence of temperature and steaming time on the color 

change of beech sapwood and heartwood was carried out in the company Sundermann 

s.r.o. Banská Štiavnica, which has an APDZ 240 pressure autoclave (Himmasch AD, 

Haskovo, Bulgaria). As part of the research on the color change of sapwood and 

heartwood, the color change of sapwood and heartwood was monitored at a steaming 

temperature of tI = 95 ± 2.5°C with saturated moist air at atmospheric pressure and 

saturated water steam at temperatures tII = 105 ± 2.5°C, tIII = 115 ± 2.5°C, tIV = 120 ± 

2.5°C in 3h intervals during 21 hours of steaming. 

Samples of beech wood with false heartwood, both unsteamed and steamed, were dried in 

a hot-air dryer according to the Dzurenda (2022) mode in order to preserve the original 

color of the wood, or the color acquired by the technological process of steaming. 

The bearing surfaces of the samples of dried unsteamed and steamed lumber were 

machined on a horizontal plane milling machine FS 200. 

The color measurement was performed with a Color reader CR-10 Plus colorimeter 

(Konica Minolta, Japan) with a reflection spectrum in the range of 400 - 700 nm. The 

D65 light source was used and the diameter of the optical sensing hole was 8 mm. 

The values of lightness L*, red color a*, yellow color b* on the coordinates of the CIE 

color space L*a*b* are given in the form of the average measured value x ̅ and the 

standard deviation sx. 

                                        x
sxx =                                                                  (1) 

Where:  – average value, 

            sx – standard deviation. 
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RESULTS AND DISCUSSION 
 

The color of mature beech wood and false heartwood wood before steaming and after 

steaming with saturated moist air at the end of the steaming mode or steaming with 

saturated water steam after achieving color unification at individual steaming 

temperatures is shown in Fig. 1. and the color values in the color space CIE L*a*b* 

coordinates in Table 1. Dzurenda and Dudiak (2025). 

 

 
           native     t = 95°C             t = 105°C           t = 115°C             t = 120°C                                                                              

.                                    τ = 21 h              τ =  18 h              τ =  15 h                τ = 9 h 

Figure 1. Color of beech sapwood and heartwood before and after steaming. 

 

The results of experimental research aimed at analyzing the influence of temperature and 

duration of steaming on the unification of the color of beech sapwood and false 

heartwood show that until the temperature tI ≈ 95 °C for a period of τ = 21 hours, the 

unification of the colors of sapwood and false heartwood does not occur. The values in 

the color space CIE L*a*b* coordinates of mature beech wood are: L* = 70.5 ± 2.1, a* = 

13.2 ± 1.2, b* = 19.3 ± 1.5 and of false heartwood L* = 66.8 ± 2.7, a* = 13.4 ± 1.8, b* = 

19.6 ± 1.3. At a steaming temperature tII ≈ 105 °C for a period of τ = 18 h beech wood of 

a uniform pale brown color is obtained with values on the coordinates: L* = 63.4 ± 2.3, 

a* = 13.0 ± 1.4, b* = 19.1 ± 1.6, at a steaming temperature tIII ≈115 °C for a period of τ = 

15 h it has a brown color with values on the coordinates: L* = 59.0 ± 2.1, a* = 12.9 ± 1.4, 

b* = 18.8 ± 1.7 and at a steaming temperature tIV ≈120 °C for a period of τ = 9 h dark 

brown-gray color with values on the coordinates: L* = 57.5 ± 2.0, a* = 13.4 ± 1.2, b* = 

18.8 ± 1.5. 

 

One of the alternatives for determining the activation energy value of the physico-

chemical process of wood steaming eliminating the differences in the color of sapwood 

and non-heartwood is the calculation using the Arrhenius equation (1) and experimentally 

measured values: temperatures and steaming times. 

 

                                                               𝑘 = 𝐴 𝑒−
𝐸𝑎
𝑅𝑇                                                             

(1) 

 

Where: k - reaction rate constant; T - absolute temperature (K); Ea - is the activation   

energy; R=8.314 J/mol⋅K; A - is the frequency factor. 

Assuming first-order kinetics, the rate constant k is inversely proportional to the 

characteristic reaction time τ: 

𝜏 =
1

𝑘
 

 
(2) 
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    By substituting relation (1) into equation (2), the Arrhenius equation takes the form: 

 

𝜏 =
1

𝐴 ∙ 𝑒−𝐸𝑎/𝑅𝑇
=

1

𝐴
∙ 𝑒𝐸𝑎/𝑅𝑇                                                             

 
(3) 

 

respectively, after logarithmization, the form of the linear dependence: 

 

ln⁡𝜏 = −ln⁡𝐴 +
𝐸𝑎
𝑅

⋅
1

𝑇
 

 
(4) 

                                           

From the linear dependence lnτ = f(1/T), the activation temperature Ea/Ra and 

subsequently the activation energy Ea are first determined using the coordinates of two 

points of the technological process (e.g. from experimentally determined minimum and 

maximum temperatures and their corresponding lnτ values): 

 
𝐸𝑎
𝑅

 =
Δln⁡𝜏

Δ(1/𝑇)
=
𝑙𝑛𝜏(𝑚𝑖𝑛 )

−  𝑙𝑛𝜏𝑚𝑎𝑥)

1
𝑇(𝑚𝑖𝑛)

−
1

𝑇(𝑚𝑎𝑥)

=
ln 18 − 𝑙𝑛 9

1
378,15

−
1

393,15

=
2,890 − 2,197

0,002644 − 0,002543
=

0,693

0,000101
= 6861 𝐾 

 
(5) 

 

Activation energy Ea: 

 
𝐸𝑎
𝑅

= 6861 𝐾,⇒ 𝐸𝑎 = 6861 ∙ 𝑅 = 6861 ∙ 8,314 = 57 042
𝐽

𝑚𝑜𝑙
= 57𝑘𝐽/𝑚𝑜𝑙 

 
(6) 

 

The given value represents a fundamental kinetic parameter, which in the sense of the 

Arrhenius equation expresses the dependence of the rate constant of chemical reactions 

on thermodynamic temperature. Within the physicochemical processes of unification of 

the colors of beech wood sapwood and false heartwood (in the temperature interval t = 

105 – 120 °C), it quantifies the minimum energy barrier of elementary reactions taking 

place in the wood mass. During the steaming of beech wood, several types of physical 

processes and chemical reactions take place: extraction of low-molecular substances, 

hydrolytic degradation of hemicelluloses and amorphous cellulose, structural changes of 

lignin, which result in the formation of new chromophoric structures affecting the change 

in the color of wood. 

Based on the magnitude of the activation energy, the unification of the colors of beech 

sapwood and false heartwood by steaming can be classified, from the aspect of chemical 

reactions, into the group of reactions with medium-high activation energy values (Eₐ = 40 

– 80 kJ·mol⁻¹). 

From a technological point of view, knowledge of the activation energy value in the 

process of unifying the color of sapwood and false heartwood by steaming is a basic 

prerequisite for modeling the kinetics of processes occurring in wood. The modified 

Arrhenius equation allows not only modeling the dependence of steaming time on 

temperature, but also effectively controlling the steaming process in order to minimize 

operating costs and degradation changes in steamed wood. 

 

 

CONCLUSION 
 

Based on the results of experimental research into the influence of technological steaming 

conditions on the unification of the color of sapwood and false heartwood of beech wood 
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in the temperature interval t = 105 – 120 °C, the activation energy of the ongoing 

physicochemical processes Eₐ = 57 kJ·mol⁻¹ was determined using the Arrhenius 

equation. 

It represents the minimum amount of energy required to achieve the activated state of the 

ongoing reactions in beech wood during steaming. In the conditions of steaming of beech 

wood, these are primarily chemical reactions: extraction of low-molecular substances, 

hydrolytic degradation of hemicelluloses and amorphous cellulose, structural changes in 

lignin, which result in the formation of new chromophoric structures resulting in a change 

in the color of the wood. 

Knowledge of the activation energy value of a particular physicochemical process is a 

basic prerequisite for solving the Arrhenius equation. In this case, the modified Arrhenius 

equation allows modeling the influence of temperature on steaming time on the 

unification of the color of beech sapwood and false heartwood. 
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AIRBORNE PARTICULATE EMISSIONS FROM WOODCHIP 

HANDLING: IMPLICATIONS FOR WORKER SAFETY IN 

BIOMASS-BASED HEATING PLANTS 
 

 

Miloš Gejdoš – Martin Lieskovský – Daniel Tomčík 

 

Abstract 
The handling and movement of wood chips in biomass-based urban heating plants generate 

considerable amounts of airborne particulate matter (PM₂,₅ and PM₁₀), which may pose 

risks to both worker health and the surrounding environment. This study quantified 

particulate matter concentrations during chip-loading operations and compared them with 

non-loading conditions using real-time laser-based monitoring. The results indicate that 

PM₂,₅ and PM₁₀ concentrations increased approximately threefold during loading 

activities, reaching mean values of 24.03 µg/m³ and 38.75 µg/m³, respectively. Continuous 

monitoring conducted near the storage site revealed short-term exceedances of World 

Health Organization (WHO) guideline values for PM₂,₅, suggesting potential acute 

exposure risks. Spatial analysis showed that distance from the source significantly 

influenced particulate levels, with the highest concentrations observed within 50 m of the 

woodchip pile and a marked decrease beyond 100 m. Overall, the findings emphasize the 

necessity of implementing effective dust mitigation strategies, optimizing handling 

procedures, and enforcing appropriate safety protocols to minimize exposure to fine 

particulate matter during biomass processing operations. 
 

Key words: wood chips, particulate matter, dust emissions, worker safety, biomass 

storage, exposure monitoring 

 

 

INTRODUCTION 
 

The increasing demand for renewable energy has led to a rapid expansion of biomass-based 

heating systems, requiring large-scale storage of woody fuels to ensure a continuous supply 

(Sahoo et al., 2019). However, alongside these benefits, biomass storage introduces a range 

of environmental and occupational risks, particularly related to airborne particulate matter 

(PM) emissions (Kim et al., 2015). 

Fine particles such as PM2,5 and PM10 are of major concern due to their potential to 

adversely affect respiratory health. Elevated concentrations may occur in the vicinity of 

biomass storage and handling operations, posing risks not only to workers but also to 

nearby residents (Gejdoš and Lieskovský, 2024). In addition to health impacts, dust 

accumulation in biomass storage facilities can contribute to serious safety hazards, 

including self-heating, spontaneous combustion, and dust explosions (Zhou et al., 2022; 

Varela et al., 2023). These risks are amplified in poorly ventilated storage systems, where 

thermal processes can escalate into runaway reactions. Historical incident records further 
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highlight the importance of effective monitoring and preventive measures (Müllerová, 

2014).  

Woodchip processing and handling are recognized sources of airborne wood dust (Jacobsen 

et al., 2021; Takougang et al., 2023). While occupational exposure has been widely 

documented, the proximity of storage sites to residential areas raises additional concerns 

regarding environmental exposure (Noll and Jirjis, 2012). Wood dust is classified as a 

known human carcinogen and has been associated with respiratory diseases, including 

asthma, chronic bronchitis, and allergic reactions (Siew et al., 2012; Pérez-Rios et al., 

2009). Airborne particles generated during storage and handling may disperse beyond the 

immediate site, affecting the surrounding environment (Simpson et al., 2016). 

To reduce these risks, various mitigation measures have been proposed, including covering 

biomass piles, maintaining optimal moisture conditions, and applying dust suppression 

technologies. Continuous monitoring of air quality is equally important, particularly in 

urban settings where human exposure may be significant (Chen et al., 2024; Lieskovský 

and Gejdoš, 2023). Recent studies emphasize the need for integrated assessments that 

combine occupational and environmental exposure to better evaluate overall health impacts 

(Chen et al., 2024; Chin et al., 2016). 

Despite extensive research on wood dust exposure, studies that simultaneously evaluate 

workplace and ambient PM levels at urban biomass storage sites remain limited, especially 

in relation to international health guidelines. This gap is particularly relevant for centrally 

located heating plants. 

In Slovakia, occupational exposure to wood dust is regulated by Government Act No. 

356/2006 Coll., which classifies wood dust as a carcinogenic factor and sets technical 

exposure limits. Although compliance with these limits reduces health risks, it does not 

eliminate them entirely, underscoring the need for preventive measures. 

The aim of this study is to assess particulate matter emissions associated with biomass 

storage in an urban heating plant and to evaluate potential exposure risks for both workers 

and nearby residents. The study combines (i) occupational exposure measurements 

conducted according to EN 689+AC and STN EN 482, and (ii) environmental monitoring 

of PM2,5 and PM10 concentrations in the surrounding area. The results are evaluated in 

relation to the World Health Organization air quality guidelines (WHO, 2021) to determine 

potential exceedances and associated health implications. 

 

 

MATERIAL AND METHODS 
 

Study site 

The study was conducted at a district heating plant in Hriňová, Slovakia, where woodchips 

are used as the primary fuel (Figure 1a). Such installations are typically located within 

urban areas and operate continuously, requiring frequent handling and replenishment of 

biomass, which can influence local air quality. The woodchip storage pile at the study site 

covered an area of approximately 30 × 60 m, with heights ranging from 5 to 15 m. 

 

Measurement methodology 

Instrumentation 

Airborne particulate matter (PM2,5 and PM10) was measured using a portable laser-based 

monitor (Temtop M2000C), which provides real-time concentration data. For continuous 

monitoring, an AirNote device (Blues) was deployed to record particulate concentrations 
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together with temperature and humidity. This combination enabled the assessment of both 

short-term fluctuations and long-term exposure patterns. 

 

Measurement design 

To evaluate the impact of biomass handling, PM2,5 and PM10 concentrations were recorded 

during chip-loading operations and compared with non-loading periods. Occupational 

exposure measurements were conducted in accordance with EN 689+AC and STN EN 482, 

using 2-hour sampling intervals. In addition, continuous monitoring was carried out from 

29 May to 23 June 2024 to capture temporal variability in particulate matter concentrations. 

The integration of short-term and long-term measurements provided a comprehensive 

assessment of air quality conditions. Measured values were compared with World Health 

Organization (WHO, 2021) air quality guideline values (PM2,5: 15 µg/m³; PM10: 45 µg/m3, 

24-hour means) to provide context for potential health risks. 

 

Spatial assessment 

To evaluate the dispersion of particulate matter, measurements were conducted at the 

source and at distances of 50 m, 100 m, and 150 m from the woodchip pile (Figure 1b). 

Each location was monitored for at least 2 hours under stable weather conditions (wind 

speed < 1 m/s, no precipitation). Distances were measured using a Vertex Laser Geo 

rangefinder (Haglöf, Sweden). Measurements were taken at approximately 1.5 m above 

ground level and repeated to ensure accuracy. 

 

Data analysis 

All statistical analyses were performed using R software (R Core Team, 2024). Data 

processing was conducted using the dplyr package (Wickham et al., 2023). Differences 

between loading and non-loading periods were tested using Welch’s t-test, while spatial 

variations were analysed using one-way ANOVA followed by post-hoc comparisons. 

 

 
Fig. 1 (a) Study site in Hriňová (Slovakia) with woodchip storage; (b) measurement layout 

showing sampling distances (0, 50, 100, and 150 m) from the woodchip pile. 
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RESULTS 
 

Occupational exposure 

Chip-loading operations resulted in significantly higher particulate matter concentrations 

compared to non-loading conditions (Figure 2; Table 1). 

 

 
 

Fig. 2 Time series of PM2,5 and PM10 concentrations during loading and non-loading 

periods (left) and mean concentrations with 95% confidence intervals (right). 

 

Tab. 1 Comparison of PM concentrations during loading and non-loading periods. 

Pollutant 

Loading 

Period 

Ø(µg/m3) 

Non-

Loading 

Period 

Ø(µg/m3) 

t-

value 

Degrees 

of 

Freedom 

(df) 

Mean 

difference 

95% 

CI 

Cohen’s 

d 

p-

value  

PM2,5 24.03 8.07 9.58 20.36 
15.96 12.49-

19.43 

3.88 < 

0.001 

PM10 38.75 12.80 9.51 20.32 
25.95 20.26-

31.63 

3.88 < 

0.001 

 

Mean PM2,5 increased from 8.07 to 24.03 µg/m3, while PM10 rose from 12.80 to 38.75 

µg/m3. These differences were statistically significant (p < 0.001) for both pollutants, with 

large effect sizes (Cohen’s d = 3.88). 

During loading, PM2,5 short-term means exceeded WHO 24-hour guideline values, whereas 

concentrations during non-loading periods remained within recommended limits. 

 

Continuous monitoring 

Continuous monitoring revealed substantial temporal variability in PM concentrations 

(Figure 3). Mean values remained relatively low (PM2,5: 8.38 µg/m3; PM₁₀: 8.75 µg/m3), but 

short-term exceedances were observed, particularly for PM2,5. 

PM2,5 exceeded the WHO guideline (15 µg/m3, 24-hour mean) for 82.5 hours (14.2% of the 

monitoring period), with a maximum daily mean of 43.7 µg/m3. In contrast, PM10 

exceedances were rare (0.5 hours; max daily mean 70.9 µg/m3). 

Overall, three days exceeded the daily limit for PM2,5 and one day for PM10, indicating 

episodic exposure peaks despite acceptable average conditions. 
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Spatial distribution 

PM concentrations decreased with increasing distance from the woodchip pile (Figure 3 – 

right part). The highest levels were recorded at 50 m (PM10: 70.9 µg/m3; PM2,5: 43.7 

µg/m3), followed by a marked reduction at 100 m (PM10: 33.4 µg/m3; PM2,5: 21.5 µg/m3). 

At 150 m, concentrations remained similar to those at 100 m (PM10: 35.6 µg/m3; PM2,5: 

22.5 µg/m3), indicating stabilization beyond 100 m. PM2,5 concentrations exceeded WHO 

guideline values at all measured distances, while PM10 exceeded the limit only at 50 m. 

Statistical analysis confirmed a significant effect of distance on both PM10 and PM2,5 (p < 

0.001). Post hoc comparisons showed no significant differences between 100 m and 150 m, 

indicating that the main reduction occurs between 50 m and 100 m (Table 2). 

 

 
Fig. 3 (left) Hourly and daily PM2,5 and PM10 concentrations with WHO guideline values; 

(right) mean concentrations at increasing distances from the woodchip pile. 

 

Tab. 2 ANOVA and post hoc results for PM concentrations by distance. 
Particulate 

matter 
Comparison Mean Difference (µg/m3) 

95% Confidence 

Interval 
p-value 

PM10 

150 m - 100 m 2.22 -5.27 to 9.70 0.766 

50 m - 100 m 37.51 30.07 to 44.96 < 0.001 

50 m - 150 m 35.30 27.87 to 42.72 < 0.001 

PM2,5 

150 m - 100 m 0.91 -3.55 to 5.38 0.880 

50 m - 100 m 22.13 17.70 to 26.57 < 0.001 

50 m - 150 m 21.22 16.79 to 25.64 < 0.001 

 

 

DISCUSSION AND CONCLUSION 
 

This study demonstrates that biomass handling in urban heating plants significantly 

increases airborne particulate matter concentrations, particularly during chip-loading 

operations, where PM2,5 and PM10 levels were approximately three times higher than during 

non-loading periods. Although average concentrations remained within guideline values, 

continuous monitoring revealed frequent short-term exceedances, especially for PM2,5, 

indicating potential acute exposure risks. These findings highlight the importance of 

considering short-term variability in addition to long-term averages when assessing air 

quality impacts. 

Particulate concentrations decreased with increasing distance from the source; however, 

elevated PM2,5 levels persisted beyond 100 m, confirming the ability of fine particles to 

disperse and remain suspended in the surrounding environment. 

From a practical perspective, the results emphasize the need for effective dust mitigation 

strategies, particularly during handling operations. Measures such as improved material 
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handling, dust suppression, and the use of personal protective equipment can significantly 

reduce exposure risks. Continuous air quality monitoring remains essential for ensuring 

safe operating conditions and protecting both workers and nearby populations. These 

results are particularly relevant for urban heating plants located in close proximity to 

residential areas. This is particularly relevant for urban heating plants located in close 

proximity to residential areas. 
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RELATIONSHIP BETWEEN CUTTING FORCES AND SURFACE 

ROUGHNESS IN EDGE MILLING OF PARTICLEBOARD 
 

 

Luďka Hanincová – Jiří Procházka – Vít Novák – David Kyselka 

 

Abstract 
This study investigates the relationship between cutting force and surface roughness during 

CNC edge milling of particleboard. Experiments were carried out on a 5-axis CNC 

machining center using a single-edge tool at a constant spindle speed of 18,000 min⁻¹. Feed 

per tooth (fz = 0.2, 0.3, 0.4, 0.5 mm) and milling strategy (climb and conventional) were 

varied as the main technological factors. The results showed that increasing feed per tooth 

led to higher cutting force Fc and increased surface roughness Ra for both milling 

strategies. Conventional milling produced consistently higher roughness values compared 

to climb milling. Statistical analysis confirmed significant effects of feed per tooth and 

milling strategy on Fc and Ra, while their interaction was significant only for cutting force. 

A strong positive trend was observed for climb milling, while a statistically significant 

relationship was confirmed for conventional milling. These findings indicate that cutting 

force can serve as an indirect indicator of surface quality. The results highlight the 

potential for using force-based monitoring in real-time process control and optimization in 

wood machining. 

 

Key words: particleboard, CNC milling, cutting force, surface roughness, feed per tooth, 

milling strategy 

 

 

INTRODUCTION 
 

Particleboard is widely used in furniture manufacturing due to its favorable cost-to-

performance ratio and suitability for mass production. In many applications, machined 

edges represent critical functional surfaces intended for edge banding, bonding, coating, or 

direct visual use. Therefore, edge quality significantly affects both the final product 

appearance and the efficiency of subsequent processing operations. Edge roughness and 

integrity are thus considered key quality indicators in wood-based panels (Demir et al., 

2022; Garrido et al., 2024). 

The quality of milled edges is influenced by several technological factors, including feed 

per tooth, spindle speed, tool geometry, and milling strategy. Among these, feed per tooth 

is consistently reported as a dominant factor affecting surface roughness, with increasing 

values generally leading to surface deterioration (İşleyen and Karamanoğlu, 2019; Sedlecký 

and Gašparík, 2017; Szwajka et al., 2023). 

Cutting force represents an important process indicator, as it reflects the interaction 

between the cutting tool and the workpiece material and is closely related to chip formation, 
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tool loading, and energy demand. Previous studies have shown that cutting forces increase 

with chip load and are often accompanied by changes in surface quality (Pałubicki, 2021; 

Li et al., 2023). 

Recent research has also highlighted the potential of cutting force as a signal for indirect 

prediction of surface quality, particularly within sensor-based and data-driven monitoring 

approaches (Szwajka et al., 2023; Župerl and Čuš, 2019; Górski et al., 2022). However, 

studies directly addressing the relationship between cutting force and surface roughness 

during CNC edge milling of particleboard under defined cutting conditions remain limited. 

Therefore, the aim of this study was to evaluate the relationship between cutting force Fc 

and surface roughness Ra during CNC edge milling of particleboard under different feed 

per tooth values and two milling strategies. 

 

 

MATERIAL AND METHODS 
 

Material 

A commercially available particleboard (thickness 18 mm) was used as the workpiece 

material. Prior to machining, specimens were conditioned under standard laboratory 

conditions. 

CNC milling conditions 

Edge milling was performed on a 5-axis CNC machining center Morbidelli m100 at a 

constant spindle speed of 18,000 min⁻¹ using a single-edge end mill (D = 16 mm). The 

investigated factor was feed per tooth (fz = 0.2, 0.3, 0.4, 0.5 mm). Two milling strategies 

were applied: climb and conventional milling. All tests were conducted under identical 

conditions with a constant tool state. 

Cutting force measurement 

Cutting forces were measured using a Kistler 9257B dynamometer. The cutting force 

component Fc was evaluated from the stable cutting region, excluding tool entry and exit. 

Cutting force measurements were carried out in three repetitions for each combination of 

cutting conditions and milling strategy. 

Surface quality evaluation 

Surface quality was assessed using a Keyence VR-6000 optical 3D profilometer. 

Measurements were performed in representative regions in the central part of the machined 

edge (Figure 1). For each cutting condition, measurements were performed in 3 regions, 

with 9-line profiles evaluated per region. The roughness parameter Ra was used to 

characterize surface quality. 

 
Figure 1: Selection of measurement areas on the milled edge. 

 

Data analysis 

Statistical evaluation included analysis of variance (ANOVA) to assess the effects of feed 

per tooth and milling strategy. The relationship between Fc and Ra was analyzed using 

correlation and linear regression models, evaluated separately for each milling strategy and 

for the complete dataset. 
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RESULTS 
 

Effect of feed per tooth on cutting force 

The mean cutting force Fc increased with feed per tooth under both milling strategies 

(Figure 2). In climb milling, Fc increased from 6.88 N at fz = 0.2 mm to 8.30 N at fz = 0.4 

mm, followed by a slight decrease at fz = 0.5 mm (7.92 N). In conventional milling, a more 

pronounced increase was observed, from 4.45 N at fz = 0.2 mm to 8.69 N at fz = 0.5 mm. 

 
Figure 2: Effect of feed per tooth on cutting force under climb and conventional milling. 

 

Two-way ANOVA confirmed that both milling strategy and feed per tooth significantly 

affected cutting force (p < 0.001). In addition, a significant interaction between both factors 

was found (p < 0.001), indicating that the influence of feed per tooth depended on the 

applied milling strategy. 

Effect of feed per tooth on surface roughness 

The roughness parameter Ra increased with increasing feed per tooth for both milling 

strategies (Figure 3). In climb milling, Ra increased from 29.23 µm to 49.34 µm, while in 

conventional milling the values increased from 37.11 µm to 51.99 µm. 

For all tested cutting conditions, conventional milling produced higher roughness values 

than climb milling. 

 
Figure 3: Effect of feed per tooth on surface roughness Ra. 

 

Two-way ANOVA revealed that both milling strategy (p = 0.0069) and feed per tooth (p < 

0.001) significantly affected Ra. However, the interaction between both factors was not 

significant (p = 0.666), indicating a similar roughness response to increasing feed per tooth 

under both milling strategies. 



 

 

RELATIONSHIP BETWEEN CUTTING FORCES AND SURFACE ROUGHNESS IN EDGE MILLING ... 

 

78 

Relationship between cutting force and surface roughness 

Linear regression analysis showed positive relationships between cutting force and 

roughness for both milling strategies (Figure 4). 

 
Figure 4: Relationship between cutting force and surface roughness with linear regression 

for both milling strategies. 

 

For climb milling, a strong trend was observed (R² = 0.850), although the regression model 

did not reach statistical significance at the 95% confidence level (p = 0.078). 

For conventional milling, an even stronger relationship was found (R² = 0.948), and the 

regression model was statistically significant (p = 0.026). 

These results indicate that increasing cutting force was associated with increasing surface 

roughness, particularly under conventional milling conditions. 

 

 

DISCUSSION 
 

The results confirmed that feed per tooth is a dominant factor affecting both cutting force 

and surface quality during CNC edge milling of particleboard. Increasing fz led to higher 

Fc and Ra values under both milling strategies, which is consistent with established 

machining mechanisms. Higher feed per tooth increases uncut chip thickness and material 

removal per tooth engagement, resulting in higher resistance during chip formation and 

thus higher cutting force (Pałubicki, 2021; Thibaut et al., 2016). 

The increase in surface roughness with increasing fz can be attributed to both geometrical 

and material-related effects. Higher chip thickness increases the theoretical scallop height 

and promotes less stable chip detachment. In particleboard, the heterogeneous structure 

further contributes to surface damage through particle pull-out, edge tearing, and irregular 

fracture. Similar trends have been reported for wood-based composites (İşleyen and 

Karamanoğlu, 2019; Demir et al., 2022; Zhu et al., 2022). 

Conventional milling produced consistently higher roughness values than climb milling, 

indicating more favorable surface generation in climb milling. This difference is related to 

chip formation mechanisms: while climb milling starts with maximum chip thickness and 

promotes more stable cutting, conventional milling begins with near-zero chip thickness, 

which may increase rubbing, unstable fracture, and edge damage. These effects are 

particularly pronounced in heterogeneous materials such as particleboard and support the 
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preference for climb milling in applications requiring high edge quality (Śmietańska et al., 

2020; Bedelean et al., 2023). 

Compared with cutting force, surface roughness exhibited higher variability, reflecting the 

influence of material heterogeneity. While Fc represents a stable process signal, Ra is 

additionally affected by local variations in particle distribution, density profile, and fracture 

behavior. 

A key finding of this study is that a strong positive relationship was observed for both 

milling strategies, although statistical significance was confirmed only for conventional 

milling. The high coefficients of determination (R² = 0.850 for climb and R² = 0.948 for 

conventional milling) indicate that increasing cutting force is associated with increasing 

roughness. This suggests that cutting force can serve as an indirect indicator of surface 

quality, as both variables are governed by common process mechanisms such as chip 

thickness and material removal conditions (Raman et al., 2012; Demir et al., 2022; Szwajka 

et al., 2023). The lower statistical significance for climb milling is likely related to the 

limited number of experimental conditions. 

From an industrial perspective, this relationship is particularly relevant, as cutting force can 

be monitored in real time, while surface roughness is typically evaluated offline. This 

highlights the potential for using force-based monitoring for process optimization and 

quality control in wood machining. 

The study was limited to a single material, tool geometry, and cutting condition. Further 

research should verify the observed relationships under different materials, tool wear 

conditions, and broader parameter ranges. 

 

 

CONCLUSION 
 

Based on the experimental results obtained during CNC edge milling of particleboard, the 

following conclusions can be drawn: 

1) Feed per tooth significantly affected both cutting force and surface roughness during 

CNC edge milling of particleboard. 

2) Increasing feed per tooth increased Fc and worsened surface quality under both milling 

strategies. 

3) Conventional milling produced significantly rougher surfaces than climb milling. 

4) Strong positive relationships between Fc and Ra were found, particularly for conventional 

milling (R² = 0.948; p = 0.026). 

5) The results suggest the potential of Fc as an indirect indicator of surface quality for future 

real-time monitoring of wood-based panel machining. 
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THE INFLUENCE OF CO2 LASER ENGRAVING PARAMETERS 

ON COLOUR CHANGES OF WOOD SURFACE 
 

 

Ivan Kubovský – Jozef Kúdela – Michal Andrejko 
 

Abstract 
This paper deals with the influence of CO2 laser engraving process parameters on colour 

changes of selected wood surfaces. Experimental samples of spruce, beech and oak wood 

were exposed to laser radiation with a wavelength of 10.6 μm at different levels of laser 

power and raster density. The amount of energy applied to the surface was expressed as the 

total irradiation dose (H). Colour changes, expressed in the CIE L*a*b* colorimetric space, 

were recorded for all wood species even at low laser power and the lowest raster density. 

At the maximum values of the mentioned parameters (compared to the surfaces of untreated 

samples), the lightness value (L*) decreased by more than 50% and the total colour 

difference (ΔE) increased by more than 40%. Heat-induced changes in the structures of 

chromophores, which are part of the main components of wood (lignin, hemicelluloses), 

are responsible for the colour changes of wood. The knowledge gained enables 

optimization of the laser process to achieve targeted treatment of wood surfaces without 

mechanical degradation of the material. 

 

Key words: CO2 laser, wood, colour, engraving, laser power, raster density. 
 

 

INTRODUCTION 
 

Laser processing and engraving of wood is a non-contact technology with high precision 

and flexibility. Currently, much attention is paid to the study of wood surfaces engraved 

with CO2 lasers with the aim of modifying their structure and properties (Nath et al. 2020; 

Kúdela et al. 2021; Gurau et al. 2017; Jurek and Wagnerová 2021; Reinprecht and 

Vidholdová 2021; Guo et al. 2021; Li et al. 2021; Lungu et al. 2022). The energy 

concentrated in the laser beam delivered to a specific location on the engraved wood 

surface is converted into heat. As a result of the energy concentrated in the laser beam, 

thermal degradation of the surface structures of wood occurs in the heat-affected zone. 

High energy values cause sublimation of the surface layer of wood, accompanied by the 

formation of a charred, or molten layer (Kúdela et al. 2022; Kúdela et al. 2024). Chemical 

and structural changes also occur on the surface of the wood treated in this way, which is 

reflected in changes in its morphology, colour and wetting by liquids (Wust et al. 2005; 

Barcikowski et al. 2006; Kačík and Kubovský 2011; Kačíková et al. 2013; Kubovský et al. 

2014; Li et al. 2018). The colour of the wood is a sensitive indicator of these temperature 

changes. The key role in the colour change is played by lignin, which is subject to thermal 

decomposition at lower temperatures than cellulose (Nguila et al. 2006; Kubovský et al. 

2020). Understanding the relationship between laser parameters (laser power, laser head 
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feed speed) and the resulting colour is key for industrial applications where high aesthetic 

quality of engraved motifs is required. 

The aim of the work was to comprehensively evaluate the influence of radiation produced 

by a CO2 laser on colour changes in wood under various engraving parameters and to 

determine the functional dependence of colour quantities on the irradiation dose. 
 

 

MATERIALS AND METHODS 
 

Experimental material and engraving parameters 

Test specimens with dimensions of 50 mm × 100 mm × 15 mm (width × length × 

thickness) were prepared from three wood species - spruce wood (Picea abies Karst.), 

beech wood (Fagus sylvatica L.) and oak wood (Quercus robur L.). The surfaces of the 

specimens were sanded with P180 grit sandpaper before engraving. The moisture content of 

the specimens was 12%. During engraving, the specimen surfaces were placed 17 mm 

below the focal point of the focusing lens of the CO2 laser device CM-1309 (Shenzhen 

Reliable Laser Tech, China). The maximum laser power at the resonator output was 137.5 

W. The laser head moved above the specimen surface in the direction of the fibers at a 

constant speed of 350 mm·s−1. The radiation intensity varied with the change in laser power 

and raster density (number of rasters per millimeter of width). Three sets of specimens were 

prepared. The first set was engraved at a laser power of 11 W, the second at a power of 16.5 

W and the third set at a power of 22 W. A FieldMaxII-TOP power meter (Coherent, 

U.S.A.) with a sensor located in the plane of the sample surface was used to measure the 

laser power. The number of rasters per millimeter of width was 2, 5, 10, 20 and 30 mm−1. 

This represented 5 combinations and each combination was represented by four bodies, 

plus four untreated (reference) samples. The radial surfaces of all bodies were uniformly 

irradiated over the entire length and width under the selected conditions (Fig. 1). 

              

Fig. 1 Test specimen (left) and CO2 laser engraving (right) 

 

The influence of several parameters of the laser engraving device on the colour changes of 

the tested wood surface is represented in the experiments by a single variable – the total 

irradiation dose (H) determined according to equation (1). 
 

𝐻 =
𝑃e ∙ 𝑥 · 𝑛 · 𝑦

𝐴 · 𝑣
                                                                                                                                                                       (1) 

 
 

where Pe (W) is the effective power of the laser beam on the sample surface, x (mm) is the 

sample length, n (mm−1) is the raster density, y (mm) is the width of the trace engraved by the 

laser beam after one path on the wood surface, v (mm·s−1) is the speed of the laser head 

movement and A (mm2) is the area irradiated during one passage of the laser beam. The width of 

the trace was measured using a Leica EC3 camera (Leica Microsystems, Switzerland). 

The irradiation dose per unit surface area of the samples (at the specified parameter values) 

calculated according to the above equation and is summarized in the Table 1. 
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Table 1 Parameters used in wood engraving with CO2 laser 

 

 

 

 

 

 

 

 

The laser parameters (power, feed rate, focal length and raster density) were selected based 

on experience from previous measurements (Kúdela et al. 2021) as well as on the results 

from the literature cited in the introduction of the paper. 
 

Colour measurement 

The colorimetric values L*, a* and b* of the reference bodies and bodies after CO2 laser 

engraving were measured with a spectrophotometer Spectro guide 45/0 gloss (BYK-

GARDNER GmbH, Germany). The measurement was made at ten locations within one body. 

The colour differences L*, a* and b* under different irradiation conditions and the total 

colour difference E were determined according to the following equations:  

∆𝐿∗ = 𝐿2 − 𝐿1                                                                                                        (2) 

∆𝑎∗ = 𝑎2 − 𝑎1                                                                                                        (3) 

∆𝑏∗ = 𝑏2 − 𝑏1                                                                                                        (4) 

∆𝐸 =  ∆𝐿2 + ∆𝑎2 + ∆𝑏2                                                                                      (5) 
 

where index "1" represents the colour coordinate value of the reference wood sample before 

radiation and index "2" represents the colour coordinate value of the wood sample after 

radiation with a CO2 laser. 
 

 

RESULTS AND DISCUSSIONS 
 

Colour changes 

The basic statistical characteristics (average value = x̅, STD = s) of the colour values (L*, a*, 

b*), obtained for spruce, beech and oak wood, over the whole raster density range and all 

three laser power levels are listed in Table 2, 3 and 4. 

The most striking effect of laser engraving was a significant decrease in the lightness value 

(L*) in the studied wood species. The resulting quality and shade of engraving were 

influenced by the type of wood and the setting of the laser parameters, quantitatively 

represented by the irradiation dose. Its increase resulted in a transition from slight 

yellowing/browning of the wood surface to carbonization with a significant decrease in 

lightness (L* < 30). 

Coniferous wood (spruce) showed a higher variability of colour changes, due to the 

alternation of spring and summer wood, which absorb laser energy differently. In beech 

wood, due to the homogeneous structure and more uniform absorption of the applied 

energy, the colour changes were smoother. Oak wood, due to its distinctive circular-pore 

structure with different densities of spring and summer wood, showed a surface with an 

inhomogeneous colour shade after engraving. 

Laser power Pe (W) 11 16.5 22 
 Irradiation dose H (J∙cm−2) 

Raster density    

n (mm−1) 

2 6.17 9.26 12.34 

5 15.42 23.14 30.86 

10 30.84 46.28 61.71 

20 61.68 92.57 123.43 

30 92.52 138.85 185.15 
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The properties of individual wood species also had an impact on the values in the 

chromaticity plane. The a* value increased at low irradiation doses (the wood acquired a 

reddish hue). At high values, a sharp decrease was recorded (during carbonization a* → 0). 

The b* coordinate showed a similar trend. The initial increase (increased yellow colour) 

was replaced by a sharp decrease with intensive formation of the carbon layer. The values 

of the total colour difference (E) ranged in a wide range - from about 5 (at low energy) to 

> 40 (engraving at the highest laser power and the highest raster density). 
 

Table 2 Colour values of L*, a* and b* in engraved spruce wood surfaces with a CO2 laser 

 

Colour 

Values 

Basic 

Statistical 

Character 

                                                       Power 11 W 

Raster density (mm−1) 

Reference 2 5 10 20 30 

L* 
x̅ 84.93 78.14 68.03 65.93 54.99 48.48 

s 0.98 0.96 1.04 1.82 2.43 1.48 

a* 
x̅ 3.23 4.79 8.19 8.23 9.84 10.19 

s 0.39 0.34 0.31 0.61 0.51 0.45 

b* 
x̅ 19.53 25.02 32.37 33.54 32.00 30.45 

s 0.99 0.61 0.83 0.91 1.64 0.63 
                            Power 16.5 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 84.93 77.22 66.40 59.99 49.57 44.00 

s 0.98 1.45 1.17 3.72 2.55 2.06 

a* 
x̅ 3.23 4.86 8.29 9.25 10.33 9.31 

s 0.39 0.31 0.22 0.76 0.45 0.52 

b* 
x̅ 19.53 24.84 31.43 33.24 30.83 27.18 

s 0.99 0.37 0.41 0.98 1.43 1.60 
                         Power 22 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 84.93 74.84 62.52 59.09 46.54 41.27 

s 0.98 0.66 3.79 3.38 2.32 2.15 

a* 
x̅ 3.23 5.33 8.78 9.29 9.98 9.45 

s 0.39 0.37 0.45 0.35 0.56 0.29 

b* 
x̅ 19.53 25.53 31.46 33.22 29.66 26.84 

s 0.99 0.61 1.05 0.98 1.52 0.97  

Table 3 Colour values of L*, a* and b* in engraved beech wood surfaces with a CO2 laser 

Colour 

Values 

Basic 

Statistical 

Character 

Power 11 W 

Raster density (mm−1) 

Reference 2 5 10 20 30 

L* 
x̅ 75.58 65.78 48.80 44.29 35.44 33.07 

s 1.51 1.49 1.39 1.29 1.45 1.60 

a* 
x̅ 6.77 7.18 7.85 6.91 6.29 6.53 

s 0.47 0.44 0.29 0.44 0.40 0.60 

b* 
x̅ 17.52 19.40 20.15 18.87 17.14 16.88 

s 0.86 0.63 0.92 0.91 0.87 1.23 
                            Power 16.5 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 75.58 62.44 45.17 40.13 31.99 28.02 

s 1.51 0.49 1.73 0.93 1.27 0.73 

a* 
x̅ 6.77 7.28 8.80 5.85 6.12 5.38 

s 0.47 0.24 0.55 0.51 0.35 0.36 

b* 
x̅ 17.52 19.50 20.39 16.73 15.72 14.02 

s 0.86 0.41 0.97 0.90 0.73 0.86 
                         Power 22 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 75.58 60.08 42.50 41.16 31.31 24.28 

s 1.51 0.92 0.57 2.56 1.66 1.62 

a* 
x̅ 6.77 6.64 8.07 7.24 6.14 4.66 

s 0.47 0.24 0.25 0.53 0.65 0.50 

b* 
x̅ 17.52 18.65 19.36 19.17 15.62 10.94 

s 0.86 0.44 0.27 1.40 1.63 1.02 
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Table 4 Colour values of L*, a* and b* in engraved oak wood surfaces with a CO2 laser 

Colour 

Values 

Basic 

Statistical 

Character 

Power 11 W 

Raster Density (mm−1) 

Reference 2 5 10 20 30 

L* 
x̅ 67.97 57.10 46.88 39.35 31.43 26.65 

s 2.06 1.51 3.27 3.20 2.53 1.95 

a* 
x̅ 6.61 7.13 7.31 6.34 5.75 5.00 

s 0.29 0.29 0.59 0.89 0.56 0.90 

b* 
x̅ 19.96 20.92 19.46 17.45 13.14 10.29 

s 0.63 0.35 1.55 2.03 1.86 2.14 
                            Power 16.5 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 67.97 52.79 43.17 36.74 29.52 23.90 

s 2.06 1.52 3.31 2.02 2.25 2.37 

a* 
x̅ 6.61 6.71 6.77 6.12 5.62 4.50 

s 0.29 0.49 0.85 0.84 0.62 1.22 

b* 
x̅ 19.96 19.41 17.90 16.25 11.57 8.40 

s 0.63 0.98 1.46 1.13 1.55 2.17 
                         Power 22 W 
                        Raster density (mm−1) 
  Reference 2 5 10 20 30 

L* 
x̅ 67.97 52.57 36.92 35.91 27.00 21.85 

s 2.06 2.16 2.23 2.90 1.86 1.41 

a* 
x̅ 6.61 6.95 6.43 6.43 4.93 4.43 

s 0.29 0.39 0.61 0.68 0.54 0.51 

b* 
x̅ 19.96 19.83 16.55 16.39 10.36 7.41 

s 0.63 0.73 1.12 1.80 1.12 0.99 

 
 

Figure 2 shows the surface of beech, oak and spruce wood before and after CO2 laser 

engraving. 

 

Fig . 2 View of the surfaces of laser-engraved samples 

The functional dependences of the colour values of spruce, beech and oak wood on the total 

irradiation dose were described by the same type of equation (Table 5). 

 Table 5 Functional dependences of colour quantities on irradiation dose 

Wood L* a* b* 

Spruce 

wood 

y = −11.39.5ln(x) +101.9 

R2 = 0.972 

y = −0.0002x2 + 0.0045x + 7.5 

R2 = 0.824 

y = −0.0002x2 − 0.0049x +32.8 

R2 = 0.811 

Beech 

wood 

y = −11.78ln(x) + 85.79 

R2 = 0.957 

y = 7.746e−0.002x 

R2 = 0.609 

y = −0.0001x2 − 0.0235x +19.8 

R2 = 0.902 

Oak 

wood 

y = −10.5ln(x) +76.2 

R2 = 0.978 

y = 7.141e−0.003x 

R2 = 0.919 

y = −0.0003x2 − 0.1335x +21.2 

R2 = 0.963 

 

The results from Table 5 indicate the validity of the dependencies for several types of 

wood. Despite the differences in structures and original colours, these dependences were 

close, which is also evident from the high values of the coefficient of determination. The 
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only exception was the coordinate a* in spruce, which required a different type of equation 

than beech and oak. 

Based on the measured values, functional dependences L*, a*, b* on the irradiation dose 

were created for three types of wood (Tab. 5). Appropriate setting of laser parameters is 

crucial for obtaining targeted colour changes in wood. The derived equations and the 

established correlations between colour changes and total irradiation dose will allow for 

targeted modification of colour and other surface properties of wood. 

 

 

CONCLUSIONS 

 

CO2 laser engraving is a complex physical-chemical process, in which targeted thermal 

degradation of the surface structures of wood occurs. The influence of all CO2 laser 

parameters on the modification of the surface properties of wood can be replaced by a 

single quantity - the total irradiation dose. The brightness of the wood surface and the 

colour shade depend on the irradiation dose and the type of wood. Research has shown that 

changes in the colour of wood after CO2 laser engraving are exactly quantifiable using the 

CIE L*a*b* system, while the resulting visual effect can be predicted. The possibility of 

precise adjustment of laser parameters allows the creation of graphic elements on the 

surface of wood with high aesthetic value and excellent contrast. 

The main conclusions can be summarized in three points: 

1. By choosing the irradiation dose, it is possible to precisely control the shade from light 

brown to deep black. 

2. Increasing the irradiation dose will cause a permanent decrease in lightness (L*), which 

will affect the increase in the total colour difference (E). 

3. The derived relationships between colour changes and the total irradiation dose will 

allow for targeted changes in the colour of the wood surface. 
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MANUFACTORING 
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Abstract 
The study aimed to evaluate working time utilisation at selected workstations in an 

upholstered furniture manufacturing company with a low level of mechanisation. 

Continuous time studies were conducted at structural frame assembly, foam-and-wadding 

application, and upholstery workstations. The working time utilisation index (Kr) was used 

to determine the share of net working time devoted to direct production activities. The 

obtained Kr values ranged from 0.70 to 0.83, indicating that auxiliary activities accounted 

for 17–30% of net working time. The lowest utilisation was recorded for structural frame 

assembly (Kr = 0.70), followed by foam-and-wadding application (Kr = 0.72), while 

upholstery achieved the highest value (Kr = 0.83). The main sources of time losses were 

component collection, material shortages, internal transport, and workplace organisation. 

The results indicate that improving material preparation, workplace layout, internal 

logistics, and work standardisation could significantly increase production efficiency. 

Organisational improvements should therefore precede investments in additional labour or 

selective automation. 

 

Key words: Working time utilization; upholstered furniture; labour productivity; 

production efficiency; work organization. 

 

 

INTRODUCTION 
 

Furniture manufacturers currently face increasing operating costs and a growing 

shortage of skilled workers. These conditions limit the effectiveness of traditional 

production-management practices and increase the need for process optimization, rational 

resource allocation, and carefully targeted modernization. Although Poland remains one of 

the world’s leading furniture exporters, its continued competitiveness cannot be based 

solely on relatively low labor costs. Companies must increasingly improve productivity 

through better work organization, standardization, digital production management, and 

selective automation (Grzegorzewska & Stasiak-Betlejewska., 2020; Grzegorzewska & 

Sedliačiková, 2021; Łukiewska & Brelik, 2021). 

 This challenge is particularly important in upholstered furniture manufacturing, where 

numerous operations continue to depend on manual labor. The assembly of structural 

frames, application of foam and wadding, sewing, upholstering, and final finishing require 

considerable embólie involvement. The level of automation in these areas remains 
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substantially lower than that associated with Industry 4.0. Consequently, the performance 

of an upholstered furniture plant is strongly influenced by the organization of human work, 

availability of materials, internal transport, workplace layout, and coordination between 

production departments (Červený et al., 2022a; Brunello et al., 2025). 

 Numerous methods have been proposed to improve production efficiency, including 

Lean Manufacturing, digital production monitoring, ergonomic workplace design, and 

simulation-based optimization. Among these approaches, Lean Manufacturing provides 

practical tools for identifying and reducing activities that consume resources without 

directly increasing the value of the product. In a case study conducted in the furniture 

industry, the implementation of standardization, Visual Management, Kaizen, and 5S 

improved employee working-time efficiency and accelerated the production process. Such 

findings indicate that organizational changes should be considered before a company 

increases employment or invests in complex machinery (Pawłyszyn et al., 2024; 

Buchmeister & Vujica Herzog, 2024). 

 Reliable production data are necessary for both Lean improvement and computer 

simulation. One measure that can support the identification of inefficient production areas 

is the working time utilization index Kr (Strumiński, 1984). The indicator expresses the 

proportion of net working time devoted to the principal operation. Its application makes it 

possible to determine whether low workstation performance is associated with the pace of 

direct work or with supporting activities such as component collection, internal transport, 

workplace organization, and correction of production shortages (Buchmeister & Vujica 

Herzog, 2024). The evaluation of production efficiency using time-based indicators is well 

established in the wood-processing industry, particularly in highly automated 

manufacturing systems. Previous studies have focused on the performance of automated 

production lines such as the TechnoPORTA system implemented at PORTA KMI Poland 

(Kwidziński et al., 2022; Michalak et al., 2024). These studies demonstrated that detailed 

analyses of time-related performance indicators can effectively identify production 

bottlenecks and support process optimization in automated manufacturing environments. 

However, comparable studies remain scarce in the upholstered furniture sector, where 

production relies predominantly on manual operations rather than automated technological 

lines. The high variability of manual work, dependence on operator skills, and frequent 

occurrence of auxiliary activities make the assessment of working time utilisation 

considerably more challenging. Consequently, quantitative evaluations of working time 

utilisation at individual upholstery workstations are still limited, despite their potential 

value for identifying organisational inefficiencies and supporting decisions regarding 

process improvement and selective automation. 

 Therefore, this study aimed to determine the working time utilisation index Kr for 

selected workstations in an upholstered furniture company. It focused on operations 

characterised by a particularly low level of mechanisation, including frame assembly, foam 

and wadding application, and upholstery 

 

 

MATERIAL AND METHODS 
 

The study was conducted at a Polish company specialising in upholstered furniture 

manufacturing. The analysis focused on three workstations with a low degree of 

mechanisation: the structural frame assembly workstation, the workstation where 

completed frames were covered with foam and wadding and the upholstery workstation. 

https://www.zotero.org/google-docs/?xPZzS4
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At the time of the study, the company did not use an integrated Enterprise Resource 

Planning (ERP) system for production planning and control. Production orders and the 

allocation of tasks to individual workstations were managed using paper-based 

documentation. Consequently, information concerning production orders and their progress 

was not recorded digitally at the workstation level. 

 Working time was recorded through continuous observation using a direct time study 

with a digital stopwatch. The analysis concerned net working time, which means that 

statutory breaks were excluded. Each measurement was conducted for three employees 

with comparable experience and professional competencies. The individual measurements 

were subsequently averaged to reduce the influence of differences in employees’ working 

pace. 

 The activities recorded at each workstation were divided into direct and auxiliary 

operations (Buchmeister & Vujica Herzog, 2024). Direct operations contributed 

immediately to the completion of the analysed production stage. Auxiliary operations 

included component collection, workplace preparation, internal transport, replenishment of 

missing parts, and other activities necessary to continue production but not directly 

contributing to the completion of the principal operation (Buchmeister & Vujica Herzog, 

2024). Due to the very short duration and frequent alternation of individual supporting tasks 

(e.g., reaching for tools or materials), auxiliary activities were recorded collectively rather 

than classified into separate categories.  

 The working time utilisation index was calculated using equation (1): 

Kr = tw/T,  

where kr is the working time utilisation index, tw is the execution time, and t is the total 

working time during the shift. 

 

 

RESULTS 
 

The calculated working time utilisation index kr varied between the analysed 

workstations, ranging from 0.70 to 0.83 (Figure 1). This indicates that 70–83% of net 

working time was devoted to direct production activities, while the remaining 17–30% was 

occupied by auxiliary activities. These included workplace organisation, material handling, 

component collection, internal transport, and other supporting operations necessary to 

maintain production continuity but not directly contributing to product completion. Due to 

the very short duration and frequent alternation of these activities, they were analysed 

collectively rather than classified into separate categories. 



 

 

WORKING TIME UTILIZATION IN UPHOLSTERED FURNITURE MANUFACTORING 

 

92 

Figure 1. Total working time structure at the analyzed workstations. 

 

The structural frame assembly workstation achieved the lowest working time utilisation 

index kr = 0.70, which means that auxiliary activities accounted for 30% of working time. 

At the foam-and-wadding application workstation, the average processing time for one 

module was approximately 8 min. The working time utilization index reached kr = 0.72. 

The highest working time utilization index was recorded at the upholstery workstation 

kr = 0.83. Upholstering one complete corner sofa required approximately 60 min, with 

direct production activities accounting for 83% of net working time. The remaining 17% 

consisted of auxiliary activities accompanying the upholstery process. 

For an 8-hour workday, devoting 30%, 28%, and 17% of that time to support tasks 

amounts to 2.4 hours, 2.2 hours, and 1.4 hours, respectively. 

  

 

DISCUSSION 
 

The results indicate that working time utilisation in upholstered furniture production is 

strongly affected by organisational and logistical factors. This is consistent with previous 

studies showing that non-value-adding activities, such as material handling, unnecessary 

movement, waiting, and workplace organisation, can substantially reduce production 

efficiency (Buchmeister & Vujica Herzog, 2024; Pawłyszyn et al., 2024). Therefore, 

improvement efforts should focus primarily on better material preparation, internal 

logistics, and work organisation rather than solely on increasing the pace of direct manual 

operations. 

 The identified potential for improvement is consistent with Lean Manufacturing 

principles. Standardisation, 5S, Visual Management, and Kaizen may help reduce 

unnecessary activities and improve production flow (Pawłyszyn et al., 2024; Buchmeister 

& Vujica Herzog, 2024). Improved material supply and the use of complete production kits 

may additionally limit interruptions caused by missing components (Sütçü et al., 2011), 

while barcodes or QR codes could support material identification and production control 

(Červený et al., 2022a, 2022b). 

 Internal transport and workplace layout should also be considered important areas for 

improvement. Previous studies have shown that layout redesign and simulation can support 

more efficient material flow and allow alternative production configurations to be evaluated 

before implementation (Sütçü et al., 2011; Bambura et al., 2020). Discrete-event simulation 

may therefore complement time-study results by assessing alternative buffer locations, 

transport routes, and workstation arrangements (Bambura et al., 2020; Büchi et al., 2020). 

 The findings also suggest that organisational improvements should precede extensive 
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automation. In highly manual furniture production, selective mechanisation may be 

justified for repetitive and labour-intensive operations, but investment decisions should 

consider production volume, product variety, labour requirements, and expected time 

savings (Buchmeister & Vujica Herzog, 2024; Brunello et al., 2025; Büchi et al., 2020; 

Červený et al., 2022a). Ergonomic improvements should accompany these changes, as they 

may reduce physical workload and production waste (Guimarães et al., 2015). 

 A limitation of the present study is the relatively small number of employees and 

analysed production operations. In addition, auxiliary activities were recorded collectively 

because of their short duration and frequent alternation. Further research should therefore 

include more employees, production cycles, product variants, and a more detailed 

classification of auxiliary activities. 

 

  

CONCLUSION 
 

The working time utilization indices Kr were 0.70 for structural frame assembly, 0.72 

for foam and wadding application, and 0.83 for upholstery, indicating that 17–30% of  

working time was spent on auxiliary activities, which represents a key area for 

improvement. 

 The structural frame assembly workstation had the lowest efficiency (Kr = 0.70), with 

about 30% of time (about 2.4 h per shift) spent on auxiliary tasks. This was mainly due to 

missing or incorrect components, suggesting a need for better production documentation 

and coordination. An ERP system integrating orders with component lists could reduce 

these issues. 

 At the foam and wadding application workstation (Kr = 0.72), 28% of time was 

auxiliary, mainly due to internal transport and workplace organization. Improvements 

should focus on optimizing material flow and buffer storage layout, followed by further 

measurements to assess effects. 

 The upholstery workstation achieved the highest efficiency (Kr = 0.83). Further gains 

may be achieved through better order coordination and digital support for preparing 

component sets. 

 Overall, the results show that auxiliary activities significantly reduce efficiency across 

all workstations. Implementing digital production planning (e.g., ERP systems) and 

improving material flow organization could reduce these losses, although their impact 

requires further verification. 

 Future work should focus on redesigning material flows, applying Lean Manufacturing 

tools, and validating improvements through repeated studies or simulations, as well as 

extending analysis to other manual processes such as upholstery and sewing. 
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EFFECTIVENESS OF WOOD DUST EXTRACTION SYSTEM 

OF HAND HELD BELT SANDER 
 

 

Alena Očkajová1 – Martin Kučerka1 – Miroslav Dado2  
 

Abstract 
The paper evaluates the effectiveness of the integrated extraction system of a hand-held belt 

sander during the sanding of beech wood. The mass concentrations of the inhalable and 

respirable fractions of wood dust in the operator's breathing zone were compared during 

sanding without the dust collection box and with the dust collection box. The experiment 

was carried out using three sanding belt grits, P40, P120 and P240. For the inhalable 

fraction, the use of the box achieved an exposure reduction of approximately 78,5 ÷ 85,8 %, 

while for the respirable fraction it was 65,8 ÷ 74,9 %. In addition, the material removal 

rate and the amount of dust captured in the box were evaluated and the dust capture 

efficiency was calculated from these values, reaching 74,3 % for P240, 58,5 % for P120 

and 38,7 % for P40. The results confirm the significant protective effect of the dust 

collection box, but at the same time indicate that, during coarser sanding, the absolute 

amount of removed material increases and the dust capture efficiency decreases. 
 

Key words: wood dust; belt sander; dust collection box; beech wood; inhalable fraction; 

respirable fraction 

 

 

INTRODUCTION 
 

Wood dust generated during wood machining represents a significant risk factor in the 

working environment. Its effects are associated with health risks for workers, possible 

damage to fine and precise equipment, and with fire and explosion hazards in operation 

(Balog and Tureková 2005; Beljaková et al. 2009). 

Dust is generally defined as a set of solid particles with a diameter below 100 µm which 

can remain suspended in workplace air for a long time, sediment only with difficulty, settle 

not only on horizontal surfaces but also on inclined structures and, the smaller the particle, 

the greater the angle required for it to slide down (Očkajová et al. 2023), during any 

subsequent resuspension these dust particles become a source of secondary dustiness. From 

the point of view of its effect on the human body, it is important to distinguish mainly the 

inhalable fraction, i.e. particles entering the body through the nose and mouth, and the 

respirable fraction, which penetrates deeper parts of the respiratory system (STN EN 481 

1998; WHO 1999). 

The health risks of wood dust are described mainly in relation to respiratory diseases, 

allergic manifestations, irritation of mucous membranes and the carcinogenic effect of dust 

from hardwood species (Buchancová et al. 2003; Baran and Teul 2007; Tian et al. 2007; 

Marková and Očkajová 2018; Očkajová et al. 2020; Čavlović et al. 2023). 
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Wood dust, especially from hardwood species (in our vegetation zone this concerns beech 

and oak), has been classified among category 1 carcinogens (which means a proven 

carcinogen for humans, for which technical guideline values are specified in legislation), 

similarly to tropical wood species (Mračková 2001; Horvat et al. 2007). In workers in 

joinery and wood-processing operations, diseases such as pneumoconiosis (dusting of the 

lungs), i.e. the effect of the respirable fraction of wood dust) did not occur, but cancers of 

the paranasal sinuses did occur, and therefore in this case it is necessary to take into account 

not only the respirable fraction but the entire inhalable fraction, i.e. particles captured in the 

area of the upper respiratory tract (WHO, 1999; STN EN 481 1998). 

Wood sanding is one of the finishing operations in which a very thin layer is removed from 

the surface of the material and a high proportion of fine dust particles is generated 

(Očkajová 2002). Dust formation is influenced by the wood species, wood moisture 

content, thermal treatment, sanding direction in relation to the grain direction, technical 

parameters of the sander, condition of the sanding belt, as well as the grit size of the 

abrasive (Očkajová et al. 2016; Očkajová et al. 2019). With finer grits, a higher proportion 

of smaller particles can be expected, whereas coarser grits increase the mass removal of 

material and the formation of larger particles (Očkajová et al. 2010). At present, hand-held 

electric tools, including sanders, are widely used in wood processing and produce a high 

proportion of dust particles. Previous research on the sanding of beech wood showed that 

the proportion of particles with a size of up to 0,08 mm can exceed 90 % of all captured 

dust (Očkajová and Banski 2013; Očkajová et al. 2014; Očkajová et al. 2018). 

The basic technical measures for limiting dust dispersion during hand-held sanding include 

extraction directly at the point of origin and the use of a dust collection bag or box. 

However, practice shows that their effectiveness may depend on the grit size of the 

abrasive, the type of wood being machined, and the filling or clogging of the collection 

space (Mikušová 2019). 

The dust capture efficiency of hand-held sanders therefore cannot be evaluated only 

according to the visible amount of dust captured in the dust collection box. It is important 

to assess the extent to which the collection system reduces the actual dust concentration in 

the operator's breathing zone. The practical use of these devices may be affected by the 

filling of the box, the permeability of the filter material, the sealing between the sander and 

the collection element, as well as the regularity of cleaning and maintenance. Laboratory 

verification of the effectiveness of the dust collection box thus provides a basis for a more 

objective assessment of the risk during hand-held sanding of wood (STN EN 50632-1; 

Mikušová 2019). 

The aim of the paper is to assess the extraction effectiveness of the dust collection box, 

which is part of a hand-held belt sander, during the sanding of beech wood using three 

abrasive grits, P40, P120 and P240. The evaluation was carried out in two ways: by 

measuring the inhalable and respirable fractions in the operator's breathing zone during 

sanding without the box and with the dust collection box, and by comparing the material 

removal rate with the amount of dust captured in the box (Kučerka et al. 2022; Kučerka et 

al. 2023). 

 

 

MATERIAL AND METHODOLOGY 
 

The economically important wood species European beech (Fagus sylvatica L.) was used 

for the experiment. Test specimens were prepared with dimensions of 500 mm × 250 mm × 

50 mm (length × width × thickness) and subsequently conditioned to a moisture content of 
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12 ± 1 %. Sanding was carried out along the grain using a Bosch PBS 75A hand-held belt 

sander. 

Sanding belts 533 mm in length with corundum abrasive on a fabric backing, bonded with 

synthetic resin (Klingspor, model LS 309 XH), with grit sizes P40, P120 and P240, were 

used. The idle speed of the sanding belt was 350 m·min-1. After sanding each test specimen, 

the sanding belt was replaced with a new one. 

Experimental measurements were carried out in a room meeting the requirements of the 

STN EN 50632-1 standard. The sampling of wood dust was based on the methodology 

according to Lamperová (2020) and Dado et al. (2020), while the general requirements for 

procedures for measuring chemical substances in workplace air were respected (STN EN 

482: 2000; STN EN 689: 2000). 

The mass concentration of wood dust was measured using a TSI DustTrak DRX 8533 

aerosol monitor. An SKC IOM sampler located in the operator's breathing zone was 

connected to the monitor by a hose. The duration of one measurement was 180 s, which 

corresponded to the time required to sand the test specimen. 

The effectiveness of reducing exposure to wood dust was expressed by comparing the mass 

concentration of dust during sanding without the dust collection box and with the dust 

collection box. The value R indicates the percentage reduction in dust concentration in the 

operator's breathing zone after using the dust collection box: 

 

R = [(C1 - C2) / C1] × 100 [%] 

 

where C1 is the mass concentration of dust during sanding without the dust collection box 

and C2 is the mass concentration of dust during sanding with the dust collection box. 

As a supplementary indicator, the dust capture efficiency in the box E was calculated as the 

ratio of the mass of dust captured in the box (mk) and the total material removal rate over 

the time of one measurement. Since one measurement lasted 180 s, the time of 3 min was 

included in the calculation: 

 

E = mk / (Qm × t) × 100 [%] = mk / (Qm × 3 min) × 100 [%] 

 

 

RESULTS AND DISCUSSION 
 

Fig. 1 provides an overall view of the concentrations of the inhalable and respirable 

fractions of beech dust during sanding without the dust collection box and with the dust 

collection box. For both fractions, substantially lower dust concentrations in the operator's 

breathing zone were achieved after using the box. A statistically significant difference 

between measurements without the box and with the box was confirmed for all 

comparisons (p < 0,001). 

For the inhalable fraction, the concentrations with the dust collection box were 

approximately similar for all three grits. Without the use of the dust collection box, 

however, the concentration of the inhalable fraction at grit P240 was almost twice as high 

as that at grits P120 and P40. A probable explanation is the higher number of active 

abrasive grains in the finer abrasive, which simultaneously remove material and generate a 

greater proportion of fine dust (Očkajová, 2002). 

A similar trend was also observed for the respirable fraction without the use of the dust 

collection box. The lowest formation of the respirable fraction was observed at grit P40, 

where larger abrasive grains penetrated deeper into the material and produced larger 
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particles. With the finer grit P240, on the other hand, the proportion of particles capable of 

penetrating into deeper parts of the respiratory system increased. 

When the dust collection box was used, the proportion of the respirable fraction in the 

inhalable fraction was approximately 74,5 % for P240, 58,4 % for P120 and 38,3 % for 

P40. This indicates that the finer abrasive P240 produced almost twice the proportion of 

fine particles compared with the coarser grit P40. 

The reduction in exposure to the inhalable fraction when using the dust collection box 

ranged from 78,5 % (P40) to 85,8 % (P240). For the respirable fraction, the reduction 

reached 65,8 % for P240, 68,9 % for P120 and 74,9 % for P40 (Čavlović et al. 2022). 

The concentrations obtained when using the dust collection box under laboratory conditions 

meet the requirements set by the standard, namely the maximum permissible exposure 

limits for solid aerosols with a predominantly irritating effect (Government Regulation of 

the Slovak Republic No. 355/2006), where the value for oak and beech is 2 (mg·m-3) and 

the classification is class 1A - proven carcinogen for humans; as well as the maximum 

permissible exposure limits (NPEL) for gases, vapours and aerosols with carcinogenic or 

mutagenic effects in occupational air (Government Regulation of the Slovak Republic No. 

121/2024), where for hardwood dust (oak, beech), the inhalable fraction is 2 (mg·m -3) and 

the classification is class 1A. 

This finding, however, cannot be transferred without reservation to operational conditions, 

because real workplaces may be affected by secondary dustiness, insufficient maintenance, 

cleaning and the condition of the collection system. 

 

 
Fig. 1. Mass concentration of the inhalable and respirable fractions of beech dust during sanding 

without the dust collection box and with the dust collection box. Error bars represent SD. Reduction 

efficiency values are shown above each grit group. 

 

Fig. 2 presents the material removal rate, the amount of dust captured in the box and the 

calculated dust capture efficiency. The material removal rate increased from 3,96 ± 0,41 

g·min-1 for P240 through 6,63 ± 0,28 g·min-1 for P120 to 14,54 ± 0,39 g·min-1 for P40. At 

the same time, the absolute amount of dust captured in the box also increased, from 8,83 ± 

1,40 g for P240 to 11,64 ± 0,97 g for P120 and 16,90 ± 1,73 g for P40. 



 

  

ALENA OČKAJOVÁ – MARTIN KUČERKA – MIROSLAV DADO  

 

99 

The dust capture efficiency calculated from the ratio between captured dust and total 

material removal reached 74,3 % for P240, 58,5 % for P120 and 38,7 % for P40. The result 

shows that, during coarser sanding, a larger amount of dust is generated and captured in the 

box in absolute terms, but the relative capture efficiency decreases. 

A possible explanation is the different granulometry of the generated dust. Larger particles 

generated at P40 may fill the box space differently, reduce its permeability more quickly or 

cause local clogging of the collection system. Although finer particles at P240 enter the 

operator's breathing zone more easily, when the box is used, they are captured more 

effectively in relative terms. 

At the same time, with hand-held sanders it is problematic that the dust collection box 

usually does not have a reliable filling indication system. The extraction efficiency 

therefore also depends on the user, on the regularity of cleaning the box and on the type of 

wood being machined. When sanding softwood, the mechanism of filling the collection 

space may differ from that when sanding hardwood (Očkajová et al. 2018). 

 

 
Fig. 2. Combined evaluation of material removal rate captured dust and extraction efficiency during 

beech sanding. The left y-axis shows the material removal rate (g·min-1), while the right y-axis shows 

the mass of dust captured in the dust collection box (g). Error bars represent SD. Extraction efficiency 

values are shown above each grit group. 
 

 

CONCLUSION 
 

The experiment confirmed that: 

- the dust collection box of the hand-held belt sander significantly reduces the 

concentration of the inhalable and respirable fractions of beech dust in the 

operator's breathing zone, 

- the highest reduction of the inhalable fraction was achieved at P240, while the 

highest reduction of the respirable fraction was recorded at P40,  

- the supplementary evaluation of the dust captured in the box, compared with the 

material removal rate, showed the opposite trend: at P40, the greatest amount of 

dust was generated and captured in absolute terms, but the relative capture 

efficiency was the lowest, 
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- the grit size of the abrasive significantly affects the formation of the inhalable and 

respirable fractions and thus also the way of extraction using the dust collection 

box. 

For practice, this implies the need for regular inspection and cleaning of the dust collection 

box, especially depending on sanding with lower grit sizes, the sanding direction relative to 

the wood fibres, the type of wood being sanded and longer work periods. Although 

integrated extraction represents an effective technical measure, it should not be understood 

as the only protection for the worker. In real operations, it is also necessary to take into 

account overall ventilation, secondary dustiness, workplace maintenance and the use of 

suitable personal protective equipment. 
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EFFECT OF FEED SPEED ON IMMEDIATE SPRING BACK IN 

DENSIFIED WOOD SURFACE 
 

 

Varun Sharma – Daniel Chuchala 

 

Abstract 
From prehistoric times, wood served as humanity’s primary resource for survival and 

innovation. Wood valued for its renewability and cost effectiveness, has found widespread 

application not just in construction but also on furniture production and beyond. 

Nevertheless, the mechanical strength and dimensional stability of many wood species 

remain moderate to insufficient, limiting its suitability for demanding engineering structure 

and high-performance usage. There are several methods to densify the wood to improve its 

mechanical properties and hardness, but it comes with undesirable challenge like spring 

back. In this study beech wood (Fagus sylvatica L.) is densified with the help roller 

burnishing tool attached to lathe machine. Densification process was carried out on lathe 

with two feed per revolution values f1 = 0.57 mm and f2 = 1.14 mm. The applied 

densification depth was  ap = 1 mm and the constant rolling speed of 103.3 m/min. The 

compression ratio and the spring back rates were investigated. When evaluated, the highest 

compression ratio among all the samples obtained when the wood densified at lower feed 

per revolution (f1) and the lowest compression ratio was observed at higher value of feed 

per revolution (f2). Although, statistical analysis showed that there is no significant effect of 

feed per revolution on compression ratio. It is also observed that feed per revolution has no 

impact on spring back property of wood. 

 

Key words: beech wood, spring back, compression ratio, feed per revolution, 

densification, rotary movement 

 

INTRODUCTION 
 

Wood, as a renewable and versatile biomaterial has long been prized for its aesthetic appeal 

and mechanical properties in construction, furniture and engineering 

applications(Ormarsson & Sandberg, 2007). Due to high demand for traditional wood 

species prized for their superior mechanical properties, these resources face severe 

overexploitation. This preferential harvesting leaves abundant low-grade species 

underutilized, despite their potential availability. However, its natural limitations such as 

low surface hardness, poor wear resistance and dimensional instability under moisture often 

restrict its use in high performance scenarios. The density of wood is determined by the cell 

wall thickness and lumen size and it can be enhanced by minimising the void volume 

within the cell structure(Laine et al., 2016a). Densification markedly enhance the 

compressive strength of both hardwood and softwood across all orientations(Mania et al., 

2024). Given that wood densification enhances its mechanical properties and hardness, 
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numerous efforts have focused on developing effective processing methods(Cabral et al., 

2022). 

In this study the densification process is performed on cylindrical wood with the help of 

burnishing process. The compression ratio and the spring back behaviour will be assessed 

as a key indicator of successful densification in cylindrical wood samples. This evaluation 

will lay the foundation for subsequent studies aimed at mitigated spring back effects. 

 

Material and methods 

Five defects free beech wood (Fagus sylvatica L.) beams, each 1.52 m in length, were 

selected as the source material. From each beam four specimens measuring 0.305 m in 

length were taken out, yielding a total of 20 specimens (Fig 1). The initial moisture content 

of these specimens ranged from MC = 6±.5 %. Specimens were then machined into 

cylindrical shape using a conventional lathe machine tool. Turning parameters included a 

cutting speed of vc = 150 m/min and a feed per revolution of f = 0.5 mm. Subsequently, the 

cylindrical surfaces were sanded with 80-grit size sandpaper to eliminate the cutter marks 

and achieve a smooth finish. Densification was carried out on conventional lathe machine 

tool (Fig 2) at the Gdansk University of Technology, Poland. Process parameters were a 

rolling speed of vr = 103.3 m/min, densification depth of  ap = 1 mm and two values of feed 

per revolution f1 = 0.57 mm and f2 = 1.14 mm. This resulted in two sets of 10 densified 

specimens each, corresponding to the respective feed per revolution.  

 

                           

 Figure 1. Test specimens before and after machined into cylindrical shape. 

                

Figure 2. Densification of wood with the help of spinning roller. 

 

Calculation of compression ratios and spring back after 24 hrs: 

To calculate the compression ratio, just before the densification the initial diameter from 

cylindrical specimens were taken from 4 different points with the help of vernier calliper 

with ±0.01 mm precision, and the average of measure diameters was taken. For 

densification process the densification depth was aimed at 1 mm for all the specimens. 

After densification, the average diameter of the samples was measured again. To access 

whether these objectives could be met, the theoretical CRTheao and the experimental 
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compression ratio CRex were calculated adequately based on the Equation 1 and 2. The 

amount of spring back after 24hrs (SB24) was calculated using equation 3. The statistical 

analysis of the data obtained was done with the help of ANOVA.  

 

 

where, CRTheo is compression ratio theoretical and Di  is initial diameter. 

 

where, CRex  is compression ratio experimental, Di is initial diameter and Df  is diameter 

after densification. 

 
where, SB24  is spring back after 24 hrs, D24 is diameter after 24 hrs and Df  is diameter 

after densification 

 

RESULT AND DISCUSSION  
 

The theoretical compression ratio, experimental compression ratio and spring back 

percentage was measured at the end of the experiments are given in Table1. 

 

Table 1. Feed speed, rolling speed, Theoretical & experimental compression ratio % and 

spring back % obtained according to the process parameters. 

 
Sample  Feed per 

revolution  

(mm)  

Rolling 

speed  

(m/min) 

Theoretical 

compression 

ratio 

(%) 

Experimental 

compression 

ratio 

(%) 

Spring 

back 

(%) 

A1 0.57 103.3 4.31 1.93 0.04 

A2 0.57 103.3 4.37 1.48 0.12 

A3 1.14 103.3 4.32 1.60 0.08 

A4 1.14 103.3 4.31 1.38 0.27 

B1 0.57 103.3 4.33 2.10 0.18 

B2 0.57 103.3 4.34 1.80 0.24 

B3 1.14 103.3 4.31 1.35 0.19 

B4 1.14 103.3 4.36 2.00 0.25 

C1 0.57 103.3 4.30 1.93 0.07 

C2 0.57 103.3 4.33 1.64 0.13 

C3 1.14 103.3 4.33 1.52 0.11 

C4 1.14 103.3 4.30 1.77 0.18 

D1 0.57 103.3 4.40 0.48 0.13 

D2 0.57 103.3 4.33 1.84 0.06 

D3 1.14 103.3 4.30 1.84 0.02 

D4 1.14 103.3 4.31 1.35 0.13 

E1 0.57 103.3 4.31 1.65 0.07 

E2 0.57 103.3 4.33 2.01 0.01 

E3 1.14 103.3 4.31 1.47 0.17 

E4 1.14 103.3 4.30 1.78 0.07 
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Figure 3: Theoretical and experimental compression ratios for two analysed feeds per 

revolution with standard errors values  

                                       

Figure 4: Spring back after 24 hrs for two analysed feed per revolution  

 

As it can be seen from the figures 3 and 4, wood tries to regain its original shape after 

densification. The spring back effect is the phenomenon that occurs following 

densification, where material partially recovered its original shape due to the release of 

stored elastic effects (Laine et al., 2016; Tenorio et al., 2021). The tendency of wood to 

regain its shape it depends on the characteristic of wood species (Kaya & Sofuoğlu, 2023). 

Analysis of variance (ANOVA) was done to compare the Experiment compression ratio 

and Spring back for both the feed speeds given in table 2 and table 3 respectively. 

 

Table 2. ANOVA for Experimental compression ratio percentage 

Source DF Adj SS Adj MS F-Value P-Value 

Feed per revolution 1 0.1123 0.1123 0.87 0.364 

Error 18 2.3304 0.1295     

Total 19 2.4427       
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ANOVA result demonstrated no significant influence of feed speed on compression ratio 

(P=0.364 > 0.05) compression ratio remained between the two-feed speed, suggesting 

processing speed in this range has negligible effect on densification efficiency during wood 

densification process with 95% confidence level. 

 

Table 3. ANOVA for Spring back percentage  

Source DF Adj SS Adj MS F-Value P-Value 

Feed per revolution 1 0.008305 0.008305 1.49 0.238 

Error 18 0.100218 0.005568     

Total 19 0.108523       

 

ANOVA revealed no significant effect of feed speed on spring back with 95% confidence 

level (P=0.238 > 0.05). Spring back values were statistically comparable between the two-

feed speed, implying that variation in processing speed withing this range do not alter 

recovery elastically post burnishing. 

Although from the obtained data it is seen that the highest compression ratio among all the 

samples obtained when the wood densified at with lower feed speed and the lowest 

compression ratio was observed at higher value of feed speed. 

 

 

CONCLUSION 
 

The obtained result can be summarised as follow: 

• The wood material behavior remained relatively stable under the selected feed 

speed conditions.  

• There is no significant effect of feed speed on the compression ration percentage. 

• There is no significant effect of feed speed on the spring back. 

• When evaluated in general it is found that highest compression ratio among all the 

samples obtained when the wood is densified at 0.57 mm of feed per revolution 

speed. Whereas, the lowest compression ratio was observed at 1.14 mm feed per 

revolution speed. 

• Other parameters such as temperature, moisture content, wood grain orientation, 

density, or compression pressure may have a greater influence on spring back and 

compression behavior than feed speed alone.  

• It is also possible that the selected feed speed range and densification depth was 

too narrow to create noticeable structural changes in the wood.  
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METHODOLOGY FOR QUANTIFYING EDGE DELAMINATION 

IN CNC MILLING OF PLYWOOD 
 

 

Veronika Šugárová – Lukáš Adamčík – Richard Kminiak 
 

Abstract 
This study focuses on the verification of a methodology for quantifying edge delamination 

in CNC milled plywood. The experimental analysis was carried out on birch plywood 

(Betula pendula Roth) using a 5-axis CNC machining centre under controlled conditions. 

Milling was performed at a constant cutting direction perpendicular to the grain (90°), 

while feed speeds of 5, 7.5, and 10 m·min⁻¹ were applied. Other machining parameters were 

kept constant. Delamination was evaluated using a Keyence VHX-7000 digital microscope. 

On each milled groove, ten areas of 10 × 5 mm were analysed. Within each scanned area, 

the fibre tear-out was identified. The reference plane was then defined manually based on 

visual assessment by adjusting its position to exclude surface irregularities related to the 

natural plywood structure while retaining only defects caused by mechanical damage. The 

delaminated area was subsequently quantified as the area below this reference plane. The 

study describes the measurement procedure and its application under defined machining 

conditions. The results provide a basis for assessing edge delamination in plywood using 

an area-based approach and enable comparison of delamination extent at different feed 

speeds. 

 

Key words: CNC milling, plywood, edge delamination, fibre tear-out, area-based 

measurement, surface integrity 

 

 

INTRODUCTION 
 

Plywood is a widely used engineered wood material valued for its high mechanical 

properties, such as high strength, stiffness, and dimensional stability (Réh a GUOTH 2016). 

These characteristics make it suitable for a broad range of applications, particularly in 

construction and furniture manufacturing (Trzepieciński et al. 2025; Adamčík et al. 2025; 

Peignon et al. 2023). Milling is one of the most common machining processes used in 

woodworking, based on material removal by a rotating cutting tool (Gaff et al. 2016). The 

quality of the machined surface in plywood is influenced by a combination of factors, 

including tool geometry, feed speed, cutting edge sharpness, tool wear, and material 

properties such as density (Demir et al. 2022; Çakıroğlu et al. 2022). Improperly selected 

machining parameters often result in defects such as fibre tear-out, surface fuzziness or 

burning (Sejdiu et al. 2024). In plywood, this damage frequently manifests as the breaking 

and tearing of the upper veneer or the pull-out of inner layers (de Castro Saiki a Gomes 

2024; Moustaphaoui et al. 2019; Çakıroğlu et al. 2022). These defects can be so severe that 

they cannot be eliminated by subsequent finishing operations such as sanding (Adamčík et 

https://www.zotero.org/google-docs/?DcFQ0q
https://www.zotero.org/google-docs/?LgUAvf
https://www.zotero.org/google-docs/?LgUAvf
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https://www.zotero.org/google-docs/?7nEB1X
https://www.zotero.org/google-docs/?bCKvzO
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al. 2025). Edge delamination, defined as the separation of veneer layers, represents one of 

the most critical defects, as it significantly reduces product quality and cannot usually be 

removed by subsequent finishing processes (Śmietańska et al. 2020). Due to anisotropy of 

wood, where the orientation of the fibers relative to the cutting direction significantly alters 

the mechanisms of disintegration and cutting forces (Dvoracek et al. 2022), the cross-

laminated configuration of plywood causes constant changes in the interaction between the 

tool and the fibers, leading to variable cutting mechanics and inconsistent damage 

formation (Dvoracek et al. 2022; Pichler et al. 2018). Moreover, there is currently no 

unified and systematic methodology for quantifying edge delamination in plywood under 

defined machining conditions (Szwajka a Trzepieciński 2016; Adamčík et al. 2025). 

Delamination in wood-based materials and composites is commonly evaluated using the 

delamination factor (Fd), defined as the ratio between the maximum damage diameter and 

the nominal hole diameter after drilling. This approach, widely applied in drilling studies 

(Patel a Chaudhary 2022; Trzepieciński et al. 2025). Other methods incorporate areal 

parameters (Śmietańska et al. 2020; Szwajka a Trzepieciński 2016; Tsao a Hocheng 2007). 

The present methodology uses areal delamination factor (Adel), enabling a comprehensive 

description of delamination. A further difference lies in the identification of damaged 

regions. Image-based approaches typically rely on contrast thresholding, which is suitable 

for homogeneous materials with distinct layer contrast. For plywood, characterized by 

heterogeneous structure, this may lead to misinterpretation of natural features. In this study, 

a reference plane is used to distinguish machining-induced damage. It is generated 

automatically and defined through controlled visual assessment. Additionally, multiple 

measurement areas along the machined edge are evaluated, providing a representative 

assessment of damage distribution.  

Therefore, the aim of this study is to verify a methodology for quantifying edge 

delamination in CNC milling of plywood based on an area-based approach using digital 

microscopy. 

 

 

MATERIALS AND METHODS 

Preparation of samples 

The study utilized only birch plywood (Betula pendula Roth), commercial grade BB/BB, 

with a thickness of 18 mm and panel dimensions of 1 525 mm × 1 525 mm (Demos Trade, 

Žilina, Slovakia). The material consisted of 15 layers. Before machining, the panels were 

resized using a sliding table saw into specimens measuring 380 mm × 380 mm, with a total 

of six boards prepared. All specimens were visually checked, and areas containing visible 

defects, such as knots, surface cracks, or local delamination, were excluded to avoid 

influencing the milling process. In addition, twenty smaller samples (50 mm × 50 mm) 

were produced for density measurement.  

Milling of the samples 

The machining experiments were carried out on a 5-axis CNC machining centre SCM Tech 

Z5 (SCM Group, Rimini, Italy). The workpieces were fixed using four vacuum clamping 

pods (120 × 120 mm) to ensure stable positioning and reduce vibration during cutting. The 

spacing of the pods was selected to provide sufficient rigidity while allowing machining of 

grooves with a length of 120 mm. A solid carbide (HWM) negative spiral cutter (IGM 192 

HWM Z2 D10 × 32 L80 S8) was used. Grooves were machined using a slot milling 

strategy with step-down passes, where the total depth was divided into three successive 

passes. For each board, grooves with a length of 120 mm were produced in three cutting 

https://www.zotero.org/google-docs/?bCKvzO
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directions relative to the grain of the surface veneer: 0° (parallel), 45° (diagonal), and 90° 

(perpendicular). For subsequent evaluation, only the central 100 mm section of each groove 

was analysed, while 10 mm from each end was excluded to eliminate the influence of tool 

entry and exit. Feed speeds of 5, 7.5, and 10 m·min⁻¹ were applied, while the spindle speed 

was set to 18,000 rpm. 

Density measurement  

The density of the plywood was determined according to STN EN 323 (1993) using an 

IMAL IB600 testing machine (IMAL S.r.l., San Damaso, Italy). The equipment enables 

automated testing of physical and mechanical properties of wood-based panels in 

compliance with European standards. Twenty specimens (50 × 50 mm) were used. Each 

sample was weighed with an accuracy of 0.01 g, and its dimensions were measured to 0.1 

mm. Thickness was measured at the centre of the specimen, while width and length were 

recorded at mid-span positions. 

Surface roughness measurement 

Surface topography consists of irregularities at different spatial wavelengths, with 

roughness representing the short-wavelength component (Khazaeian 2006). Measurements 

were carried out using a Keyence VHX-7000 digital microscope (Keyence Corporation, 

Osaka, Japan), which also served for microscopic imaging. The evaluated measuring length 

was 100 mm, with a 200× lens magnification. Each machined surface was analysed using 

two scans (40 × 18 mm). In every scan, 16 profile lines were evaluated, 8 taken 

perpendicular and 8 parallel to the feed direction, giving a total of 32 profiles per scanned 

surface. Roughness was evaluated according to ISO 21920 (2021), using an L-filter with  

λc = 2.5 mm and an S-filter with λs = 8 μm. The parameter Ra (arithmetical mean height) 

and Rz was chosen due to its common use in literature. The Wa parameter was used to 

quantify surface waviness, using an L-filter (λc = 2.5 mm) and an F-filter (λf = 8 mm). 

Microscopic analysis of plywood edge delamination 

Edge delamination was evaluated on CNC-milled birch plywood (Betula pendula Roth) 

using a Keyence VHX-7000 digital microscope (Keyence Corporation, Osaka, Japan). For 

each milled groove, ten measurement areas of 10 × 5 mm were defined along the upper 

machined edge. The quantification of delamination was based on the delaminated area 

(Adel). The parameter Adel was obtained from surface analysis based on a manually defined 

reference plane. This plane was established through controlled visual assessment by 

iteratively adjusting its position to suppress height variations associated with the intrinsic 

plywood structure, while preserving geometrical features corresponding to machining-

induced damage. The delaminated region was subsequently quantified as the surface area 

below the defined reference plane. All measurements were performed using the integrated 

analysis tools of the Keyence VHX software. 

 

 

RESULTS AND DISCUSSION  

Density measurement  

The average density of the tested beech plywood was 700.44 kg·m⁻³, with a standard 

deviation of 14.59 kg·m⁻³. The low variability in density observed among the specimens 

indicates that differences in surface quality are likely to be predominantly associated with 

the applied machining parameters rather than material heterogeneity. Therefore, density can 
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be considered a controlled material characteristic that did not significantly affect the 

comparison of individual milling conditions. 

 
Property Mean ± SD Min – Max 

Density (kg·m⁻³) 700.44 ± 14.59 674.22 – 725.54 

Tab. 1  Descriptive statistics of the density of beech plywood specimens (n = 20) 

 

Surface roughness measurement 

This part of the paper focuses on the statistical analysis of the measured data to assess the 

impact of the monitored factors on surface quality. The subject of the investigation was 

quantitative statistical characteristics represented by surface texture parameters: Ra, Rz, Rp, 

Rv, and Wa. The main objective was to use two-way analysis of variance (ANOVA) to test 

the null hypothesis of equality of means and to determine whether the feed speed (at levels 

5, 7.5, and 10 m·min⁻¹) and the orientation of the veneers has a statistically significant 

effect on these variables. Prior to the analysis, the assumptions of normality and 

homogeneity of variances were verified using the Shapiro–Wilk and Levene tests, 

respectively. Although Levene's test indicated unequal variances among groups, ANOVA 

was considered appropriate due to its robustness against violations of variance 

homogeneity.  

 

As might be seen in Tab 2, increasing the feed speed from 5 to 10 m·min⁻¹ resulted in 

higher values of all evaluated parameters, indicating a deterioration in surface quality. 

When comparing grain directions, the transverse veneer generally exhibited higher 

roughness values than the longitudinal veneer. The largest differences were observed at the 

highest feed speed of 10 m·min⁻¹, where the Ra value reached 35.44 μm for the transverse 

grain direction compared with 26.15 μm for the longitudinal grain direction. Similar trends 

were found for the Rz, Rp, and Rv parameters. The waviness parameter Wa also increased 

with increasing feed speed. The highest values were recorded at 10 m·min⁻¹, reaching 13.56 

μm for the longitudinal grain direction and 11.00 μm for the transverse grain direction.  

 

Grain direction Feed speed 

(m·min⁻¹) 

Ra 

(μm) 

Rz 

(μm) 

Rp 

(μm) 

Rv 

(μm) 

Wa 

(μm) 

Longitudinal 5  13,13  

(± 5,02) 

65,60  

(± 26,36) 

24,04  

(± 10,28) 

41,54  

(± 18,88) 

6,50  

(± 2,68) 

Longitudinal 7,5  20,23  

(± 9,41) 

94,56  

(± 38,96) 

42,21  

(± 18,99) 

52,42  

(± 23,28) 

9,67 

(± 4,94) 

Longitudinal 10  26,15  

(± 15,14) 

127,21  

(± 96,19) 

95,67  

(± 94,38) 

57,04 

(± 43,62) 

13,56 

(± 8,77) 

Transverse 5  14,85  

(± 5,09) 

91,67  

(± 36,04) 

29,73  

(± 8,62) 

61,85  

(± 30,00) 

5,46  

(± 1,95) 

Transverse 7,5  26,65  

(± 8,77) 

126,54  

(± 44,28) 

51,52  

(± 15,32) 

75,02  

(± 31,89) 

7,50  

(± 2,65) 

Transverse 10  35,44  

(± 12,13) 

186,17  

(± 74,50) 

69,46 

(± 24,09) 

116,63  

(± 58,55) 

11,00  

(± 3,99) 

Tab. 2 Mean values (± SD) of surface roughness (Ra, Rz, Rp, Rv) and waviness (Wa) parameters 

for different grain directions and feed speeds 
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Statistical significance was evaluated at a 5% significance level (α = 0.05). According to 

Tab. 3, feed speed was identified as the dominant factor influencing surface quality, 

significantly affecting all roughness and waviness parameters (p < 0.05). Grain direction 

significantly influenced Rz, Rv, and Wa, while no significant effect was found for Ra and 

Rp. Significant interactions between feed speed and grain direction were observed for Ra, 

Rp, and Rv, suggesting that the effect of feed speed varied depending on the veneer grain 

orientation. 
 

 

Ra  

p-level 

Rz  

p-level 

Rp  

p-level 

Rv  

p-level 

Wa  

p-level 

feed speed 0.000 0.000 0.000 0.000 0.000 

grain direction 0.074 0.000 0.444 0.000 0.002 

feed speed*grain direction 0.004 0.933 0.005 0.000 0.137 

Tab. 3 p-levels from two-factor analysis of variance (ANOVA) 

 

The 3D surface topography (Fig. 1) revealed a regular pattern of machining marks 

generated by the milling cutter movement. The surface is characterized by clearly visible 

feed marks corresponding to the kinematic trajectory of the cutting edges. Similar patterns 

were described by Brenci and Gurău (2024), who attributed their formation to the cycloidal 

motion of the cutting edge during profile milling. The visibility and amplitude of these 

machining marks increased with feed speed, which is consistent with the observed increase 

in the roughness and waviness parameters. Findings of other authors support that the 

observed surface topography was influenced not only by the kinematic motion of the cutter 

but also by fibre deformation, local fibre pull-out occurring during the milling process and 

by the anatomical structure as well (Adamčík et al. 2025; Kopecký et al. 2019).   

 

   
Fig. 1 3D surface topography after milling 

 

The average values of roughness parameters Ra, Rz, Rp, Rv and waviness parameter Wa for 

longitudinal and transverse veneer orientations are shown in Fig. 2. In all evaluated 

parameters, surface irregularities increased with increasing feed speed from 5 m·min⁻¹ to 10 

https://www.zotero.org/google-docs/?UeSFHF
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m·min⁻¹, indicating a deterioration of surface quality at higher feed rates. Two-way 

ANOVA revealed that feed speed significantly affected all evaluated parameters (Ra, Rz, 

Rp, Rv and Wa; p < 0.05). This confirms that feed speed was the dominant factor 

influencing the quality of the milled plywood surface. Similar findings were reported by 

Adamčík et al. (2025), Pinkowski et al. (2024) and Demir et al. (2022), who observed 

increasing roughness with increasing feed speed due to higher feed per tooth and chip 

thickness. The increase in feed speed results in a larger volume of material removed by 

each cutting edge engagement. Consequently, cutting forces increase and the cutting 

process becomes less stable, leading to greater fibre deformation, fibre pull-out and surface 

fuzziness. Kuljich et al. (2013) reported that deeper fibre pull-out is associated with 

increased surface roughness and waviness. These defects were found to be strongly related 

to cutting forces, particularly to the parallel component of the cutting force. Increased 

cutting forces result in greater fibre deformation, leading to higher surface roughness and 

lower surface quality, which was previously reported by more authors (Korkmaz et al. 

2024; Curti et al. 2021). 

 
Fig. 2 Changes in Ra, Rz, Rp, Rv, and Wa with feed speed and grain direction 

(longitudinal or transverse veneers) - 95% confidence intervals for population means 

https://www.zotero.org/google-docs/?bVvBO8
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Microscopic analysis of plywood edge delamination 

The 3D surface topography presented in Fig. 3 reveals that the milling process affected the 

integrity of the upper veneer. Several localized depressions can be observed along the edge 

region, corresponding to areas where wood fibres were torn out from the surface. The 

presence of deep indentations caused by fibre pull-out and protruding fibres remaining 

attached to the veneer surface are observed too. These defects indicate that the cutting 

process generated stresses exceeding the local strength of the wood structure, resulting in 

fibre fracture and detachment. 

 

 
Fig. 3 3D surface topography of the milled plywood edge showing upper veneer 

delamination, protruding wood fibres, and indentations caused by fibre pull-out. 

 

The observed defects are consistent with the findings of Prokeš (1982), who reported that 

fibre pull-out is strongly influenced by grain orientation and becomes more pronounced 

during machining across the grain. Similarly, more authors found that transverse cutting 

increases cutting forces and promotes crack formation beneath the machined surface 

(Porankiewicz a Goli 2013; Eyma et al. 2004). According to Kuljich et al. (2013), the depth 

of torn fibres is significantly correlated with cutting forces, particularly with their parallel 

component. Increased cutting forces lead to greater fibre deformation and deterioration of 

surface quality (Korkmaz et al. 2024; Dharmalingam et al. 2022), resulting in higher 

roughness and waviness values. The damage observed in the upper veneer can be classified 

as delamination, i.e., local separation and removal of veneer fragments caused by 

unsuitable machining conditions (Tsao a Hocheng 2007). Previous studies have shown that 

delamination increases with increasing feed speed and feed per tooth due to the higher 

cutting forces and chip thickness generated during machining (Adamčík et al. 2025; 

Dharmalingam et al. 2022; Szwajka a Trzepieciński 2016).  
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Delamination factor 

The quality of the milled plywood edge was further evaluated using the delamination factor 

(Adel), which quantifies the extent of damage occurring in the upper veneer layer. The 

delamination factor was calculated as the ratio of the delaminated area (Sdel) to the 

evaluated edge length (Lp = 10 mm).  

 

𝐴𝑑𝑒𝑙 =
𝑆𝑑𝑒𝑙
𝐿𝑝

 

 
where: 

Adel
  - delamination factor (mm), 

Sdel  - delaminated area (mm2) 

Lp  - evaluated length of the test specimen (mm). 

 

Higher values of Adel indicate a greater degree of fibre pull-out and veneer damage caused 

by the milling process. The delamination factor provides an effective indicator for assessing 

the suitability of selected cutting parameters and their influence on the integrity of the 

upper veneer. 

 
Grain direction Feed speed (m·min⁻¹) n Mean (Adel) SD Min Max 

45° 5.0 30 0.146 0.062 0.056 0.251 

45° 7.5 30 0.113 0.067 0.012 0.265 

45° 10.0 30 0.081 0.069 0.003 0.314 

90° 5.0 30 0.288 0.170 0.038 0.756 

90° 7.5 30 0.294 0.192 0.043 0.857 

90° 10.0 30 0.450 0.337 0.007 1.307 

Tab. 4 Descriptive statistics of the delamination factor Adel depending on grain orientation of the 

upper veneer and feed speed 

 

The delamination factor (Adel) shown in Tab. 4 showed a clear dependence on the grain 

orientation of the upper veneer. At all feed speeds, higher delamination values were 

observed for the 90° grain orientation than for the 45° orientation. At a feed speed of 5 

m·min⁻¹, the mean Adel increased from 0.146 at 45° to 0.288 at 90°. This difference became 

even more pronounced at 10 m·min⁻¹, where the mean delamination factor reached 0.081 at 

45° and 0.450 at 90°. Thus, the 90° orientation produced approximately 2.0 times higher 

delamination at 5 m·min⁻¹ and more than 5.5 times higher delamination at 10 m·min⁻¹. This 

confirms that the upper veneer is much more susceptible to fibre pull-out when the cutting 

edge acts approximately perpendicular to the fibre direction. In this cutting configuration, 

the tool does not separate fibres cleanly but tends to lift, crack and tear them from the 

veneer surface. Similar behaviour was described by Adamčík et al. (2025) and Kuljich et al. 

(2013), who observed that transverse veneers are more prone to chipping and delamination 

during plywood edge milling. Microscopic analysis of Adamčík et al. (2025) showed that 
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cutting forces may exceed the local strength of the veneer, leading to crack formation and 

complete fibre removal, in some cases down to the adhesive layer. Such damage is critical 

because it cannot be fully removed by subsequent sanding without excessive material 

removal.  

For the 90° orientation, the delamination factor increased from 0.288 at 5 m·min⁻¹ to 0.450 

at 10 m·min⁻¹. This trend is consistent with the general machining theory and with previous 

studies reporting that delamination increases with increasing feed speed and feed per tooth 

(Trzepieciński et al. 2025; Szwajka a Trzepieciński 2016; Tsao a Hocheng 2007). Higher 

feed speed increases the amount of material removed by each cutting edge, resulting in 

higher chip thickness, increased cutting forces and less stable cutting conditions (Dvoracek 

et al. 2022; Eyma et al. 2004). 

A different trend was observed for the 45° grain orientation, where the mean Adel decreased 

from 0.146 at 5 m·min⁻¹ to 0.081 at 10 m·min⁻¹. In the 45° orientation, the cutting edge 

interacts with the fibres under an oblique angle, which may reduce the tendency for crack 

propagation directly along the veneer edge. Instead of being lifted perpendicularly from the 

surface, the fibres may be cut or sheared more gradually. While increasing feed speed 

clearly increased delamination at 90°, this trend was not observed at 45°, where 

delamination remained considerably lower. Therefore, the effect of feed speed should not 

be interpreted independently, but in interaction with the orientation of the upper veneer 

fibres. From a practical point of view, the most critical machining condition was the 

combination of 90° grain orientation and 10 m·min⁻¹ feed speed, which produced the 

highest mean delamination factor and the highest variability. 
 

 

CONCLUSIONS 
 

The study verified an optical methodology for quantifying edge delamination in CNC-

milled birch plywood using 3D surface analysis. The method enabled the evaluation of 

upper veneer damage based on delaminated area and maximum fibre tear-out depth. Feed 

speed significantly affected all evaluated roughness and waviness parameters. Increasing 

the feed speed from 5 to 10 m·min⁻¹ led to a deterioration of surface quality, expressed by 

higher Ra, Rz, Rp, Rv, and Wa values. Grain direction also played an important role, with 

transverse veneers generally showing higher surface irregularities than longitudinal 

veneers. The delamination factor (Adel) confirmed that the 90° grain orientation was more 

susceptible to upper veneer damage than the 45° orientation. The highest delamination was 

observed at 90° and 10 m·min⁻¹, while the lowest values were recorded for the 45° 

orientation. These results indicate that feed speed should not be evaluated independently, 

but in interaction with the grain orientation of the upper veneer. The proposed methodology 

provides a practical and repeatable tool for assessing edge delamination in plywood and 

may be used for optimizing CNC milling parameters to improve surface quality and reduce 

veneer damage. 
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ANALYSIS OF THE EFFECT OF DRYING CONDITIONS AND 

HYGROTHERMAL TREATMENT ON THE PROCESSING OF 

BEECH BLANKS CONTAINING REACTION WOOD 

 

 

Tatiana Vilkovská – Ivan Klement – Peter Vilkovský 

 

Abstract 
Beech (Fagus sylvatica L.) is the dominant hardwood species in Slovakia, but its industrial 

utilization is limited by the frequent occurrence of tension wood, which negatively affects 

dimensional stability during drying. This study investigates the effect of drying conditions 

and hygrothermal treatment on the processing quality of beech sawn timber under 

industrial conditions. Beech lumber containing tension and normal wood was subjected to 

two drying modes: pressure steaming followed by kiln drying, and kiln drying without the 

steaming process. Steaming reduced the initial variability in moisture content; however, no 

significant differences in final moisture content were observed after drying. In contrast, 

statistically significant differences were confirmed in longitudinal deformation. Boards 

containing tension wood exhibited greater warp intensity in both drying modes, while 

steaming intensified stress release and increased combined deformation. The results 

demonstrate that tension wood content significantly affects dimensional stability, whereas 

moisture differences play a minor role. Technological optimization is essential to improve 

the processing efficiency of beech timber. 

 

Keywords: longitudinal warping. tension wood, beech, hygrothermal treatment, beech 

blanks 

 

 

INTRODUCTION 
 

Beech is wood with high frequency of defects such as red heartwood, reaction wood 

(tension wood), dote and so forth. Currently, due to the development of wood technology, it 

is necessary to respect the major limiting factors in manufacturing such as energy sources 

and sources of wood raw material (Vidholdová et al. 2026). Considering the high 

proportion of beech wood, the way of its use is nowadays the subject of quality. The quality 

of beech wood is determined based on structure and properties of wood, frequency of 

defects in this material. Tension wood is thought of as an important wood defect because it 

causes negative alterations in solid wood quality and limits industrial utilization of wood. 

Findings confirmed 14 – 21 % ratio of tension wood in beech logs (Kúdela and Čunderlík 

2012). Timber with content of tension wood has high longitudinal warping which affect 

their quality significantly. Drying shrinkage is a common phenomenon during the 

processing and utilization of wood induced by moisture loss. Drying stress is the main 

cause of wood deformation and cracking. The shrinkage differential between tangential and 

radial direction, moisture content gradient of wood  and quality of wood as ell are reasons 
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induced the generation of drying stresses during drying process (Fu et al. 2023). The 

development of drying stresses is closely related to the coupled processes of heat and mass 

transfer and to the rheological behaviour of wood below the fibre saturation point, where 

differential shrinkage between surface and middle layers leads to tensile and compressive 

stress reversals. These mechanisms are particularly critical in the presence of reaction 

wood, where structural heterogeneity amplifies longitudinal deformation and increases the 

susceptibility to checking and warping (Yin, Liu 2021; Brischke, Alfredsen 2020). It is 

believed that the hygrothermal recovery of tension wood is responsible for the unique 

contraction observed in the gelatinous layer along the wood's longitudinal axis (Sujan et al. 

2016).  As also shown by authors Kúdela and Čunderlík (2012), along with Yamamoto et 

al. (2005) investigated the influence of reaction wood on material properties authors 

concluded that the increased cellulose content in reaction wood, coupled with weaker 

bonding between the G-layer and S2 layer, leads to greater swelling of the other layers. This 

results in the creation of additional sorption sites, which is considered the primary reason 

for the potentially higher moisture content (MC) observed in reaction wood. In addition to 

internal stress development, previous drying significantly influence the subsequent 

mechanical behavior of wood, even in water-saturated conditions and (Dudiak 2025). Also 

study of authors Miyoshi et al. (2015) demonstrated that water-swollen wood subjected to 

prior drying  exhibited increased lateral tensile failure strain and reduced elastic modulus 

compared to control samples. These changes were attributed to increased molecular 

mobility (fluidity) and alterations in the microstructural state of wood polymers, 

particularly in the amorphous zones. These findings indicate that drying history does not 

only affect moisture gradients and stress development during processing, but also modifies 

the intrinsic deformation behavior of wood at the cellular level. Based on the citated work 

Sujan et al. 2015 the characteristic hygrothermal (HT) behavior of tension wood (TW) 

specimens treated at temperatures of 80, 100, and 120°C was compared. Deformation in 

both the longitudinal and tangential directions, measured after 10 cycles of 10-minute HT 

treatments at the respective temperatures, revealed that the deformation consisted of an 

initial recovery phase followed by continuous deformation. In the longitudinal direction, 

both the initial recovery and the continuous deformation exhibited contractive behavior, 

whereas in the tangential direction, these phases were expansive. A multiple comparison 

test conducted to evaluate the temperature dependence of hygrothermal recovery (HTR) 

indicated that the parameters defining the trend lines differed significantly across 

temperature treatments. Notably, at 80°C, the initial recovery was significantly smaller, 

nearly negligible, while the continuous contraction was considerably greater than at 100°C 

and 120°C. Additionally, a distinct change in behavior was observed between 80°C and 

100°C. Also, similar observations are shown by authors Yamamoto et al. 2022; Placet et al. 

2007 that moisture desorption causes a large scale of volumetric shrinkage of matrix 

component in the G-layer. This enables the Cellulose microfibril (CMF) that had been 

stretched to be recovered. In other words, the drying process allows the G-fiber to 

longitudinally contract due to the concerted effect of the remaining tensile stress in the 

Cellulose microfibril and the shrinking stress of the matrix substance in the G-layer. 

Hydrothermal treatment has a significant effect on the morphological changes that occur in 

the cell wall of tension wood. Stress relaxation is reflected by a change in dimensions in the 

longitudinal direction. The authors Čunderlík et al. (1995) dealt with the influence of 

hydrothermal treatment by steaming on the relaxation of growth stresses in tension reaction 

wood. Experiments show that the temperature and time of steaming significantly affect the 

longitudinal contraction of tension reaction wood.   

The main objective of the experiment conducted on long boards under industrial 

conditions was to analyse the development of warp in boards containing tension and normal 
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wood. Process optimization strategies focused on minimizing shape deformations through 

different technological approaches, namely the combination of steaming and kiln drying 

with applied load, as well as steaming and kiln drying without load.  

 

 

MATERIAL AND METHODS 

 
The measurements were conducted under operating conditions. The blanks used 

measured 65 mm (width) × 55 mm (thickness) × 2000 mm (length). We focused on 

selecting blanks without visible wood defects that could negatively affect longitudinal 

warping particularly false heartwood, rot, knots or dote and thus lead to distorted results. 

Suitable logs were selected based on macroscopic characteristics, primarily increased 

woolly surface  (Fig. 1) and the initial value of longitudinal warping determined prior to the 

cross-cutting process.  

 

 

Fig. 1 Woolly surface and normal surface of beech blanks 

  

The selection of blanks consisted of targeted and random sampling. From the targeted 

selection, 20 blanks showing reaction wood were selected based on macroscopic 

characteristics, and 20 normal blanks were selected for each stack separately.  The random 

selection involved randomly selecting 100 pieces of lumber for each cell separately. Based 

on the random selection, we evaluated the proportion of reaction wood in the stack and the 

resulting longitudinal warping. The placement and number of lumber pieces were identical 

in both stacks. Two stacks were prepared from the selected sawn timber pieces (Fig. 2). 

Stack no. 1 (steamed blanks) was steamed prior to the drying process and then dried, while 

Stack no. 2 was only dried (unsteamed blanks). 

  

Fig. 2 Stacking layout of blanks in a stack 
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As part of the operational measurement, a pressure steaming process was applied to the 

first stack in order to determine the effect of steaming on the size of longitudinal warping in 

blanks containing reaction wood. The steaming process was carried out in a VYVOS 

steaming device with a volume of 63 m³. Steaming took place in three consecutive stages. 

In the first stage, the material was heated to 108 °C for 3.5 hours.  

The second stage took place at 60 °C for 2.5 hours, and the third stage at 108 °C for 1 

hour. The total steaming time was 7 hours. The drying process took place in an ICD 140 SP 

dryer manufactured by Incomac.  

 

The stacks were placed in the upper layers of the dryer. The drying process was divided 

into two phases. The first drying phase ranged from the initial wood moisture content to 

approximately the equilibrium moisture content (EMC). During this phase, the drying 

temperature was maintained at a constant 45 °C.  

The equilibrium moisture content of the drying environment was regulated based on the 

current wood moisture content so that the drying gradient did not exceed 3. In the second 

drying phase, when the wood moisture content fell below FSP, the temperature was 

increased to 65 °C. Drying proceeded at a constant drying gradient, corresponding to the 

equilibrium moisture content values. 

Moisture measurements were performed using a Greisingert GMH 3850 resistance moisture 

meter. Measurements were taken on every second blanks before drying, after steaming, and 

after drying.   

Under operating conditions, the longitudinal warping of the logs and ways to reduce it were 

analysed, given their sufficient length. Blanks containing reaction wood exhibit increased 

susceptibility to longitudinal warping due to their different physical properties compared to 

normal wood. As part of this study, bow warping, crook warping, and their combination 

were evaluated (Fig. 3). 

 
   

Fig. 3  Different types of longitudinal warping a.) bow b.) crook 

 

The measurements were taken on a straight surface, monitoring the maximum warping 

at the length centre of the lumber (1000 mm). The measurement point was precisely marked 

to ensure consistency between individual measurements. The maximum warping was 

determined using a sliding scale. Testing was conducted on blanks that were specifically 

selected to ensure a comprehensive comparison. To minimize longitudinal warping, the 

blanks were placed in the stack so that their orientation corresponded to the direction of the 

resulting warping, and the crossbars were spaced closer together. The test specimens 

examined included both reaction wood and normal wood and were placed in both stacks 

(targeted selection). 

The proportion of reaction wood in the examined blanks was assessed using a chemical 

reagent applied to the end surfaces of randomly selected blanks. For this purpose, a special 

reagent was applied that allows for the identification of tension wood (Fig. 4). The 

chemical reagent used is the result of our own research and innovation, described in detail 

in the paper by Vilkovská et al. (2024). The reagent’s function is based on its chemical 

interaction with the structure of tension wood: ZnCl₂ causes the cellulose macromolecules 
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to swell, thereby destroying the hydrogen bonds between cellulose chains and 

simultaneously reducing the crystallinity of the cellulose.  

The coating was applied to the wood samples placed in both chambers prior to the 

drying and steaming processes. The presence of reaction wood was indicated by a dark red 

to purple color.  

 

 
 

Fig. 4 Identification of tension wood on the fronts of beech blanks 

 

 

RESULTS AND DISCUSSION 
 

The actual drying process under operating conditions is illustrated in Fig. 5. The graph 

shows the drying environment temperature (°C), the equilibrium moisture content (%), and 

the drying curve characterizing the decrease in material moisture content throughout the 

process (%). A two-stage drying mode was used, with control based on the current moisture 

content of the blanks. In the first stage, when the moisture content was above the fibre 

saturation point (FSP), the drying chamber temperature was maintained at 45 °C. After the 

moisture content fell below the FSP, the temperature was increased to 65 °C. The drying 

curve showed an almost linear trend, with moisture losses in the wood being relatively 

uniform and gradual. The total duration of the drying process was 28 days. 

 

 
Fig. 5 Drying process under operating conditions 

 

For the first stack, moisture content was measured before drying, after steaming, and after 

drying. For the second stack, measurements were taken before and after drying only. The 

tables also include the average moisture content values and the variance of the final 

moisture content. In Stack 1 (steaming + drying), the initial moisture content of reaction 
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wood blanks before drying averaged 66.4%, with a variance of 36.1%. After the steaming 

process, a substantial equalization of moisture content occurred, resulting in an average 

value of 55.4% and a variance of 8.2%. Following drying, the moisture content stabilized at 

an average of 7.4% with a minimal variance of 1.6%. Normal wood blanks in Stack 1 

exhibited lower variability already before drying, with an average moisture content of 

62.3% and a variance of 7.1%. After steaming, the average moisture content was 55.9% 

(variance 6.8%), and after drying it reached 6.8% (variance 1.0%). Thus, the steaming 

process significantly reduced the initial variability in moisture content. In Stack 2 (drying 

only), the initial moisture content of reaction wood blanks averaged 53.8% with a variance 

of 15.16%, whereas normal wood blanks showed a higher average moisture content of 

56.8% with a comparable variance of 14.9%. After drying, the moisture contents of both 

groups became virtually identical: reaction wood blanks reached an average value of 7.4% 

(variance 1.19%), while normal wood blanks reached 7.5% (variance 0.93%). Based on the 

obtained results, it can be concluded that the differences in initial moisture content between 

reaction wood and normal wood blanks were eliminated during the drying process. Under 

industrial operating conditions, no significant effect of differences in moisture content or of 

the varying proportion of reaction wood within the blanks on the drying process or on the 

final moisture content of the material was demonstrated. 

 

Several authors have investigated the influence of drying kinetics, which depend on the 

anatomical structure of wood. Tarmian et al. (2012), Rahimi et al. (2011), and Sayar et al. 

(2013) compared diffusion coefficients of normal and reaction beech wood samples using 

steady-state diffusion measurements by the cup method in the radial direction. The average 

diffusion coefficients ranged from 0.007 to 0.009 for normal wood and from 0.006 to 0.010 

for reaction wood. The resulting diffusion coefficient was found to be higher in tension 

reaction wood than in normal wood. However, these findings are not fully consistent with 

the measurements reported by Tarmian et al. (2012). According to Gierlinger and 

Schwanninger (2006), the higher diffusion coefficient can be explained by the chemical 

composition of tension reaction wood, which is characterized by a higher content of 

crystalline cellulose and an almost complete absence of lignin. Kúdela and Čunderlík 

(2012) further noted that diffusion coefficient values depend to a large extent on the method 

used for their determination. 

From a random selection of samples from the first and second stacks, 100 pieces of 

lumber were evaluated separately for each stack. Subsequently, the proportion of reaction 

wood was determined. The proportion of reaction wood in the first stack was 38%, whereas 

in the second stack it reached 50%. 

 

Analysis of Longitudinal Warp in Reaction and Normal Wood Blanks 

 

Based on the results, it can be concluded that the presence of reaction wood had a 

significant effect on the occurrence and severity of longitudinal warp in beech blanks after 

drying, while the application of hydrothermal treatment (steaming) partially reduced this 

phenomenon. Analysis of the randomly selected blanks showed that cupping was the most 

frequent type of deformation in both reaction and normal wood blanks across both stacks. 

In the case of reaction wood blanks (Fig 6), bow warping accounted for 47% in the steamed 

stack and as much as 62% in the non-steamed stack, indicating substantially greater 

deformation in the absence of steaming. Crook warping occurred less frequently in reaction 

wood blanks (21% and 28%, respectively), while combined deformation was observed 

predominantly in the steamed stack (32%) and only minimally in the non-steamed stack 
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(5%). Straight blanks occurred only rarely among reaction wood samples, confirming the 

high susceptibility of reaction wood to drying-induced deformation.  

This tendency is also associated with longitudinal warp, which is primarily determined 

by the anatomical structure of reaction wood and differs significantly from that of normal 

wood. 

 

Fig. 6 Analysis of Longitudinal Warp Types for Stacks 1 and 2 (Reaction Wood Blanks) 

As shown in Figure 7, bow warping was also the dominant type of deformation in 

normal wood blanks, accounting for 62% and 63% of the samples in the steamed and non-

steamed stacks, respectively. However, a notable difference was observed in the proportion 

of straight blanks, which was higher in the steamed stack (29%) than in the non-steamed 

stack (16%). This result suggests a positive effect of hydrothermal treatment on the 

dimensional stability of normal wood. Combined deformation occurred only rarely, or not 

at all, in normal wood blanks, indicating a more homogeneous response of wood in the 

absence of tension wood. These findings further support the conclusion that the presence of 

reaction wood is a key factor influencing the development of drying-induced deformations 

and longitudinal warp in beech blanks. 

 

Fig. 7 Analysis of Longitudinal Warp Types for Stacks 1 and 2 (Normal Wood Blanks) 

 Using Duncan’s multiple range test (Table 1), statistically significant differences were 

evaluated between the type of blank and the drying stacks. In the first stack, a highly 

significant difference was observed between reaction wood and normal wood blanks, with a 

significance level of 0.000004 (Table 1). Similarly, in the second stack, a statistically 

significant difference was also found, with a significance level of 0.00623. 

Tab. 1 Duncan test for bow warping 

Type of Blanks 
Timber 

 stack 

Reaction Reaction Normal Normal 

14.302 11.381 1.8518 4.59 

Reaction 1  0.239549 0.000004 0.000143 

Reaction 2 0.239549  0.000190 0.006263 

Normal 1 0.000004 0.000190  0.270204 

Normal 2 0.000143 0.006263 0.270204  
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In the first stack, Duncan’s test confirmed that crook warping differed significantly 

between reaction wood and normal wood blanks, with a significance level of 0.000143 

(Table 5). Side bow occurred with greater intensity in reaction wood blanks. Similarly, in 

the second stack, the influence of reaction wood was also demonstrated, with a significance 

level of 0.0054, indicating a statistically significant difference between reaction wood and 

normal wood blanks (Table 2). These findings are associated with the anatomical and 

physical heterogeneity of tension wood, which is characterized by an increased proportion 

of the gelatinous layer (G-layer) and different longitudinal shrinkage behaviour. 

Yamamoto et al. (2005) concluded that the increased cellulose content in reaction 

wood, together with weaker bonding between the G-layer and the S2 layer, leads to greater 

swelling of the remaining cell wall layers. This creates additional sorption sites and is 

considered one of the main reasons for the potentially higher moisture content observed in 

reaction wood. 

The results also suggest that hydrothermal treatment may partially reduce the internal 

stresses generated during tree growth and associated with the presence of reaction wood, 

thereby contributing to improved dimensional stability of the material during drying. 

Tab. 2 Duncan test for crook warping 

Type of Blanks 
Timber 

 stack 

Reaction Reaction Normal Normal 

11.625 7.997 2.0558 0.9215 

Reaction 1   0.138164 0.000143 0.000026 

Reaction 2 0.138164   0.015181 0.005364 

Normal 1 0.000143 0.015181   0.642921 

Normal 2 0.000026 0.005364 0.642921   

 

ANOVA revealed that the type of blank had a statistically significant effect on the 

evaluated parameters. Duncan’s multiple range test was subsequently used to determine the 

significance boundaries of the effects of both the blank type and the stacking arrangement 

(kiln stack). Based on the statistical evaluation, Duncan’s test confirmed that, in both the 

first and second stacks, the type of blank (reaction wood vs. normal wood) entering the 

drying and production process significantly influences the final quality of the dried 

material, resulting in lower or higher levels of bowing and cupping deformation. 

According to Čunderlík et al. (1995), during steaming in saturated steam, the 

longitudinal shrinkage of reaction wood increases linearly with increasing temperature up 

to approximately 80 °C. Above this temperature threshold, contraction increases rapidly up 

to temperatures of 140–150 °C. Studies investigating the effects of hydrothermal treatment 

have shown that it has a significant impact on the morphological changes occurring in the 

cell wall of tension wood during the treatment process. Stress relaxation is manifested by 

dimensional changes in the longitudinal direction. Čunderlík et al. (1995) specifically 

investigated the effect of hydrothermal treatment by steaming on the release of growth 

stresses in tension reaction wood. Their experiments demonstrated that both steaming 

temperature and duration have a substantial effect on longitudinal shortening (longitudinal 

shrinkage) of tension reaction wood. In contrast, normal wood samples exhibited no 

measurable longitudinal shortening. According to Clair et al. (2001), longitudinal 

shortening after one hour of hydrothermal treatment at 80 °C should be approximately 

0.3%. The explanation for the observed longitudinal shortening can be found in the works 

of Placet et al. (2002) and Tejada et al. (1998), who reported that the structure of the cell 

wall undergoes qualitative changes following hydrothermal treatment. Furthermore, the 

application of high temperatures causes greater degradation of highly developed tension 
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wood, resulting in increased longitudinal shortening of the material. These findings are in 

good agreement with the results reported by Čunderlík et al. (1995). From a technological 

perspective, the proper arrangement of blanks within the stack and the use of smaller 

spacing between stickers also proved to be important factors, potentially contributing to a 

partial reduction in deformation. Nevertheless, the results confirm that the decisive factor 

influencing the occurrence of longitudinal warp is the presence of reaction wood itself. In 

addition, the chemical identification of tension wood using the reagent proposed by 

Vilkovská et al. (2024) proved to be a suitable method for the rapid selection of potentially 

problematic blanks prior to processing. This approach may have practical significance for 

optimizing lumber grading and sorting procedures under industrial operating conditions. 

 

 

CONCLUSIONS 
 

Currently, European beech accounts for the highest proportion of trees in Slovak 

forests, but its quality is low. Therefore, it is necessary to find ways to optimize European 

beech (Fagus sylvatica L.) a tree species whose quality is determined by the structure and 

properties of the wood as well as the presence of defects (false heartwood, water stain, 

reaction wood) and thereby significantly increase processing efficiency. In conclusion, 

based on measurements under operational conditions, we can state the following: 

•    Greater variability in initial moisture content was observed in the treated samples 

compared to the untreated ones. The pressurized steam treatment significantly reduced this 

variability, and after subsequent drying, the differences between the treated and untreated 

samples were no longer apparent. The final moisture content values were comparable in 

both groups, and the differences can be considered negligible. 

•    Pressure steaming contributed to the intensification of growth stress release, which 

manifested as a combination of bow and crook warping. From a technological standpoint, 

this combination of deformations is undesirable, as it negatively affects the subsequent 

machinability and dimensional stability of the material.  

•    A comparison of the results between the first and second stacks revealed higher values 

of longitudinal warping in the first stack (steaming + drying). Based on these findings, it is 

recommended to optimize the stacking method for sawn timber, particularly by reducing 

the distances between the stacking strips, which will ensure a more uniform distribution of 

load during drying and limit deformations. 

The workability of reaction wood is determined not only by its proportion in the blanks 

but also by the initial degree of warping and the presence of a woolly surface. These 

macroscopic characteristics can be identified even before the cross-cutting process, which 

allows for timely material selection and optimization of the technological process. 
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Abstract 
Digital transformation is widely regarded as a means of increasing manufacturing 

productivity, but information flows in smaller furniture companies often remain descriptive. 

This study quantifies the time structure of a customized cabinet-production process in an 

example company. Direct measurements covered three reference cabinets. A digital variant 

integrating CAD/CAM data, CNC nesting, automated edge banding and drilling, and 

conveyors was assessed using simulation supported by the technology provider. Within a 

comparable boundary ending after drilling, information transfer decreased from 28.8 [min] 

to less than 0.3 [s] per cabinet and material transport from 5.1 [min] to 1.3 [min]. 

Preparation and machining increased from 4.7 [min] to at most 7.7 [min] because of a 

broader CNC operation scope; nevertheless, the subtotal fell from 38.6 [min] to at most 9.2 

[min], indicating a potential reduction of at least 76.1%. The main modernization leverage 

therefore lies in data continuity and intralogistics rather than isolated machine-speed 

improvements. Because the digital state was simulated, the estimated effect requires post-

implementation validation. 

 

Key words: digital transformation; furniture manufacturing; Industry 4.0; process time; 

CAD/CAM; intralogistics 

 

 

INTRODUCTION 
 

The contemporary furniture industry has undergone significant changes in recent 

decades, with the production of case furniture in particular becoming characterised by a 

combination of high product variety, short production runs, and customisation. This trend is 

occurring against a backdrop of mounting pressure to meet production deadlines, maintain 

product quality, and reduce costs, thereby ensuring the continued competitiveness of the 

industry. In such circumstances, optimising individual processing operations may not yield 

a proportional improvement in the system's overall efficiency. The temporal requirements 

for the delivery of orders are contingent not solely on the velocity of processes such as 

cutting, edge-banding or drilling, but also on the methodologies employed for the creation 

of documentation, data transfer, panel layout planning, workpiece identification and inter-

operation transport. 

Digital transformation is defined in this paper as a coordinated change to production 

processes, based on data continuity from the order and design model right through to 



 

 

DIGITAL TRANSFORMATION AS A DRIVER OF TECHNOLOGICAL PROCESS MODERNIZATION ... 

 

134 

machine programmes and material flow control. The integration of CAD/CAM and 

production planning systems, the automatic generation of programmes, component 

identification, CNC machine tools and intralogistics solutions are all encompassed within 

this framework. This approach corresponds to the concept of the smart factory, in which 

organisational benefits result from the integration of technologies rather than from the 

purchase of a single machine (Büchi et al. 2020; Wang et al. 2017). 

A review of publications on the timber sector has shown that Industry 4.0 technologies 

are most commonly used to collect, share and analyse data to support decision-making 

across the entire value chain (Molinaro and Orzes 2022). In the context of the furniture 

industry, the significance of integrated real-time data processing is particularly pronounced, 

as it empowers companies to maintain flexibility in the face of escalating product 

customisation (Jasińska and Szala 2021; Pech and Vrchota 2022). Concurrently, small and 

medium-sized enterprises encounter obstacles pertaining to capital, competence and 

organisational barriers. Consequently, investment decisions should be preceded by an 

assessment of digital readiness and a measurement of actual bottlenecks (Yi et al. 2021; 

Červený et al. 2022). 

The aim of the study was to determine the effect of digitalisation of information flow, 

material-handling automation, and the integration of CNC machine tools on the 

manufacturing lead time of the technological process in a company producing custom-made 

furniture.  

 

 

MATERIALS AND METHODS 
 

The study was conducted using a single-case study approach in a representative 

company employing 20 workers. The company manufactures customised case furniture 

using a paper-based documentation workflow and a conventional workstation layout. The 

manufacturing process comprised production preparation, panel cutting, edge banding of 

narrow surfaces, drilling, carcass assembly, and installation of the rear panel. The primary 

material was melamine-faced particleboard (MFC) with dimensions of 2800 × 2070 × 18 

mm, while the narrow surfaces were finished with 0.5 mm ABS edge banding. 

The reference products were three base kitchen cabinets of frame-type construction, 

with widths of 400 mm (model A), 600 mm (model B), and 800 mm (model C), 

respectively. Each cabinet carcass consisted of seven wood-based panel components joined 

in a comparable manner. Cabinet width was treated as the controlled variable, while the 

material, sequence of operations, machinery, and operators remained unchanged. 

Production was observed during a single working day, with no changes in workstation 

staffing. In the panel-cutting experiment, batches corresponding to 10, 9, and 8 complete 

cabinet carcasses were obtained for models A, B, and C, respectively, from the same 

number of input panels. 

Operation times were recorded using a stopwatch time-study method, based on 

predefined start and end points for each activity. The following activity categories were 

distinguished: transmission of order information, material handling, workstation setup and 

planning, actual machining operations, and assembly activities. Arithmetic means were 

calculated for repetitive activities, while batch processing times were converted to a per-

cabinet basis. Material yield was determined based on the proportion of waste area relative 

to the total area of two input panels, with a distinction between reusable offcuts and non-

reusable waste. The analysis was descriptive in nature; due to the case-study design, no 

inferential statistical tests were applied. 
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The modernisation scenario comprised digital transmission of production data, 

automated panel cutting optimisation, a CNC nesting machining centre, two integrated 

edge-banding machines, a through-feed CNC drilling centre, component scanning, and 

conveyor-based material handling. Processing times for the modernisation scenario were 

determined using a simulation developed in cooperation with the technology supplier. For 

comparative purposes, a common system boundary was adopted, extending from the 

transmission of the production order to the completion of the drilling operation. Cabinet 

assembly, rear-panel installation, and transport to the packaging area were excluded 

because these operations were not represented symmetrically in both scenarios. The 

potential reduction in processing time was calculated as: 

  

𝑅 =
(𝑇0  −  𝑇1)

𝑇0 ×  100%
 
 

Where: 

T₀ – processing time for the baseline scenario, 

T₁ – processing time for the digital scenario. 

 

 

RESULTS 
 

The total measured production time for a single cabinet in the base configuration ranged 

from 58.96 to 60.93 minutes. Changing the body width from 400 to 800 mm had little 

effect on the total time, as the process was dominated by activities common to the order and 

independent of the dimensions. The transfer of information between workstations alone 

took 28.8 minutes per unit, i.e. 59.7–61.7 per cent of the total time. Inter-operation 

transport took 9.31 minutes per unit (15.3–15.8%), whilst the actual operations took 9.06–

10.83 minutes per unit (15.4–17.8%). This indicates that the main bottleneck in the system 

occurred outside the cutting and assembly zones. The waste data presented in Table 1 were 

calculated for two sheets of 2800 × 2070 mm board; the batch sizes were 10, 9 and 8 

cupboards respectively. The time categories do not account for the entire total, with the 

remainder comprising, amongst other things, preparation, loading and cutting of HDF for 

the wall panels. 

 
Table 1. Characteristics of mean production time and material utilisation in the baseline scenario 

Cabinet 
Width 

[mm] 

Total time 

[min/unit] 

Information 

flow 

[min/unit] 

Transport 

[min/unit] 

Processing 

operation 

[min/unit] 

Waste 

[%] 

A 400 58,53 28,8 5,1 9,54 9,59 

B 600 59,96 28,8 5,9 9,06 12,19 

C 800 60,93 28,8 6,2 10,83 7,53 

 

The proportion of waste after cutting ranged from 7.53 to 12.19 per cent. The highest 

value was recorded for cabinet B, even though its width was intermediate. This confirms 

that material efficiency depends on a combination of component dimensions and their 

arrangement on the sheet, rather than being linearly dependent on the overall dimensions of 

the piece of furniture. However, the study did not include comparative waste figures for 
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automated nesting; therefore, the quantitative material savings of the digital variant were 

not estimated. 

For the common process boundary up to the completion of drilling, the baseline 

required 38.59 minutes per unit. Of this, 28.8 [min] was accounted for by information flow, 

5.1 [min] by material transport, and 4.7 [min] by planning, preparation and machining. In 

the digital variant, these values amounted to less than 0.3 [min], 1.3 [min] and less than 7.7 

[min], respectively. The total time for the comparable section decreased from 38.6 [min] to 

less than 9.2 minutes, which corresponds to a potential reduction of over 76.1 per cent. The 

values for the digital variant shown in Table 2 are upper limits derived from simulation 

data. Transport to the packaging area (0.33 min), cabinet assembly and rear panel assembly 

were not included in the comparison. 

 
Table 2 Comparison of the baseline and digital scenarios within the process boundary from 

production order release to completion of drilling (Cabinet A) 

Process block 
Baseline scenario 

[min/unit] 

Digital scenario 

[min/unit] 
Change [%] 

Information flow 28,8 0,3 Reduktion  >99,1 

Material transport 5,1  1,3 Reduction 75,5 

Planning, preparation and 

machining 
4,7 7,7 

Increase to approx. 

63,8 

Comparable total 38,6 9,2 Reduction ≥76,1 

 

 

 

Fig. 1 Process time structure in the baseline scenario and the simulated digital scenario 

 

The preparation and processing time in this scenario increased because the milling 

operation using nesting technology and the four-sided edge-banding covered a wider scope 

than the base operations. This result shows that digitalisation does not necessarily shorten 

every individual operation. System efficiency increases when the reduction in waiting time 

for data and material movements outweighs the increase in the time taken for selected 

operations. The simulation for the complete line estimated 1,400 cut-to-size panels per 7.5-

hour shift, with a production time of 9.57 minutes to produce a set of Cabinet A 

components ready for packing. This figure was not directly compared with the full baseline 

time, which also included the assembly of the cabinet body and the rear panel. 
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DISCUSSION 
 

The results obtained indicate that the greatest bottleneck in the efficiency of the 

company under analysis was not the speed of the machine tools, but a lack of continuity in 

information flow. Paper-based documentation required the technologist and operators to 

manually collect, interpret and clarify data. This not only resulted in long order-processing 

times, but also made the process dependent on the knowledge of individual staff members. 

The introduction of a common CAD/CAM data model, automated parts lists, labels and 

machine programmes can therefore deliver benefits even before full robotisation is 

achieved. This is consistent with the conclusion reached by Molinaro and Orzes (2022) that 

the fundamental role of Industry 4.0 in the timber sector is the integration and processing of 

data to support decision-making. 

Intralogistics was also an important factor. In a comparable section of the production 

process, transport time was reduced by 75.5 per cent. The demand for transport machinery 

and equipment is linked to component dimensions, process quality, and workload. The 

technological demand for equipment cannot be treated as independent investments but must 

be considered holistically (Jarecki et al. 2021). Conveyors, buffers and the identification of 

workpieces should be designed in tandem with data flow. Otherwise, a high-speed machine 

tool may merely shift the bottleneck to the next inter-operational storage area. 

A reduction of over 76.1% should be interpreted as a theoretical potential. Firstly, the 

baseline was measured in an actual plant, whilst the digital variant was obtained through a 

simulation supported by the equipment supplier. Secondly, the study concerned a single 

company and a limited group of products. Thirdly, the investment cost, OEE, energy 

consumption, quality, number of errors and changeover times over the long term were not 

assessed. For this reason, the results do not constitute causal evidence or a basis for simple 

generalisation to the entire industry. 

Despite the study’s limitations, it offers practical value by breaking down the impact of 

digitalisation into three time blocks. The literature on furniture SMEs emphasises that high 

costs, a skills shortage and uncertainty regarding benefits limit the uptake of technology (Yi 

et al. 2021; Červený et al. 2022). For this reason, the recommended R&D pathway should 

be phased. The first phase covers a digital product data standard, order configuration, 

CAD/CAM integration and the identification of cutting sheets. The second phase concerns 

flow measurement, layout redesign and low-cost transport automation. Only the third stage 

should involve selecting a nesting line and automated centres in line with the actual 

workload. This approach minimises the risk of automating a process whose information 

logic remains inconsistent. 

Implementation validation should take the form of a before-and-after study. For at least 

several product families, the following should be recorded: throughput time, value-adding 

time, waiting time for data, transport time, changeover time, shortages and material 

consumption. The stability of the results should be assessed over several days and across 

different operators, and the outcome should be compared with the inputs and the cost of 

maintaining the system. In future work, it would be worthwhile to extend the model to 

include intelligent scheduling, which, in the production of customised furniture, can reduce 

delays and improve resource utilisation (Lu et al. 2025). 
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CONCLUSIONS 
 

1.   In the baseline scenario, lead time was primarily determined by the flow of information: 

36.39 min/unit, which accounted for approximately 60% of the total production time for the 

cabinets under study. 

2. In the comparable section leading up to the finish drilling stage, digital data flow 

reduced the information processing time from 28.8 min/unit to less than 0.3 min/unit, whilst 

transport automation reduced the transport time from 5.1 min/unit to 1.3 min/unit. 

3. The total time for the analysed process stage was reduced by at least 76.1% in the 

simulation, despite an increase in set-up and machining times. This confirms that the local 

speed of the machines is not a sufficient measure of system efficiency. 

4. The most rational sequence for modernisation comprises: CAD/CAM data continuity, 

identification and control of the flow, reorganisation of intralogistics, followed by the 

selection of automated machining cells. 

5. The figures for the digital variant require validation in a pilot study following 

implementation, whilst maintaining consistent process boundaries and measuring quality, 

costs, material usage and OEE. 
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Abstract 
Laser cutting is a widely used wood processing methods owing to its contactless nature, 

minimal material loss due to its narrow kerf width and low heat affected zone. 

Kerf taper produced during wood cutting by wood processing is a negative aspect of 

woodworking processes because it can adversely affect the subsequent processing of cut 

materials. In this article we compare kerf taper values of spruce, beech and oak wood at 

low laser power values up to 130 W with kerf taper at higher powers, versus cutting 

direction (perpendicular and parallel to wood fibres). Energy density is one of the most 

important parameters associated with laser parameters, which can characterize the 

process of laser cutting. Lower energy density values lead to reduced heat affected zones 

and kerf widths but can also lead to unsuccessful cutting (when wood is not cut during first 

cycle) and to higher kerf taper which leads to additional preprocessing of sample. On the 

other side, higher energy density values lead to increase in kerf width and heat affected 

zones which is negative aspect for next sample processing. Therefore, it is crucial to strike 

a balance between reduced kerf taper (at high energy densities) and minimized widths of 

kerf and heat affected zones that are important for next sample processing. In experiment 

samples of 6mm thickness were used, with nominal laser power 130 W and maximum feed 

speed 20 mm·s-1. 
 

Key words: CO₂ laser cutting; energy density; kerf taper; kerf width; spruce wood; beech 

wood; oak wood. 

 

INTRODUCTION 
 

Laser cutting belongs to progressive methods of wood material processing, especially for 

difficult shapes of material with low thickness, thanks to low kerf taper, low material losses 

and possibility to automatize of cutting process. On the other side, this technology inserts 
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𝐸 = 𝑃
 𝑣 ∙ 𝑑   

into material heat which leads to creation of char layer that can reduce glue joint strength 

(Igaz et al., 2025). 

Recent studies have addressed several complementary aspects of CO2 laser cutting of beech 

wood. Rezaei et al. (2022) linked processing conditions and moisture-conditioned material 

to changes in surface anatomy and morphology, while Rezaei et al. (2023) showed that 

laser-induced changes in surface chemistry, wetting, and adhesive penetration influence 

glued tensile shear strength. Corleto et al. (2024) demonstrated that moisture content alters 

cut-surface quality, and Corleto et al. (2025) evaluated how cutting speed, focal-point 

position, and gas pressure affect roughness, kerf characteristics, and the heat-affected zone. 

Together, these studies underline that optimization cannot rely on laser power and feed 

speed alone; wood moisture, anatomy, and the requirements of subsequent bonding must 

also be considered. 

Result of laser cutting of wood in the form of kerf widths and heat affected zones depend 

on many parameters.  

First group consists of parameters of used laser device, the most important are laser power 

P, feed speed v, diameter of laser beam d. Based on above mentioned laser parameters 

energy  density  E  for  laser  working  in  continuous  mode,  can be  computed  in the form 

Energy density characterizes how much energy is given to 1 mm2 area of sample and act 

mainly on the first contact of laser beam with material. (Nukman et al., 2008) 

As laser beam is progressing to lower parts of sample, it interacts with wood structure, 

which lead to different behaviour for coniferous, ring-porous and diffuse-porous wood 

species. Thus, material properties play also significant role for laser cutting as wood is non-

homogenous, anisotropic material. This led to different kerf widths and heat affected zones 

at first contact of laser beam with material and at opposite side. (Ružiak et al., 2025) 

Kerf taper s is defined by equation 𝑠 =
𝑊𝐾𝑈−𝑊𝐾𝐿

𝐻
∙ 100%, 

 
where WKU corresponds to 

cutting kerf width at 1st laser beam contact with material (upper surface in our case), WKL 

corresponds to cutting kerf width at last beam contact with material (lower surface in our 

case) and H is thickness of the sample. Lower kerf taper lead to decreased need of sample 

preprocessing before other technological operations which is welcomed. On other side this 

parameter does not characterize amount of material removal during laser cutting and 

therefore it is needed to optimize not only kerf taper but also minimize kerf widths. 

Cutting kerf widths WKU and WKL (which are bounded with kerf taper s) for wood 

materials are significantly affected by energy density values as reported in (Štefančin et al., 

2026; Ružiak et al., 2024; Kubovský et al., 2020; Adamčík et al., 2025; Hata, Okabe and 

Otsuka, 1999). Thus, connection of output parameters WKU, WKL with input parameter 

energy density E characterize not only creation of kerfs but also value of kerf taper. 

As wood is an anisotropic material, variance coefficient of the kerf widths WKU, WKL is 

higher than for homogeneous materials like polymers or metals, which lead to necessity 

performing higher amounts of experiments, thus, also to increased time, energy and 

material demands. To reduce this negative aspect, Nonlinear Regression Models, Artificial 

Neural Networks, Taguchi design and other Machine Learning Methods are used for 

modelling of kerf width creation in wood. (Eltawahni, Olabi and Benyounis, 2011; 

Eltawahni et al., 2013; Nugraha et al., 2024; Ružiak et al., 2022; Ikhsan and Sundin, 2026; 

Yung et al., 2021). 

Other reason for using ML approaches lies in fact that they are able at certain conditions 

predict changes of kerf widths at higher power values as used laser machine can give. 

(Ružiak et al., 2022; 2024, 2025; 2026) 
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𝐸 = 𝑃
 𝑣 ∙ 𝑑   

In this article we compare how kerf taper s is changed with energy density of CO2 laser for 

spruce, beech and oak wood as representatives of coniferous, diffuse-porous and ring-

porous wood species in cutting direction parallel and perpendicular to longitudinal wood 

direction. Kerf taper is considered as optimal with maximal value of 2.5%. This value was 

computed based on the reference tolerance of dimensions in laser cutting equal to 0.15 mm 

divided by thickness 6 mm, which led to 2.5% maximal kerf taper. Main conclusion of 

article are minimal energy densities at which kerf taper optimal condition is met. 

 

 

MATERIAL AND METHODS 
 

Laser cutting of spruce, beech and oak wood was performed at laser power values P = 52; 

78; 104 and 130 W and at feed speeds v = 5; 10; 15; 20 mm·s-1. Beam diameter d was equal 

to 0.151 mm, and focal position of laser was on upper surface. All used wood species were 

cut in direction perpendicular and parallel to longitudinal anatomical direction. 

Energy density of laser E was computed based on equation  with 
 

values for measurement and prediction datasets published in (Ružiak et al., 2025). Energy 

densities values from experiment are maximal 173 J·mm-2. As for beech and oak wood such 

value of energy density doesn’t lead to sufficient value of kerf taper and not to optimal 

value of the kerf widths ratios WKR = WKL/WKU, ANN prediction was used to find 

optimal values of P, v thus also E. which was published in (Ružiak et al., 2025). 

Former wood samples got dimensions 6 mm (thickness); 70 mm (height) and 500 mm 

(width). Parameters of kerf widths were determined using Keyence VHX-7000 digital 

microscope (Keyence Corporation, Osaka, Japan). For each combination of laser power P 

and feed speed v, 30 measurements of upper kerf width WKU and lower kerf width WKL 

were performed. 
 
 

RESULTS AND DISCUSSION 
 

From average values we have computed kerf taper (s) values for spruce wood, beech wood 

and oak wood. Dependence of kerf taper (s) versus energy density (E) we present in figures 

1 for spruce wood, figure 2 for beech wood and figure 3 for oak wood.  

 

Figure 1. Kerf taper versus energy density for spruce wood cut by CO2 laser 
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Average kerf taper for spruce wood cut by CO2 laser was 5.9 % in perpendicular direction 

and 7.4 % for parallel direction. Higher value of kerf taper for spruce wood in longitudinal 

anatomical direction can be contributed to effect of earlywood/latewood differences in 

density.  

Minimal, Maximal and average energy densities which leads to kerf taper lower than 2.5 % 

are for spruce wood listed in Table 1. 

 

Table 1. Minimal, maximal and average energy densities leading to acceptable kerf taper 

Cutting direction Minimal E Average E Maximal E 

Perpendicular 40 78 133 

Parallel 40 77 133 

 

Minimal, average and maximal kerf taper values were then for perpendicular direction (0.2; 

1.4; 2.4) % and for parallel direction (0.7; 1.5; 2.0) %. Both results in Table 1 for energy 

densities and kerf taper values confirm that effect of cutting direction in spruce wood is not 

very significant as was also found out in (Ružiak et al., 2025). 

 

Figure 2. Kerf taper versus energy density for beech wood cut by CO2 laser 

 

Average kerf taper for beech wood cut by CO2 laser was 2.2 % in perpendicular direction 

and 2.3 % for parallel direction.  

Minimal, Maximal and average energy densities which leads to kerf taper lower than 2.5 % 

are for beech wood listed in Table 2. 

 

Table 2. Minimal, maximal and average energy densities leading to acceptable kerf taper 

Cutting direction Minimal E Average E Maximal E 

Perpendicular 133 302 664 

Parallel 88 298 664 

 

Minimal, average and maximal kerf taper values were then for perpendicular direction (0.4; 

0.6; 1.6) % and for parallel direction (0.4; 0.8; 2.4) %. Both results in Table 2 for energy 

densities and kerf taper values confirm that effect of cutting direction in beech wood is 

more significant than for spruce wood (Ružiak et al., 2025). On the other hand, kerf taper 

values for beech wood are significantly lower than for spruce wood but get at higher energy 

densities values.  
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Figure 3. Kerf taper versus energy density for oak wood cut by CO2 laser 

 

Average kerf taper for oak wood cut by CO2 laser was 2.4 % in perpendicular direction and 

2.2% for parallel direction.  

Minimal, Maximal and average energy densities which leads to kerf taper lower than 2.5 % 

are for oak wood listed in Table 3. 

 

Table 3. Minimal, maximal and average energy densities leading to acceptable kerf taper 

Cutting direction Minimal E Average E Maximal E 

Perpendicular 88 245 664 

Parallel 66 213 664 

 

Minimal, average and maximal kerf taper values were then for perpendicular direction 

(0.02; 0.7; 2.4) % and for parallel direction (0.8; 1.4; 2.4) %. Both results in Table 3 for 

energy densities and kerf taper values confirm that effect of cutting direction in oak wood is 

much more significant than for spruce and beech wood as was also found out in (Ružiak et 

al., 2025).  

Similar as for beech wood, oak wood needs higher values of energy densities E for getting 

good value of kerf taper, than are possible to get by used CO2 laser. That justify usage of 

ANN for prediction of cutting kerf values versus laser power P, feed speed v thus also 

energy density E, which was performed in (Ružiak et al., 2025). 

In this paragraph we will compare by graphs differences between species. In figure 4 we 

compare average kerf taper for spruce, beech and oak wood in both cutting directions. In 

figure 5 afterwards average energy densities which lead to acceptable kerf taper. 
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Figure 4. Average kerf taper of spruce, beech and oak wood in both cutting directions 

 

 
Figure 5. Average energy densities which lead to acceptable kerf taper 

 

From figures 4, 5 it follows: 

• Spruce wood with lower density exhibits higher kerf taper which is caused by heat 

transfer between earlywood and latewood tracheids with significant different 

densities, 

• On other side, spruce wood needs lower values of energy densities to get good 

value of kerf taper, 

• Oak wood as most anisotropic material exhibit most significant differences 

between optimal energy densities perpendicular and parallel to grain direction. 

 

 

CONCLUSIONS 
 

From presented results it follows: 

• Kerf taper created during spruce wood laser cutting is significantly higher than for 

more dense beech and oak wood, making optimization of laser cutting as very 

crucial for next usage of laser cut samples, 
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• Higher density of wood species causes increase of optimal energy densities but 

also lower value of kerf tapers together with his variance, thus beech and oak 

wood is more suitable material for laser cutting, 

• On other side higher energy densities can cause higher HAZ area together with 

charred layer, therefore optimization of laser cutting process is also very 

important, 

• For oak wood as representative of ring-porous species, cutting direction plays most 

significant role, mainly in the value of the optimal energy density 
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Abstract 

 
The aim of this study was to evaluate the effect of temperature on volatile organic 

compound (VOC) emissions from three-layer particleboards containing 10% recycled 

plastic from automotive bumpers. VOC emissions were analysed by HS-GC-MS at 35, 50, 

100, and 150 °C. The results showed a strong temperature dependence, with only a 

moderate increase in emissions between 35 and 50 °C, followed by a substantial rise at 100 

and 150 °C. At 150 °C, the total VOC peak area was approximately 114 times higher than 

at 35 °C. Temperature also affected the chemical composition of the emissions. 

Monoterpenes, particularly α-pinene and 3-carene, dominated at lower temperatures, while 

methenamine became the dominant compound at 150 °C. The results confirm that 

temperature significantly influences both the intensity and composition of VOC emissions 

from particleboards containing recycled automotive plastics. 

 

Key words: volatile organic compounds (VOCs); particleboard; recycled automotive 

plastics; automotive bumpers; temperature; HS-GC-MS 

 

 

INTRODUCTION 
 

The use of recycled plastics represents an important direction in current materials 

research, aimed at reducing environmental impacts and promoting more efficient recovery 

of waste materials. The production of plastic waste continues to increase, while a 

substantial proportion of plastics at the end of their service life is still landfilled or used for 

energy recovery. Although plastics offer several advantageous properties, including low 

weight, resistance to chemical and environmental influences, and ease of processing, their 

long-term persistence in the environment represents a serious environmental concern 

(Wong et al. 2015; Huang et al. 2022). 

The automotive industry represents an important source of engineering plastics, with 

polymeric materials accounting for approximately 20–25% of the weight of non-structural 

vehicle components. They are widely used in both exterior and interior applications, 

including bumpers, dashboards, door panels, fuel systems, and electrical components 

(Prasanth et al. 2021; Adeniyi et al. 2016). At the end of a vehicle's service life, a 

considerable amount of plastic waste with potential material value is generated. However, 

its recycling remains technologically challenging due to the diversity and complexity of the 
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polymers used (Froelich et al. 2007). Consequently, increasing attention is being paid to 

alternative approaches for the material recovery of automotive plastic waste. 

One promising approach is the incorporation of recycled plastics into wood-based 

composites. The use of waste thermoplastics in particleboards provides an opportunity to 

combine plastic waste recovery with the production of materials suitable for construction 

and furniture applications. Previous research has demonstrated that the incorporation of 

plastics can influence the physical, mechanical, and thermophysical properties of wood-

based composites while simultaneously contributing to the effective utilization of 

secondary raw materials (Kazemi Najafi 2013; Gopinath et al. 2020). 

In addition to their technical properties, the emission behaviour of these materials 

should also be considered. Wood-based composites intended for indoor applications can 

emit volatile organic compounds (VOCs), which may affect indoor air quality and, at 

elevated concentrations, pose potential risks to human health (Bernstein et al. 2008; 

Wolkoff 1998; Jones 1999). VOC emissions may originate from the wood component, 

adhesives, and other materials incorporated into the composite, while their intensity is 

influenced by several factors, particularly material composition, moisture, and temperature 

(Hodgson et al. 2003; Roffael 2006). Increasing temperature can promote the release of 

volatile compounds and may alter both the overall emission level and the relative 

abundance of individual compounds within the emission profile. 

The aim of this study was to evaluate the influence of temperature on volatile organic 

compound emissions from three-layer particleboards incorporating recycled plastics from 

the automotive industry. The emission profiles were analysed under different temperature 

conditions using headspace gas chromatography coupled with mass spectrometry (HS-GC-

MS), with particular attention to changes in overall VOC emissions and the relative 

abundance of individual identified compounds. 

 

 

MATERIAL AND METHODS 
 

Three-layer particleboards were manufactured from spruce (Picea abies L.) particles 

and recycled polypropylene (PP) obtained from recycled automotive bumpers. The bumper 

waste was cleaned, mechanically shredded, and sieved to obtain a particle fraction of 1–4 

mm. The recycled plastic was incorporated into the core layer at a 10% proportion, while 

the surface layers consisted exclusively of wood particles. Urea-formaldehyde (UF) resin 

(Kronores CB 1100 F) was used as the adhesive, together with ammonium nitrate as a 

hardener and a paraffin emulsion. The prepared particle mats were cold-prepressed at 1 

MPa and subsequently hot-pressed at 230 °C and 5 MPa for 5 min.  

Volatile organic compound (VOC) emissions were analysed using headspace gas 

chromatography coupled with mass spectrometry (HS-GC-MS). For each analysis, 0.5 g of 

the particleboard sample was placed in a 20 ml headspace vial and hermetically sealed. To 

evaluate the effect of thermal exposure on the emission profile, the samples were analysed 

at four temperatures: 35, 50, 100, and 150 °C, with an incubation time of 60 min at each 

temperature. Three replicate samples were analysed under each temperature condition. The 

samples were designated RAB-35, RAB-50, RAB-100, and RAB-150, according to the 

applied temperature.  

The measurements were performed using an Agilent 7890A GC/5975C MSD system 

equipped with an Agilent 7697A Headspace Autosampler. VOC separation was carried out 

on an HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) using helium as the carrier 

gas at a constant flow rate of 1.0 mL min⁻¹. The GC temperature programme ranged from 
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40 to 270 °C, while mass spectra were recorded over the range of 45–500 amu. Individual 

VOCs were identified by comparing the acquired mass spectra with the NIST17 mass 

spectral library. Changes in VOC emission profiles at the individual temperatures were 

subsequently compared to evaluate the effect of temperature on emissions from 

particleboards containing recycled plastic waste from automotive bumpers. 

 

 

RESULTS, DISCUSSION 
 

The HS-GC-MS analysis demonstrated a pronounced effect of temperature on the 

emission of volatile organic compounds from particleboards containing recycled plastic 

from automotive bumpers. The total VOC peak area increased considerably with increasing 

temperature (Figure 1). At 35 °C, the total peak area was 235,501 a.u., increasing to 

345,794 a.u. at 50 °C. A substantially greater increase was observed at 100 °C, where the 

total peak area reached 4,185,374 a.u., while at 150 °C it increased to 26,878,226 a.u. At 

the highest temperature, the total peak area was therefore approximately 114 times higher 

than at 35 °C. While the increase between 35 and 50 °C was relatively moderate, a 

pronounced rise in emission intensity occurred at higher temperatures, with the most 

substantial change observed between 100 and 150 °C. 

 

 

Figure 1. Effect of temperature on the total VOC peak area of particleboards containing 

recycled automotive bumper waste 

 

Increasing temperature affected not only the overall emission intensity but also the 

chemical composition of the emission profile (Table 1). At 35 °C, the VOC profile was 

characterized mainly by the presence of α-pinene and 3-carene. These compounds are 

monoterpenes commonly associated with softwood and represent important naturally 

emitted VOCs from wood and wood-based materials. The occurrence of α-pinene, β-

pinene, 3-carene, and other terpene compounds in emissions from wood materials has been 

reported in several previous studies (Kim et al. 2006; Brown 1999; Yrieix et al. 2010; 

Hyttinen et al. 2010). Thus, at the lowest investigated temperature, the emission profile was 

characterized predominantly by volatile compounds typical of the wood component of the 

composite. 
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Table 1. Relative abundance of selected VOCs in particleboard emissions at different 

temperatures (% of TVOC) 

VOC RAB-35  RAB-50  RAB-100 RAB-150 

 Relative contribution to TVOC (%) 

Toluene   1.18 1.45 

Hexanal   4.99  

Furfural   0.65 2.58 

γ-Terpinene   0.68  

α-Thujene    1.13 

α-Phellandrene   0.88  

α-Pinene 11.13 29.78 48.42 8.55 

Camphene   1.46 0.75 

Dehydrosabinene    1.80 

Benzaldehyde   1.88 5.95 

Mesitylene    1.18 

p-Cymene   1.42 0.95 

Sabinene    0.94 

β-Pinene  3.89 2.21 0.94 

α-Methylstyrene    0.94 

2-Pentylfuran   1.84 2.46 

3-Carene 5.25 11.00 9.87 2.21 

o-Cymene   1.04 1.08 

Limonene   1.86 1.44 

Naphthalene   0.78 2.88 

Methenamine    19.34 

 

At 50 °C, the emission profile continued to be characterized primarily by 

monoterpenes. α-Pinene remained the dominant compound, while 3-carene and β-pinene 

were also among the major identified VOCs. Compared with 35 °C, the overall character of 

the emissions therefore remained relatively similar, although an increase in the total peak 

area was accompanied by changes in the relative abundance of individual terpene 

compounds. The results obtained at 35 and 50 °C indicate that under moderate thermal 

conditions, the emission profile of the investigated particleboards remained relatively stable 

and was strongly characterized by monoterpenes. 

More pronounced changes were observed at 100 °C. Along with the sharp increase in 

the total VOC peak area, the spectrum of substantially represented compounds became 

broader. α-Pinene remained the dominant compound, with 3-carene also showing 

considerable relative abundance. In addition to monoterpenes, hexanal, benzaldehyde, and 

2-pentylfuran were identified, together with other terpene compounds such as β-pinene, 

limonene, camphene, and p-cymene. Thus, although the emission profile at 100 °C 

remained strongly influenced by terpenes, the presence of oxygen-containing VOCs 

became more evident. 

The occurrence of hexanal at elevated temperature is consistent with the temperature-

dependent emission behaviour of wood-based materials reported in previous studies. Jiang 

et al. (2017) observed increasing aldehyde emissions from particleboards with increasing 

temperature, with hexanal and pentanal among the relevant compounds. The substantial 

increase in the total peak area at 100 °C may be associated with enhanced volatilization and 

release of compounds from the material at elevated temperature. At the same time, higher 
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temperatures may promote processes that contribute to changes in the chemical 

composition of the overall emission profile. 

The most pronounced changes were observed at 150 °C. At this temperature, not only 

was the highest total VOC peak area recorded, but the character of the emission profile also 

changed substantially. In contrast to the lower temperatures, α-pinene was no longer the 

dominant compound, and methenamine showed the highest relative abundance. Other 

important identified compounds included benzaldehyde, naphthalene, furfural, 2-

pentylfuran, and 3-carene. Several additional terpene, aromatic, and aliphatic compounds 

were also present (Table 1). The emission profile at 150 °C was therefore considerably 

more complex than those observed at lower temperatures. 

The temperature-dependent behaviour of α-pinene provides a clear indication of the 

changing emission profile. Its relative abundance increased progressively from 35 to 100 

°C, reaching its highest contribution at 100 °C. At 150 °C, however, its relative abundance 

decreased considerably and methenamine became the dominant compound. This decrease 

in the relative abundance of α-pinene should not be interpreted automatically as a reduction 

in its absolute emission, since the total VOC peak area at 150 °C was several times higher 

than at 100 °C. The values presented in Table 1 represent the relative abundance of 

individual compounds as a percentage of TVOC and therefore primarily reflect changes in 

the overall chemical composition of the emission profile. 

The predominance of methenamine at 150 °C may be associated with chemical 

processes occurring within the material under more intensive thermal exposure. Van Den 

Velde et al. (2009) suggested that methenamine formation may be related to reactions 

involving formaldehyde and nitrogen-containing compounds. At the highest temperature, 

compounds such as benzaldehyde, furfural, and 2-pentylfuran also became more prominent. 

Their occurrence, together with the changing relative abundance of monoterpenes, indicates 

the increasing importance of thermally induced transformations at elevated temperatures. 

Changes in VOC profiles resulting from thermal exposure have also been reported for 

softwood, including changes in terpene abundance and the formation of additional volatile 

compounds (Pohleven et al. 2019). 

Overall, increasing temperature resulted in a substantial rise in VOC emission intensity 

and changes in the chemical composition of the emission profile. While monoterpenes 

dominated at lower temperatures, the profile became more complex at 150 °C, with 

methenamine emerging as the dominant compound. 

 

 

CONCLUSION 
 

The results of this study confirmed that temperature has a significant effect on both the 

intensity and composition of VOC emissions from particleboards containing recycled 

plastic derived from automotive bumpers. A relatively moderate increase in the total VOC 

peak area was observed between 35 and 50 °C, whereas considerably higher emissions 

occurred at 100 and 150 °C. The highest emission intensity was recorded at 150 °C, where 

the total VOC peak area was approximately 114 times higher than at 35 °C. In addition to 

the quantitative increase in emissions, increasing temperature also resulted in substantial 

changes in the VOC profile. At lower temperatures, the emissions were dominated mainly 

by monoterpenes, particularly α-pinene and 3-carene. At 100 °C, α-pinene remained the 

predominant compound, while the presence of oxygen-containing compounds, including 

hexanal, benzaldehyde, and 2-pentylfuran, became more evident. The most pronounced 

change in VOC composition occurred at 150 °C, when methenamine became the dominant 
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compound and benzaldehyde, furfural, and 2-pentylfuran were among the more prominent 

VOCs. These findings demonstrate that elevated temperature not only increases the overall 

release of volatile compounds but also substantially alters their relative composition. The 

results provide important information on the thermal emission behaviour of particleboards 

incorporating recycled automotive plastic and highlight the importance of temperature 

when evaluating the VOC emission characteristics of such composite materials. 
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